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At the eastern terminus of the Himalayan orogen, distortion and capture of southeast Asian drainage
basins reflects regional patterns of crustal strain due to the indentation of the Indian Plate into Eurasia.
After flowing eastward >1000 km along the southern margin of Tibet, the Yarlung–Siang–Brahmaputra
River turns abruptly southward through the eastern Himalayan syntaxis rapidly exhuming a crustal scale
antiform in an impressive >2 km knickpoint. This conspicuous drainage pattern and coincidence of
focused fluvial incision and rapid rock exhumation has been explained by the capture of an ancestral,
high-elevation Yarlung River by headward erosion of a Himalayan tributary. However, recent observation
of Tibetan detritus in Neogene foreland basin units complicates this explanation, requiring a connection
from Tibet to the foreland prior to the estimated onset of rapid rock exhumation. We constrain the
sedimentary provenance of foreland basin units deposited near the Brahmaputra River confluence in the
eastern Himalayan foreland basin using detrital zircon U–Pb geochronology. We interpret the significant
presence of Gangdese-age detritus in each foreland basin unit to indicate that connection of the Yarlung–
Siang–Brahmaputra River was established during, or prior to foreland deposition in the Early Miocene.
Our results indicate that connection of the Yarlung–Siang–Brahmaputra River precedes exhumation of
the syntaxis, demonstrating the potential for the progressive coevolution of rock uplift and rapid erosion
of the Namche Barwa massif.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The peculiar drainage patterns of large southeast Asian rivers
reflect a complex history of crustal deformation and river reorga-
nization. For example, distortion of the upper Salween, Mekong
and Yangtze rivers may be explained by warping of antecedent
drainage basins (e.g. Burrard and Hayden, 1907; Brookfield, 1998;
Hallet and Molnar, 2001) from collision of the eastern Indian Plate
margin with the Eurasian Plate (e.g. Peltzer and Tapponier, 1988;
Holt et al., 1991; Royden et al., 1997; Sol et al., 2007) begin-
ning in the Early Eocene (Searle et al., 1987; Garzanti and Van
Haver, 1988; Yin, 2006; Najman, 2006). Near the Indian indentor
corner in the eastern Himalayan syntaxis (Fig. 1), locally steep-
ened river channels (e.g. Seeber and Gornitz, 1983), barbed trib-
utaries (e.g. Burrard and Hayden, 1907; Burchfiel et al., 2000;
Clark et al., 2004) and low drainage divides within the Yarlung–
Siang–Brahmaputra drainage basin provide evidence that such dis-
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tortion can culminate in drainage reorganization by capture and
reversal (e.g., Clark et al., 2004; Clift et al., 2006).

Of particular interest is a ∼100 km reach where the Yarlung–
Siang–Brahmaputra River abruptly bends southward through the
eastern syntaxis after flowing eastward >1000 km along terrane
boundaries (Brookfield, 1998), dropping >2 km from the Tibetan
plateau between >7 km Himalayan peaks. This anomalously steep
(Seeber and Gornitz, 1983) and narrow (Montgomery, 2004) reach
(i.e. knickzone) known as the Tsangpo gorge, is a locus of ex-
tremely rapid and focused erosion (e.g. Finlayson et al., 2002;
Finnegan et al., 2008; Stewart et al., 2008; Larsen and Montgomery,
2012) coincident with an active crustal-scale antiform, the Nam-
che Barwa massif (Fig. 2A; e.g. Burg et al., 1997, 1998; Ding et
al., 2001; Kidd et al., 2006; Quanru et al., 2009; Xu et al., 2012a).
Thermochronological, geochronological and petrological analyses of
metamorphic and anatectic bedrock in the core of the massif con-
strain rapid exhumation rates exceeding 5 km/Myr since at least
the Pliocene (Burg et al., 1998; Malloy, 2004; Seward and Burg,
2008) or Late Miocene (Ding et al., 2001; Booth et al., 2009;
Xu et al., 2012a), and analyses of erosional efflux further indicate
that modern erosion rates are also high (e.g. Galy and France-
Lanord, 2001; Singh and France-Lanord, 2002; Garzanti et al., 2004;
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Fig. 1. Study area in the eastern Himalayan syntaxis. (A) The Yarlung River follows the Indus–Yarlung Suture Zone (IYSZ, dashed) along the southern margin of Tibet before
sharply turning southward to flow through the eastern Himalayan syntaxis, becoming the Siang River prior to joining the Brahmaputra River in the eastern Himalayan
foreland basin (drainage area shaded). (B) Compilation of regional geological mapping (from Armijo et al., 1989; Agarwal et al., 1991; Kidd et al., 2006; Pan et al., 2004;
Acharyya, 2007; Misra, 2009; Yin et al., 2010) illustrates potential source areas for <300 Ma zircons in igneous rocks north of the IYSZ and within the eastern Himalaya.
We sampled Siwalik foreland basin units from three new locations (Kimin, Likabali, Pasighat) to constrain sedimentary provenance upstream of previous observations near
Bhalukpong and Itanagar (Cina et al., 2009; Chirouze et al., 2013). Major tectonic features are labeled for reference: the Tipi Thrust (TPT), Main Boundary Thrust (MBT), Main
Central thrust (MCT), and South Tibetan Detachment (STD).
Pik et al., 2005), potentially exceeding 10 mm/yr (Stewart et al.,
2008; Enkelmann et al., 2011).

Initiation of such rapid exhumation has been explained by the
capture of a high elevation, ancestral Yarlung drainage basin via
headward erosion of a steep Himalayan tributary (Fig. 2B; e.g.,
Burrard and Hayden, 1907; Gregory and Gregory, 1925; Seeber
and Gornitz, 1983; Brookfield, 1998; Clark et al., 2004). The re-
sulting increase in drainage area and discharge to a knickzone at
the point of capture would have increased the river’s erosional po-
tential, causing the knickzone to propagate upstream in a wave of
incision. However, this knickzone has not relaxed into the Tibetan
plateau as predicted by a simple model of upstream propagation
(Finnegan et al., 2008), but has instead remained at the margin of
the Tibetan plateau in the vicinity of the Namche Barwa massif.

Alternatively, connection of the Yarlung and Siang Rivers may
predate uplift of the Namche Barwa massif (e.g. Harrison et al.,
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Fig. 2. Modern drainage pattern and explanations of river capture and drainage evo-
lution. (A) The torturous modern route of the Yarlung–Siang–Brahmaputra River
across the rapidly exhuming Namche Barwa massif (defined by gray area of zircon
fission-track (ZFT) cooling ages <2 Ma, Enkelmann et al., 2011). (B) Headward ero-
sion of a Himalayan tributary may have captured an ancestral east-draining Yarlung
River to initiate rapid exhumation at the capture location (e.g. Clark et al., 2004), or
(C) lateral propagation of the massif may have forced an integrated Yarlung–Siang–
Brahmaputra River to capture an ancestral east-draining Yigong–Parlung River (e.g.
Seward and Burg, 2008).

1992; Seward and Burg, 2008), in which case the Tsangpo gorge
would represent a stationary knickzone resulting from localized
uplift of the massif due to lithospheric buckling (e.g. Burg et al.,
1998; Burg and Podladchikov, 1999) or geometric stiffening of
the indenting margin of the Indian Plate (e.g., Ehlers and Ben-
dick, 2013). Localized rock uplift will steepen the equilibrium
channel profile of rivers crossing the massif, locally increasing
the potential for fluvial incision (Whipple and Tucker, 1999) and
it has been proposed that rapid incision of an uplifting mas-
sif may eventually lead to a thermo-mechanical feedback (e.g.
Koons, 1995, 1998; Koons et al., 2013; Zeitler et al., 2001) sus-
taining rapid rock exhumation and explaining the locally high to-
pography (Finlayson et al., 2002; Finnegan et al., 2008), elevated
geothermal gradient (Craw et al., 2005) and antiformal structure
(Koons et al., 2002; Simpson, 2004) observed in the vicinity of
the Tsangpo gorge. Seward and Burg (2008) noted that if the
Yarlung–Siang connection predated uplift of the massif, the geo-
morphic evidence for reversal of the Parlung River (e.g. barbed
tributaries to the Parlung River and the low divide in Fig. 1;
Burchfiel et al., 2000; Clark et al., 2004) may indicate that lat-
eral propagation of the antiform forced the capture of an an-
cestral Yigong–Parlung River by the Yarlung–Siang–Brahmaputra
(Fig. 2C).

In this paper, we investigate the integration of the Yarlung–
Siang–Brahmaputra River with new detrital zircon U–Pb prove-
nance constraints from sedimentary units deposited along the
eastern extent of the Himalayan foreland basin. Provenance analy-
sis allows us to constrain the timing of Yarlung–Siang–Brahmaputra
integration from the proximal sedimentary record, expanding on
the prior work from sedimentary sections south of the Subansiri
River (Cina et al., 2009; Chirouze et al., 2013) to determine when
the Yarlung and Brahmaputra Rivers connected through the Siang.
We use the collective dataset to interpret the Neogene evolution
of rivers draining into the eastern Himalayan foreland, placing new
constraints on the relationship between fluvial incision and tec-
tonic deformation in this dynamic region.

2. Background

2.1. Sedimentary units of the eastern Himalayan foreland basin

Our study focuses on samples from three sedimentary sections
exposed in the Himalayan foothills along the margin of the east-
ern Himalayan foreland basin near the town of Pasighat and the
villages of Likabali and Kimin (Fig. 1). Of these three sections,
the two near Likabali and Pasighat are upstream of the Subansiri-
Brahmaputra River confluence, and the one near Kimin is down-
stream of the confluence.

Beginning in the Pleistocene (Kumar, 1997; Chirouze et al.,
2013), movement on the Tipi Thrust and Main Frontal Thrust has
uplifted a sequence of sedimentary rocks estimated to be at least
∼6 km (Jain et al., 1974; Agarwal et al., 1991; Chirouze et al.,
2012) and as much as ∼10 km thick (Karunakaran and Ranga Rao,
1976; Ranga Rao, 1983; Kumar, 1997). GPS data indicate that con-
vergence across the eastern Himalaya is dominantly perpendicular
to the mountain front with a maximum of 6–7 mm/yr of sinistral
movement in the eastern Himalaya (see compilation in Burgess et
al., 2012). If convergence was similar throughout the Neogene (e.g.
Molnar and Stock, 2009), the foreland basin units exhumed at the
mountain front should have originally been deposited near the or-
thogonal position of their present exposure.

The sedimentary rocks exposed in these sections comprise an
upward-coarsening clastic sequence broadly interpreted to rep-
resent filling of a peripheral foreland basin with detritus shed
from the rising Himalaya (e.g. Ranga Rao, 1983; Kumar, 1997;
Najman, 2006). Three lithologically distinct units are observed
within this sequence (Jain et al., 1974; Ranga Rao, 1983; Agarwal
et al., 1991); progressing up-section these are: (1) alternating beds
of fine grained sandstone with carbonaceous shale, followed by
(2) very thickly bedded, massive and cross-bedded medium to
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coarse grained sandstone with coalified logs, centimeter to me-
ter scale calcareous nodules and gravel to cobble channel lag
deposits, and (3) interbedded siltstone, sandstone, and clast sup-
ported gravel to cobble conglomerate with coarse to very coarse
grained sand and silt lenses. The ages of the depositional con-
tacts between each unit are paleontologically (Ranga Rao, 1983;
Kumar, 1997) and magnetostratigraphically (Chirouze et al., 2012)
constrained to ∼10–11 Ma between the lower and middle units,
and ∼2–3 Ma between the middle and upper units.

Regional literature classifies these three units as the Dafla, Sub-
ansiri and Kimin formations, respectively (e.g. Ranga Rao, 1983;
Kumar, 1997; Cina et al., 2009; Burgess et al., 2012); however, the
units are loosely correlated to the Lower, Middle and Upper Siwalik
units in the Western and Central Himalaya (e.g. Ranga Rao, 1983;
Kumar, 1997; Najman, 2006; Chirouze et al., 2012), a terminology
we adopt for consistency with the broader Himalayan literature.

Field observations from the Likabali section provide some indi-
cation of the sedimentary provenance of the units. Clast lithologies
of conglomeratic beds in the Upper Siwalik unit contain variously
colored quartzite (red, green, white, gray), volcanic rocks including
amygular basalt, high-grade metamorphic rocks including gneiss
and schist, and dolomite (Jain et al., 1974). We observed these
clast lithologies in conglomerate beds across the Upper-Middle
Siwalik transition as well as in channel lag gravels within the
Middle Siwalik unit, where amygdular basalt, gneiss, volcanic brec-
cia, quartzite (red, purple, white, gray), vein quartz, and dolomite
first appear. These clast lithologies are generally characteristic of
Lesser Himalayan metasedimentary units in the eastern Himalaya
(e.g. Singh, 1993; Kumar, 1997; Acharyya, 2007; Yin et al., 2010;
Kesari, 2010), but the distinct presence of volcanic rocks suggests
a specific source region from the ‘Abor volcanics’ exposed along
the Siang River (e.g. Jain and Thakur, 1978; Ali et al., 2012).

Paleocurrent indicators from multiple sections in the east-
ern Himalaya consistently show either south or southwest pale-
oflow directions, indicating that source areas remained north of
sample locations during deposition of this sedimentary sequence.
South-directed paleocurrent indicators, have been observed in the
Upper Siwalik unit from imbricate pebbles near Itanagar (Cina
et al., 2009) and cobbles near Likabali (Jain et al., 1974) and
Bhalukpong (Kesari, 2010). Paleocurrent indicators in the Mid-
dle Siwalik unit indicate a variable (Chirouze et al., 2013), but
dominantly southwest-directed paleoflow direction as measured
on cross-bedding in pebbly conglomerate lag deposits near Itana-
gar (Cina et al., 2009) and Bhalukpong (Kesari, 2010; Chirouze
et al., 2013). A dominantly southwest-directed paleoflow is also
interpreted from cross-bedding in the Lower Siwalik unit near
Bhalukpong (Chirouze et al., 2013).

Collectively, field observations support the interpretation of a
fluvial depositional environment for the Lower and Middle Siwa-
lik units and an alluvial-fan environment in the Upper Siwalik unit
(e.g. Karunakaran and Ranga Rao, 1976; Kumar, 1997; Chirouze et
al., 2012). The presence of Himalayan-derived clasts including vol-
canic rocks observed by us and by Jain et al. (1974) near Likabali
suggests some component of basin detritus was derived from the
Siang valley during the deposition of the Middle and Upper Siwalik
units. The transition from southwest to south-directed paleoflow
directions observed from the Middle to Upper Siwalik units may
represent transition from deposition in an expansive southwest di-
rected fluvial braidplain (similar to the modern Brahmaputra River)
to local deposition by south directed tributaries (e.g. the Suban-
siri River) and alluvial fans proximal to the mountain front. Al-
ternatively, this change could represent natural variability within
an expansive braidplain (Cina et al., 2009) or post-depositional
counter-clockwise rotation of these units (Chirouze et al., 2012).
2.2. Provenance constrains from detrital zircon U–Pb geochronology

Single-grain U–Pb dating of detrital zircon cores provides a use-
ful approach to assess sedimentary provenance in the Himalayan
foreland basin (e.g., DeCelles et al., 1998; Bernet et al., 2006;
Cina et al., 2009). This approach is particularly useful in the east-
ern Himalayan syntaxis, where published bedrock and detrital
ages characterize the range of ages from specific source terranes
(e.g. Stewart et al., 2008; Liang et al., 2008; Cina et al., 2009;
Zhang et al., 2012; Lang et al., 2013; Robinson et al., 2013). We
compiled published datasets from Himalayan and Tibetan source
terranes within the eastern syntaxial region to constrain the range
of ages contributed from each terrane (Fig. 3).

Zircons older than 300 Ma most often represent inherited or
detrital grains characteristic of Himalayan and Tibetan units (e.g.
DeCelles et al., 2000; Yin et al., 2010; Gehrels et al., 2011; Zhang
et al., 2012; Webb et al., 2012), with the important exceptions
of some Early Cretaceous-Triassic zircons reported in the Lhasa
Terrane (e.g. Leier et al., 2007; Zhu et al., 2011; Li et al., 2013;
Lin et al., 2013a), Tethyan Himalaya (e.g. Zhu et al., 2008; Aik-
man et al., 2008, 2012; Li et al., 2010; Zeng et al., 2011; Webb
et al., 2012), and Indus-Tsangpo Suture Zone and adjacent basins
(e.g. Wu et al., 2010; Aitchison et al., 2011; Wang et al., 2011;
Cai et al., 2012).

Zircons younger than 300 Ma most often represent primary
grains from Paleogene–Cretaceous igneous units in Tibet; they
may also represent contributions from Neogene–Paleogene ig-
neous units in Tethyan and Greater Himalayan sequences in the
Arunachal Himalaya (e.g. Aikman et al., 2008; Hu et al., 2010;
McQuarrie et al., 2008; Yin et al., 2010; Zeng et al., 2011;
Hou et al., 2012) and Neogene metamorphic units within the vicin-
ity of the Namche Barwa massif (e.g. Ding et al., 2001; Chung et al.,
2003, 2009; Booth et al., 2004; Xu et al., 2010, 2012a; Zhang et al.,
2010b, 2010c; Guo et al., 2012; Su et al., 2011; Zeng et al., 2012;
Lin et al., 2013a; Xu et al., 2013). While these <300 Ma zircons
are rare in detrital populations from sediment samples collected
in Himalayan tributaries (<5% of the Kameng and Subansiri Rivers,
Cina et al., 2009), they dominate sediment samples from Tibetan
rivers (Fig. 3).

Multiple source regions contribute <300 Ma zircons from north
of the Indus Yarlung Suture Zone in Tibet (Fig. 3). Gangdese plu-
tons and volcanic units west of the Namche Barwa massif yield pri-
marily Paleogene–Late Cretaceous zircons (e.g. Booth et al., 2004;
Wen et al., 2008; Zhang et al., 2010a, 2012; Zhu et al., 2011; Guo
et al., 2011, 2012; Ji et al., 2012; Guan et al., 2012; Zheng et
al., 2012), while Bomi–Chayu igneous sources east of the Namche
Barwa massif yield primarily Early Cretaceous zircons (e.g. Booth
et al., 2004; Chiu et al., 2009; Liang et al., 2008; Xu et al., 2012b;
Zhang et al., 2012; Lin et al., 2013b). Jurassic–Permian zircons are
also observed from units in the Nyingoh River headwaters (e.g.
Chu et al., 2006; Zhu et al., 2009, 2011; Guo et al., 2011; Zhang
et al., 2012; Li et al., 2013; Lin et al., 2013c), and a few published
zircon U–Pb analyses from the Lohit Plutonic Suite suggest that
this terrane may be a source of Early Cretaceous (Lin et al., 2013b;
Haproff et al., 2013) as well as Late Cretaceous zircons (e.g., Lohit
River sample of Cina et al., 2009). However, the limited data avail-
able for this particular region make this a source of uncertainty in
our provenance analysis.

Source region is not the only factor influencing the relative
density of detrital zircon U–Pb age probability. For example, age
distributions may be strongly influenced by localized, short-term
patterns of sediment delivery (e.g. Ruhl and Hodges, 2005; Stock
et al., 2006; Avdeev et al., 2011), downstream dilution by contribu-
tion from local sources (Zhang et al., 2012), and the heterogeneous
distribution of target minerals (i.e. zircon) in source terranes (e.g.
Amidon et al., 2005; Duvall et al., 2012). Thus even when a large
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Fig. 3. Compilation of published bedrock and detrital zircon U–Pb ages from the eastern syntaxis region. (A) Compiled age data from 1. Himalaya, 2. Gangdese, 3. Bomi–Chayu
sources, and 4. modern samples from the Yarlung and Siang rivers (see text for references). Ages from detrital samples are plotted as normalized summed probability density
functions (thin black line) and kernel density estimates (thick gray line). Kernel density estimates are locally adapted to age density with a maximum smoothing bandwidth
of 30 Ma (generated using the Density Plotter application of Vermeesch, 2012). Bedrock ages (<300 Ma only) are plotted as solid-dark-gray kernel density estimates for
comparison with detrital samples. The full range of observed ages from 0–3000 Ma is shown in the left column, and 0–300 Ma ages are shown in detail in the right column.
Pie charts show the fraction of zircons <300 Ma. (B) Locations for the bedrock (black dots) and detrital (white dots, with contributing drainage area in gray) samples used
in the data compilation in (A).
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Fig. 3. (continued)

number of detrital grains is analyzed, the absence of a specific age

component does not necessarily exclude the possibility that the

corresponding source area was within the contributing area of the
sample (Vermeesch, 2004). However, the presence of specific age
components is a robust indicator of sedimentary provenance, re-
quiring source terranes to have been within the contributing area
of the basin concurrent with or prior to the time of sample depo-
sition. With these considerations, we focus our provenance inter-
pretations on the presence of distinct age components in Siwalik
samples.

2.3. Previous constraints on Siwalik provenance in the eastern
Himalaya

Coupled detrital zircon U–Pb and εHf analyses, as well as bulk
εNd data constrain Siwalik Group provenance downstream of the
modern Subansiri–Brahmaputra River confluence. Cina et al. (2009)
have interpreted the presence of Paleogene–Early Cretaceous zir-
cons with εHf signatures similar to Gangdese sources as Gangdese
detritus in Upper, Middle and Lower Siwalik units. The authors
discuss that the presence of this detritus could be explained by
either connection of the lower Yarlung River to the Siang River
or the upper Yarlung River to the Subansiri River prior to cap-
ture by the Siang at some time during deposition of the Middle
Siwalik unit, estimated to be before ∼4 Ma (Clark et al., 2004).
They prefer connection of the Yarlung and Subansiri rivers prior to
∼4 Ma, given additional observations of changing paleoflow direc-
tions (from southwest to south) between deposition of the Middle
and Upper Siwalik units.

Alternatively, the presence of Gangdese detritus and the change
in paleocurrent direction in the Upper Siwaliks could be explained
by recycling of Lower and Middle Siwalik units (as observed in
the modern Subansiri River samples of Cina et al., 2009). Addi-
tional εNd isotopic work near Bhalukpong by Chirouze et al. (2013)
demonstrates that the Middle Siwalik unit was sourced from a lon-
gitudinal river system draining Tibetan sources like the modern
Brahmaputra since ∼7 Ma, but indicates that this source changed
to a transverse Himalayan river like the Kameng River during
deposition of the Upper Siwalik unit. Pleistocene faulting at the
mountain front (Kumar, 1997; Chirouze et al., 2013) would have
exposed the Lower and Middle Siwalik units to erosion during de-
position of the Upper Siwalik unit, providing an additional source
of Gangdese detritus—an interpretation corroborated by evidence
of growth strata in the uppermost portion of the Upper Siwalik
formation near Bhalukpong (Burgess et al., 2012).

Determining when the Yarlung–Siang River connection was es-
tablished is important for evaluating explanations for rapid ex-
humation of the Namche Barwa massif (e.g., initiation in response
to rapid, focused river incision following capture of the Yarlung by
headward erosion of the Siang). As Cina et al. (2009) point out, if
the Yarlung River connected to the Subansiri prior to capture by
the Siang ∼4 Ma, Upper Miocene foreland basin units east of the
Subansiri River should not contain Gangdese-age detrital zircons.
To test this prediction, we analyzed additional samples from Siwa-
lik units exposed east of the Itanagar section and more proximal
to the Siang–Brahmaputra River confluence.

3. Sampling and analytical methods

We collected 15 samples from the three sedimentary sections
investigated. The approximate stratigraphic position of each sam-
ple is illustrated in Fig. 4. At the section near Likabali we focused
on detailing provenance changes with multiple samples from each
Siwalik unit, and we evaluated variability of a single unit along
strike of the Himalaya with additional Middle Siwalik samples col-
lected near Kimin and Pasighat.

Near Likabali, we sampled compact fine-grained sandstones of
the Lower Siwalik unit exposed between the Tipi Thrust and the
Main Boundary Thrust. We collected six Middle Siwalik samples
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Fig. 4. Detrital zircon U–Pb data from Siwalik units sampled at the three new locations shown in Fig. 1 and data from previously sampled sections at Bhalukpong and Itanagar
(Cina et al., 2009) for comparison. Samples are plotted at their approximate stratigraphic position. Paleogene–Late Cretaceous ages characteristic of Gangdese sources west of
the Namche Barwa massif are observed in all samples with the exception of the Lower Siwalik unit at Bhalukpong (Cina et al., 2009). Pie charts and age spectra are plotted
in the same manner as Fig. 3.
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Fig. 4. (continued)
from medium to coarse sandstones exposed along the Siji River

and in road exposures, where the unit is uninterrupted by faulting

(Jain et al., 1974; Agarwal et al., 1991) between the Main Frontal
Thrust and the conformable Upper-Middle Siwalik contact. We col-

lected three samples from the Upper Siwalik unit including one

from a medium sandstone interbedded with siltstone and gravel
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conglomerate beds above the Middle Siwalik contact, one from
a coarse sandstone interbedded with cobble conglomerate in the
middle of the unit, and one from a sand lens within the conspic-
uous boulder conglomerate at the top of the section near the Tipi
Thrust.

Additional Middle Siwalik samples were collected near Kimin
and Pasighat from massive medium and coarse sandstones. The
two Kimin samples were collected in river exposures between
the Tipi Thrust and the Upper-Middle Siwalik contact, and the
two Pasighat samples were collected in road exposures along the
mountain front.

In preparation for isotopic analysis, sedimentary rock samples
were manually disaggregated in a dilute HCl solution and wet
sieved to isolate the 63–250 μm size fraction. Zircons were sep-
arated from this fraction by standard magnetic and heavy liquid
techniques, mounted in epoxy, polished and imaged using high-
resolution electron backscatter detection and cathodoluminescence
prior to isotopic analysis. U–Th–Pb analyses of a random selection
of zircon cores by laser ablation, multicollector inductively coupled
plasma mass spectrometry were carried out in two locations: at
the University of Arizona LaserChron center and by Apatite to Zir-
con, Inc. Analyses at the University of Arizona LaserChron center
were conducted on a Nu high resolution mass spectrometer cou-
pled to a Photon Machines 193 nm excimer laser with a ∼30 μm
spot size (Gehrels et al., 2006, 2008). Analyses at Apatite to Zir-
con, Inc. were conducted on an Agilent 7700× quadrupole mass
spectrometer coupled to a Resonetics RESOlution M-50 193 nm
excimer laser with a ∼30 μm spot size (Donelick et al., 2005;
Chew and Donelick, 2012).

We analyzed at least 50 grains per sample (and many more
when possible) with the goal of identifying the presence of
<300 Ma zircons. Zircons of this age represent ∼25% of detrital
populations sampled in river sediment near Pasighat (Stewart et
al., 2008) and ∼10% of detrital populations sampled from Brahma-
putra River sediment downstream (Cina et al., 2009); by analyzing
50 grains we can be 95% confident that our analyses did not miss
an age component representing >10% of the total (Vermeesch,
2004).

The analytical data and details of standard calibration and iso-
topic corrections are presented in the Supplementary Material.

4. Results of detrital zircon U–Pb dating and provenance
interpretations

A total of 1222 detrital zircon U–Pb analyses produced ages
that range from 15 Ma to 3.3 Ga and confirm the presence of a
significant component of <300 Ma zircons in each Siwalik unit
(Fig. 4). In the section near Likabali, about 20% of zircons in both of
the Lower Siwalik samples and in the lowest Middle Siwalik sam-
ple are younger than 300 Ma. The three Upper Siwalik samples
from this section contain a similar proportion of younger zircons
(20–24%). The remaining five samples from this section may sug-
gest an increase in the proportion of <300 Ma zircons during
Middle Siwalik deposition—the young zircon population makes up
>30% of each sample, and 70% of sample 5b. The additional four
Middle Siwalik samples from Pasighat and Kimin are more variable
(12–33% young zircons).

In all samples, <300 Ma zircons (333 of the total 1222
grains) are dominantly Paleogene–Late Cretaceous in age, similar
to Gangdese bedrock from west of the Namche Barwa massif and
detrital zircons from rivers draining that area (Fig. 3). Early Creta-
ceous zircons characteristic of Bomi–Chayu sources are present in
most samples in relatively smaller abundance, with the exception
of one Middle Siwalik sample and one Lower Siwalik sample col-
lected near Likabali that lack zircons of this age. Neogene zircons
characteristic of young anatectic units from the Namche Barwa
massif are rare.

We interpret the provenance of detrital zircons based on U–
Pb age (although complimentary isotopic and modal analysis may
further evaluate these interpretations), such that zircons with
Paleogene–Late Cretaceous U–Pb ages represent Gangdese detri-
tus and zircons with Early Cretaceous ages represent detritus from
a Bomi–Chayu source. Older grains are not as diagnostic, but
likely represent Jurassic and Triassic units observed within the
Gangdese source area. When observed, Neogene zircons may rep-
resent sources in the Arunachal Himalaya or Namche Barwa specif-
ically.

It is possible that some zircons in this age range could come
from other sources. Paleogene zircons (specifically ∼40–50 Ma)
could alternatively represent igneous units in the Tethyan Hi-
malaya; however these rocks are presently exposed over a very
small region of the Himalaya and do not represent a significant
component of modern Himalayan detrital sediments (e.g., Subansiri
and Kameng River samples of Cina et al. (2009) shown in Fig. 3).
It is also possible that Paleogene and Cretaceous zircons may rep-
resent unobserved sources within the Lohit Plutonic Suite (Early
Cretaceous ages in Lohit River sample may be evidence for this),
but additional sampling of this region, specifically of the Dibang
River drainage, is necessary to confirm this.

Sediment recycling could potentially introduce another source
of uncertainty in provenance analysis. Recycling of exposed Siwalik
units is an important source of detrital zircons in modern sediment
samples (e.g. Cina et al., 2009) and may have been an additional
source of zircons once Siwalik units where exhumed along the Hi-
malayan mountain front in the Pleistocene. However, the absence
of growth strata in all but the uppermost Upper Siwalik unit in-
dicates that recycling was not likely to be an additional source of
zircons until the very end of this depositional sequence, and thus
is not a potential source of the zircons observed in Lower and Mid-
dle Siwalik units.

5. Discussion

Our results broadly corroborate previous observations of
Gangdese detritus within eastern Himalayan foreland basin units
(e.g. Cina et al., 2009; Chirouze et al., 2013), and place new con-
straints on the organization of rivers carrying this detritus into
the basin. In particular, we observe Gangdese detritus in sam-
ples from the Middle and Lower Siwalik units upstream of the
Subansiri–Brahmaputra River confluence, which we propose indi-
cates a connected drainage system from Gangdese sources west of
the Namche Barwa massif through the Siang River to the foreland
basin at least since deposition of the Lower Siwalik unit began
in the Early Miocene. These observations do not exclude the pos-
sibility of additional connections from Tibet through the eastern
Himalaya during Siwalik deposition, such as between a transverse
river like the Subansiri River and the upper ∼2/3 of the present
Yarlung drainage (Cina et al., 2009). However, an additional con-
nection is not necessary to explain the collective dataset.

5.1. Antecedence of the Yarlung–Siang–Brahmaputra River

The collective detrital zircon U–Pb provenance dataset including
the new data presented here, observations from the Siwalik Group
sections near Itanagar and Bhalukpong (Cina et al., 2009) and from
distal Brahmaputra River deposits (Najman et al., 2008) may be ex-
plained by antecedent drainage of the Yarlung–Siang–Brahmaputra
River. The Gangdese detritus observed in our Middle and Lower
Siwalik samples, as well as the Middle and Lower samples col-
lected near Itanagar and the Middle Siwalik sample collected near
Bhalukpong (Fig. 4, Cina et al., 2009) may indicate deposition by
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a large southwest flowing river system that connected to the an-
cestral Yarlung River through the Siang River, a landscape similar
to the present. This interpretation is consistent with paleocur-
rent indicators that indicate deposition of the Middle Siwalik by
a southwest flowing river, and connection through the Siang River
is further supported by the presence of volcanic clasts in the Mid-
dle and Upper Siwalik units.

The presence of Gangdese detritus in Upper Siwalik samples
with south-directed paleocurrent indicators has been interpreted
to indicate prior connection of the upper Yarlung and Subansiri
Rivers (Cina et al., 2009). However, recycled detritus from the
Lower and Middle Siwalik units may have been an additional
source of zircons during deposition of the Upper Siwalik unit. Thus,
south directed paleocurrent indicators in the Upper Siwalik unit
could represent local deposition by a south-flowing transverse trib-
utary near the mountain front (e.g. the Subansiri River).

Because the Yarlung River presently follows the Indus Yarlung
Suture Zone for over 1000 km prior to entering the Tsangpo gorge,
we speculate that the Yarlung–Siang–Brahmaputra River origi-
nally followed a similar eastern course along the suture (Fig. 5A,
Brookfield, 1998) after a potential reversal in the Early Miocene
(Wang et al., 2013) yet prior to uplift of the Namche Barwa mas-
sif. Uplift of the massif progressively warped the suture zone into
the distinct U-shape observed today (Fig. 5B), and the river may
have followed this warping until it eventually captured and re-
versed flow of the Parlung River (Fig. 5C; Seward and Burg, 2008).

Although many of the Siwalik samples contain some Early
Cretaceous zircons characteristic of Bomi–Chayu sources in addi-
tion to the dominant Gangdese component, we argue that this
does not suggest that the Gangdese source region was connected
to the foreland through the ancestral Parlung and Lohit Rivers.
Drainage through the ancestral Parlung and Lohit Rivers would
have entrained a larger component of Bomi–Chayu detritus imme-
diately prior to entering the basin, yet Early Cretaceous zircons do
not dominate the detrital population. Moreover, although this age
range is characteristic of Bomi–Chayu igneous sources, it is also
possible that Early Cretaceous zircons originated from unobserved
northern igneous sources (e.g. the northern igneous belt of Zhang
et al., 2012), and thus their presence does not demand routing of
Gangdese detritus through the Lohit drainage. Rather, the domi-
nance of Gangdese detritus in every sample we measured suggests
that at least during deposition of the Middle and Lower Siwalik
units, a river carried Gangdese detritus directly to the basin avoid-
ing a more circuitous route through the ancestral Parlung and Lohit
Rivers.

Observations of Gangdese detritus in Burmese basins (Robinson
et al., 2013) require drainage from Gangdese sources into Burma
prior to ∼18 Ma. We propose that a separate, integrated Yigong–
Parlung–Irrawaddy river may explain these observations until an
Early Miocene capture event rerouted flow into the Lohit River (e.g.
Clark et al., 2004; Robinson et al., 2013). The absence of Bomi–
Chayu detritus in the lowest Lower Siwalik sample at Likabali may
be consistent with this drainage configuration prior to capture by
the Lohit, but additional analyses are necessary from the lowest
Siwalik strata to confirm this.

5.2. Capture and reversal of the Parlung River

The geomorphic evidence for reversal of the Parlung River may
be explained by capture of the ancestral Yigong–Parlung–Lohit
River as lateral propagation of the Namche Barwa massif forced the
Yarlung–Siang–Brahmaputra northward (Seward and Burg, 2008).
Capture of the Yigong and Parlung drainage areas would have
added Early Cretaceous zircons with a characteristic Bomi–Chayu
provenance to the Yarlung–Siang–Brahmaputra sediment load, as
is presently observed in modern river sediment sampled from
Fig. 5. Proposed drainage evolution of rivers flowing into the eastern Himalayan
foreland basin. (A) Connection of the Yarlung–Siang–Brahmaputra River was estab-
lished during or prior to deposition of the Lower Siwalik unit in the Early Miocene.
The ancestral Yarlung River may have followed the IYSZ into the basin as an an-
cestral Yigong–Parlung River connected to the Irrawaddy system prior to capture
by the Lohit River at ∼18 Ma (Robinson et al., 2013). (B) Uplift of the Namche
Barwa massif began to warp the IYSZ into a U-shape, steepening the Yarlung–Siang–
Brahmaputra where it crosses the structure and initiating rapid exhumation of the
massif. (C) Lateral propagation of the massif eventually led to capture of the Yigong
and Parlung Rivers, reversing flow of the Parlung. The timing of this event remains
poorly constrained but may have been influenced by glacial activity in the Quater-
nary Period.

the Siang River upstream of Siwalik exposures (see Fig. 3). If

this capture occurred in the Quaternary (Fig. 5C), potentially in-

fluenced by glacial activity (e.g. drainage divide retreat – Oskin
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and Burbank, 2005; or temporary damming – Riedel et al., 2007;
Korup and Montgomery, 2010), we might expect an increase of
Early Cretaceous zircons in the uppermost Upper Siwalik unit. Our
youngest sample collected near Likabali may be consistent with
this prediction, but does not permit us to test this hypothesis due
to the potential influence of sedimentary recycling and low num-
ber of analyses. Additional, and more detailed provenance analyses
of the proximal Upper Siwalik samples and Late Quaternary ter-
races (e.g. Srivastava et al., 2008) near the Siang River confluence
may further test this hypothesis to constrain the timing of capture
and reversal of the Parlung River.

5.3. Exhumation of the Namche Barwa massif

Rapid exhumation of the Namche Barwa massif is estimated
to have initiated in the Pliocene or Late Miocene. We propose
that integration of the Yarlung–Siang–Brahmaputra river was es-
tablished by at least the Early Miocene, which implies that rapid
exhumation did not initiate in response to capture of the ances-
tral Yarlung River by headward erosion of the Siang. Instead, an-
tecedence of the Yarlung–Siang–Brahmaputra River demonstrates
the potential for the progressive coevolution of rapid rock uplift
and erosion of the Namche Barwa massif. Fluvial incision may am-
plify crustal deformation in the presence of regional compressive
stresses (Simpson, 2004) as has been previously observed along
Himalayan river anticlines (e.g. Montgomery and Stolar, 2006). We
propose that coincident rock uplift associated with folding of the
Namche Barwa antiform and erosion in the antecedent river chan-
nel locally increased exhumation rates at the margin of the Tibetan
plateau without requiring a dramatic increase in drainage area.
Sustained exhumation of the plateau margin, perhaps further in-
creased after capture of the Yigong and Parlung Rivers, may have
eventually removed enough crustal material to develop a thermo-
mechanical feedback producing high topography over hot, weak
crust (e.g. Zeitler et al., 2001; Koons et al., 2013).

6. Conclusions

We used detrital zircon U–Pb geochronology to determine the
sedimentary provenance of Siwalik units exposed in three new lo-
cations in the eastern Himalayan foreland basin proximal to where
the Yarlung–Siang–Brahmaputra River enters the basin. We observe
a significant component of young, Paleogene–Late Cretaceous de-
trital zircons in all samples throughout the sedimentary sequence
and interpret these ages to represent detritus from Gangdese
source rocks west of the Namche Barwa massif. These results cor-
roborate previous observations of Gangdese-age detritus within the
eastern Himalayan foreland basin and further suggest that con-
nection of the Yarlung–Siang–Brahmaputra River was established
by the time deposition of the Lower Siwalik unit began in the
Early Miocene. Rapid exhumation of the Namche Barwa massif is
thought to have initiated later, in the Pliocene or Late Miocene, and
therefore we propose that exhumation of the massif was not re-
lated to capture of an ancestral Yarlung River by headward erosion
of the Siang River. Considering this, we prefer the explanation for
reversal of the Parlung River via capture by an integrated Yarlung–
Siang–Brahmaputra as the rivers were tectonically juxtaposed by
lateral propagation of the Namche Barwa massif. Antecedence of
the Yarlung–Siang–Brahmaputra River demonstrates the potential
for the progressive coevolution of rock uplift, and fluvial incision
of the Namche Barwa massif, such that sustained erosion at the
plateau margin may have eventually initiated a thermo-mechanical
feedback that focused crustal exhumation in the region.
Acknowledgements

The authors acknowledge funding from the National Science
Foundation (NSF-EAR 1349279 and NSF-EAR 0955309 to K.W.H.,
NSF-EAR 1032156 for support of the Arizona LaserChron Cen-
ter), the Geological Society of America (Graduate Student Research
Grant to K.A.L.), and the Quaternary Research Center at the Uni-
versity of Washington. The authors thank V. Adlakha, K. Bage and
O. Tayeng for field assistance, K. Atakturk and K. Sumner for lab-
oratory assistance, and T.M. Harrison for editorial support. This
paper greatly benefited from detailed reviews from E. Garzanti,
D. Burbank and A. Yin as well as informal reviews and comments
by D. Montgomery and B. Hallet.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2014.04.026.

References

Acharyya, S.K., 2007. Evolution of the Himalayan Paleogene foreland basin, influence
of its litho-packet on the formation of thrust-related domes and windows in the
Eastern Himalayas – a review. J. Geol. Soc. India 31, 1–17.

Agarwal, R.P., Srivastava, Maithani A, A.K., 1991. Geology of the Eastern Himalayan
foothill belt of Bhutan and Arunachal Pradesh: an overview. J. Himal. Geol. 2
(2), 197–205.

Aikman, A.B., Harrison, T.M., Lin, D., 2008. Evidence for Early (>44 Ma) Hi-
malayan crustal thickening, tethyan Himalaya, southeastern Tibet. Earth Planet.
Sci. Lett. 274 (1–2), 14–23.

Aikman, A.B., Harrison, T.M., Hermann, J., 2012. The origin of Eo- and Neo-
Himalayan granitoids, Eastern Tibet. J. Asian Earth Sci. 58, 143–157.

Aitchison, J.C., Xia, X., Baxter, A.T., Ali, J.R., 2011. Detrital zircon U–Pb ages along the
Yarlung–Tsangpo suture zone, Tibet: implications for oblique convergence and
collision between India and Asia. Gondwana Res. 20, 691–709.

Ali, J.R., Aitchison, J.C., Chik, S.Y.S., Baxter, A.T., Bryan, S.E., 2012. Paleomagnetic data
support Early Permian age for the Abor Volcanics in the lower Siang Valley, NE
India: significance for Gondwana-related break-up models. J. Asian Earth Sci. 50,
105–115.

Amidon, W.H., Burbank, D.W., Gehrels, G.E., 2005. Construction of detrital mineral
populations: insights from mixing of U–Pb zircon ages in Himalayan rivers.
Basin Res. 17 (4), 463–485.

Armijo, R., Tapponnier, P., Han, T., 1989. Late cenozoic right-lateral strike-slip fault-
ing in Southern Tibet. J. Geophys. Res. 94 (B3), 2787–2838.

Avdeev, B., Niemi, N.A., Clark, M.K., 2011. Doing more with less: Bayesian estima-
tion of erosion models with detrital thermochronometric data. Earth Planet. Sci.
Lett. 305 (3–4), 385–395.

Bernet, M., van der Beek, P., Pik, R., Huyghe, P., Mugnier, J.-L., Labrin, E., Szulc, A.,
2006. Miocene to recent exhumation of the central Himalaya determined from
combined detrital zircon fission-track and U/Pb analysis of Siwalik sediments,
western Nepal. Basin Res. 18, 393–412.

Booth, A.L., Zeitler, P.K., Kidd, W.S.F., Wooden, J., Lui, Y., Idleman, B., Hren, M., Cham-
berlain, C.P., 2004. U–Pb zircon constraints on the tectonic evolution of south-
eastern Tibet, Namche Barwa area. Am. J. Sci. 304, 889–929.

Booth, A.L., Chamberlain, C.P., Kidd, W.S.F., Zeitler, P.K., 2009. Constraints on the
metamorphic evolution of the eastern Himalayan syntaxis from geochronologic
and petrologic studies of Namche Barwa. Geol. Soc. Am. Bull. 121, 385–407.

Brookfield, M.E., 1998. The evolution of the great river systems of southern Asia
during the Cenozoic India–Asia collision: rivers draining southwards. Geomor-
phology 22, 285–312.

Burchfiel, B.C., Clark, M.K., Wang, E., Chen, Z., Liu Pan G, Y., 2000. Tectonic frame-
work of the Namche Barwa region, eastern Himalayan syntaxis, SE Tibet. Abstr.
Programs - Geol. Soc. Am. 32, A-33.

Burg, J.-P., Podladchikov, Y., 1999. Lithospheric scale folding: numerical modeling
and application to the Himalayan syntaxes. Int. J. Earth Sci. 88, 190–200.

Burg, J.-P., Davy, P., Nievergelt, P., Oberli, F., Seward, D., Diao, Z., Meier, M., 1997.
Exhumation during folding in the Namche Barwa syntaxis. Terra Nova 9, 53–56.

Burg, J.-P., Nievergelt, P., Oberli, F., Seward, D., Davy, P., Mauring, J.-C., Diao, Z., Meier,
M., 1998. The Namche Barwa syntaxis: evidence for exhumation related to com-
pressional crustal folding. J. Asian Earth Sci. 16, 239–252.

Burgess, W.P., Yin, A., Dubey, C.S., Shen, Z.K., Kelty, T.K., 2012. Holocene shortening
across the Main Frontal Thrust zone in the eastern Himalaya. Earth Planet. Sci.
Lett. 357–358, 152–167.

Burrard, S.G., Hayden, H.H., 1907. Geography and Geology of Himalayan Mountains
and Tibet, Part 3: The Rivers of Himalaya and Tibet. Government of India Press,
Calcutta, pp. 119–230.

http://dx.doi.org/10.1016/j.epsl.2014.04.026
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib31s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib31s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib31s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib32s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib32s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib32s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib33s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib33s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib33s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib34s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib34s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib35s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib35s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib35s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib36s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib36s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib36s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib36s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib37s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib37s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib37s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib39s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib39s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3130s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3130s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3130s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3135s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3135s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3135s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3138s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3138s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3136s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3136s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3230s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3230s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3230s1


156 K.A. Lang, K.W. Huntington / Earth and Planetary Science Letters 397 (2014) 145–158
Cai, F., Ding, L., Leary, R.J., Wang, H., Xu, Q., Zhang, L., Yue, Y., 2012. Tectonostratig-
raphy and provenance of an accretionary complex within the Yarlung–Zangpo
suture zone, southern Tibet: insights into subduction–accretion processes in the
Neo-Tethys. Tectonophysics 574–575, 181–192.

Chew, D.M., Donelick, R.A., 2012. Combined apatite fission track and U–Pb dating
by LA-ICP-MS and its application in apatite provenance analysis. In: Sylvester, P.
(Ed.), Quantitative Mineralogy and Microanalysis of Sediments and Sedimentary
Rocks. Mineralogical Association of Canadar Short Course, 42. St. John’s, New-
foundland and Labrador, pp. 219–247.

Chirouze, F., Dupont-Nivet, G., Huyghe, P., van der Beek, P., Chakraborti, T., Ber-
net, M., Erens, V., 2012. Magnetostratigraphy of the Neogene Siwalik Group of
far eastern Himalaya, Kameng section, Arunachal Pradesh, India. J. Asian Earth
Sci. 44, 117–135.

Chirouze, F., Huyghe, P., van der Beek, P., Chauvel, C., Chakraborty, T., Dupont-Nivet,
G., Bernet, M., 2013. Tectonics, exhumation and drainage evolution of the east-
ern Himalaya since 13 Ma from detrital geochemistry and thermochronology,
Kameng River section, Arunachal Pradesh. Geol. Soc. Am. Bull. 125, 523–538.

Chiu, H.-Y., Chung, S.-L., Wu, F.-Y., Liu, D., Liang, Y.-H., Lin, I.-J., Iizuka, Y., Xie, L.-W.,
Wang, Y., Chu, M.-F., 2009. Zircon U–Pb and Hf isotopic constraints from eastern
Transhimalayan batholiths on the precollisional magmatic and tectonic evolu-
tion in southern Tibet. Tectonophysics 477, 3–19.

Chu, M.-F., Chung, S.-L., Song, B., Liu, D.-Y., O’Reilly, S.Y., Pearson, N.J., Ji, J.-Q., Wen,
D.-J., 2006. Zircon U–Pb and Hf isotope constraints on the Mesozoic tectonics
and crustal evolution of southern Tibet. Geology 34, 745–748.

Chung, S.-L., Liu, D., Ji, J., Chu, M.-F., Lee, H.-Y., Wen, D.-J., Lo, C.-H., Lee, T.-Y., Qian, Q.,
Zhang, Qi., 2003. Adakites from continental collision zones: melting of thickened
lower crust beneath southern Tibet. Geology 31, 1021–1024.

Chung, S.-L., Chu, M.-F., Ji, J.-Q., O’Reilly, S.Y., Pearson, N.J., Liu, D.-Y., Lee, T.-Y.,
Lo, C.-H., 2009. The nature and timing of crustal thickening in southern Ti-
bet: geochemical and zircon Hf isotopic constrains from postcollisional adakites.
Tectonophysics 477, 36–48.

Cina, S.E., Yin, A., Grove, M., Dubey, C.S., Shukla, D.P., Lovera, O.M., Kelty, T.K.,
Gehrels, G.E., Foster, D.A., 2009. Gangdese arc detritus within the eastern Hi-
malayan Neogene foreland basin: implications for the Neogene evolution of the
Yalu–Brahmaputra River system. Earth Planet. Sci. Lett. 285, 150–162.

Clark, M.K., Schoenbohm, L.M., Royden, L.H., Whipple, K.X., Burchfiel, B.C., Zhang,
X., Tang, W., Wang, E., Chen, L., 2004. Surface uplift, tectonics and erosion of
eastern Tibet from large-scale drainage patterns. Tectonics 23, TC1006.

Clift, P.D., Blusztajn, J., Anh Duc, N., 2006. Large-scale drainage capture and sur-
face uplift in eastern Tibet–SW China before 24 Ma inferred from sediments of
the Hanoi Basin, Vietnam. Geophys. Res. Lett. 33 (19). http://dx.doi.org/10.1029/
2006GL027772, L19403.

Craw, D., Koons, P.O., Zeitler, P.K., Kidd, W.S.F., 2005. Fluid evolution and thermal
structure in the rapidly exhuming gneiss complex of Namche Barwa–Gyala Peri,
eastern Himalayan syntaxis. J. Metamorph. Geol. 23, 829–845.

DeCelles, P.G., Gehrels, G.E., Quade, J., Ojha, T.P., Kapp, P.A., Upreti, B.N., 1998. Neo-
gene foreland basin deposits, erosional unroofing, and the kinematic history of
the Himalayan fold-thrust belt, western Nepal. Geol. Soc. Am. Bull. 110, 2–21.

DeCelles, P.G., Gehrels, G.E., Quade, J., LaReau, B., Spurlin, M., 2000. Tectonic implica-
tions of U–Pb zircon ages of the Himalayan orogenic belt in Nepal. Science 288,
497–499.

Ding, L., Zhong, D., Yin, A., Kapp, P., Harrison, T.M., 2001. Cenozoic structural and
metamorphic evolution of the eastern Himalayan syntaxis (Namche Barwa).
Earth Planet. Sci. Lett. 192, 423–438.

Donelick, R.A., O’Sullivan, P.B., Ketcham, R.A., 2005. Apatite fission-track analysis.
In: Reviews in Mineralogy and Geochemistry, vol. 58. Mineralogical Society of
America, pp. 49–94.

Duvall, A.R., Clark, M.K., Avdeev, B., Farley, K.A., Chen, Z., 2012. Widespread late
Cenozoic increase in erosion rates across the interior of eastern Tibet con-
strained by detrital low-temperature thermochronometry. Tectonics 31, TC3014.

Ehlers, T., Bendick, R., 2013. “Bottom up” subduction geometry initiation of extreme
localized exhumation at orogeny syntaxes. Abstr. Programs - Geol. Soc. Am. 45
(7), 222.

Enkelmann, E., Ehlers, T.A., Zeitler, P.K., Hallet, B., 2011. Denudation of the Namche
Barwa antiform, eastern Himalaya. Earth Planet. Sci. Lett. 307, 323–333.

Finlayson, D.P., Montgomery, D.R., Hallet, B., 2002. Spatial coincidence of rapid in-
ferred erosion with young metamorphic massifs in the Himalayas. Geology 30,
219–222.

Finnegan, N.J., Hallet, B., Montgomery, D.R., Zeitler, P.K., Stone, J.O., Anders, A.M., Liu,
Y., 2008. Coupling of rock uplift and river incision in the Namche Barwa–Gyala
Peri massif, Tibet, China. Geol. Soc. Am. Bull. 120, 142–155.

Galy, A., France-Lanord, C., 2001. Higher erosion rates in the Himalaya: geochemical
constraints on riverine fluxes. Geology 29, 23–26.

Garzanti, E., Van Haver, T., 1988. The Indus clastics: forearc basin sedimentation in
the Ladakh Himalaya (India). Sediment. Geol. 59, 237–249.

Garzanti, E., Vezzoli, G., Ando, S., France-Lanord, C., Singh, S.K., Foster, G., 2004. Sand
petrology and focused erosion in collision orogens: the Brahmaputra case. Earth
Planet. Sci. Lett. 220, 157–174.

Gehrels, G.E., Valencia, V., Pullen, A., 2006. Detrital zircon geochronology by Laser-
Ablation Multicollector ICPMS at the Arizona LaserChron Center. In: Loszewski,
T., Huff, W. (Eds.), Geochronology: Emerging Opportunities. In: Paleontology So-
ciety Short Course: Paleontology Society Papers, vol. 11. 10 pp.

Gehrels, G.E., Valencia, V., Ruiz, J., 2008. Enhanced precision, accuracy, efficiency,
and spatial resolution of U–Pb ages by laser ablation–multicollector–inductively
coupled plasma–mass spectrometry. Geochem. Geophys. Geosyst. 9, Q03017.

Gehrels, G.E., Kapp, P., DeCelles, P., Pullen, A., Blakey, R., Weislogel, A., Ding, L.,
Guynn, J., Martin, A., McQuarrie, N., Yin, A., 2011. Detrital zircon geochronology
of pre-Tertiary strata in the Tibetan–Himalayan orogeny. Tectonics 30, TC5016.

Gregory, J.W., Gregory, C.J., 1925. The geology and physical geography of Chinese
Tibet, and its relations to the mountain system of south-eastern Asia, from ob-
servations made during the Percy Sladen Expedition 1922. Philos. Trans. R. Soc.
Lond., Ser. B 213, 171–298.

Guan, Q., Zhu, D.-C., Zhao, Z.-D., Dong, G.-C., Zhang, L.-L., Li, X.-W., Liu, M., Mo,
X.-X., Liu, Y.-S., Yuan, H.-L., 2012. Crustal thickening prior to 38 Ma in southern
Tibet: evidence from lower crust-derived adakitic magmatism in the Gangdese
Batholith. Gondwana Res. 21 (1), 88–99.

Guo, L., Zhang, H.-F., Harris, N., Pan, F.-B., Xu, W.-C., 2011. Origin and evolution of
multi-stage felsic melts in eastern Gangdese belt: constraints from U–Pb zircon
dating and Hf isotopic composition. Lithos 127, 54–67.

Guo, L., Zhang, H.-F., Harris, N., Parrish, R., Xu, W.-C., Shi, Z.-L., 2012. Paleogene
crustal anatexis and metamorphism in Lhasa terrane, eastern Himalayan syn-
taxis: evidence from U–Pb zircon ages and Hf isotopic compositions of the
Nyingchi Complex. Gondwana Res. 21, 100–111.

Hallet, B., Molnar, P., 2001. Distorted drainage basins as markers of crustal strain
east of the Himalaya. J. Geophys. Res. 106, 13697–13709.

Haproff, P.J., Yin, A., Dubey, C.S., 2013. Tectonic framework of the eastern Himalayan
rogen based on U–Pb zircon geochronology and detailed geologic mapping, NE
India. Eos Trans. AGU. Abstract T11A 2422.

Harrison, T.M., Copeland, P., Kidd, W.S.F., Yin, A., 1992. Raising Tibet. Science 255,
1663–1670.

Holt, W.E., Ni, J.F., Wallace, T.C., Haines, A.J., 1991. The active tectonics of the eastern
Himalayan syntaxis and surrounding regions. J. Geophys. Res., Solid Earth 96,
14595–14632.

Hou, Z.-Q., Zheng, Y.-C., Zeng, L.-S., Gao, L.-E., Huang, K.-X., Li, W., Li, Q.-Y., Fu, Q.,
Liang, W., Sun, Q.-Z., 2012. Eocene-Oligocene granitoids in southern Tibet: con-
straints on crustal anatexis and tectonic evolution of the Himalayan orogen.
Earth Planet. Sci. Lett. 349–350, 35–52.

Hu, X., Jansa, L., Chen, L., Griffin, W.L., O’Reilly, S.Y., Wang, J., 2010. Provenance
of lower cretaceous Wolong volcaniclastics in the Tibetan Tethyan Himalaya:
implications for the final breakup of Eastern Gondwana. Sediment. Geol. 233,
193–205.

Jain, A.K., Thakur, V.C., 1978. Abor volcanics of Arunachal Himalaya. J. Geol. Soc.
India 8, 335–349.

Jain, A.K., Thakur, V.C., Tandon, S.K., 1974. Stratigraphy and structure of the Siang
District, Arunachal (NEFA) Himalaya. Himal. Geol. 4, 28–60.

Ji, W.-Q., Wu, F.-Y., Liu, C.-Z., Chung, S.-L., 2012. Early Eocene crustal thickening
in southern Tibet: new age and geochemical constraints from the Gangdese
batholith. J. Asian Earth Sci. 53, 82–95.

Karunakaran, C., Ranga Rao, A., 1976. Status of exploration for hydrocarbons in the
Himalayan region-contributions to stratigraphy and structure. Misc. Publ. Geol.
Surv. India 41, 1–66.

Kesari, G.K., 2010. Geology and mineral resources of Arunachal Pradesh. Misc. Publ.
Geol. Soc. India 30, 60. p. IV, vol. 1.

Kidd, W.S., Lim, C., Zeitler, P.K., Enkelmann, E., Booth, A.L., Chamberlain, C.P., Tang,
W., Liu, Y., Craw, D., 2006. Structural and tectonic geology of the Namche
Barwa–Gyala Peri antiform, southeastern Tibet. Eos Trans. AGU 87, Abstract
T23-0480.

Koons, P.O., 1995. Modeling the topographic evolution of collisional belts. Annu. Rev.
Earth Planet. Sci. 23, 375–408.

Koons, P.O., 1998. Big mountains, big rivers and hot rocks: beyond isostasy. Eos
Trans. AGU 79, Abstract F908.

Koons, P.O., Zeitler, P.K., Chamberlain, C.P., Craw, D., Meltzer, A.S., 2002. Mechanical
links between erosion and metamorphism in Nanga Parbat, Pakistan Himalaya.
Am. J. Sci. 302, 749–773.

Koons, P.O., Zeitler, P.K., Hallet, B., 2013. Tectonic aneurysms and mountain building.
In: Owen, L.A. (Ed.), Treatise on Geomorphology, vol. 5. 32 pp.

Korup, O., Montgomery, D.R., 2010. Glacier and landslide feedbacks to topographic
relief in the Himalayan syntaxes. Proc. Natl. Acad. Sci. USA 107, 5317–5322.

Kumar, D., 1997. Geology of Arunachal Pradesh. Geol. Soc. India, Bangalore. 217 pp.
Lang, K.A., Huntington, K.W., Montgomery, D.R., 2013. Erosion of the Tsangpo Gorge

by megafloods, eastern Himalaya. Geology 41, 1003–1006.
Larsen, I.J., Montgomery, D.R., 2012. Landslide erosion coupled to tectonics and river

incision. Nat. Geosci. 5, 468–473.
Leier, A.L., Kapp, P., Gehrels, G.E., DeCelles, P.G., 2007. Detrital zircon geochronology

of Carboniferous–Cretaceous strata in the Lhasa terrane, Southern Tibet. Basin
Res. 19, 361–378. http://dx.doi.org/10.1111/j.1365-2117.2007.00330.x.

Li, G., Liu, X., Pullem, A., Wei, J., Liu, X., Huang, F., Zhou, X., 2010. In-situ detrital zir-
con geochronology and Hf isotopic analyses from upper Trassic Tethys sequence
strata. Earth Planet. Sci. Lett. 297 (3–4), 461–470.

http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3330s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3330s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3330s1
http://dx.doi.org/10.1029/2006GL027772
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3432s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3432s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3432s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3433s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3433s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3433s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3434s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3434s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3435s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3435s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3436s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3436s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3436s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3437s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3437s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3437s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3437s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3438s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3438s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3438s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3439s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3439s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3439s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3530s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3530s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3530s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3530s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3533s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3533s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3533s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3533s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3531s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3531s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3531s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3532s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3532s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3532s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3532s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3534s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3534s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3535s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3535s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3535s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3536s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3536s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3538s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3538s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3538s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3630s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3630s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3630s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3630s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3631s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3631s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3631s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3631s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3633s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3633s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3632s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3632s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3634s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3634s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3634s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3635s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3635s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3635s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3636s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3636s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3637s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3637s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3637s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3637s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3638s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3638s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3639s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3639s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3730s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3730s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3730s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3731s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3731s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3733s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3733s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3734s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3735s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3735s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3736s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3736s1
http://dx.doi.org/10.1111/j.1365-2117.2007.00330.x
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3737s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3737s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3737s1
http://dx.doi.org/10.1029/2006GL027772


K.A. Lang, K.W. Huntington / Earth and Planetary Science Letters 397 (2014) 145–158 157
Li, G., Sandiford, M., Liu, X., Xu, Z., Wei, L., Li, H., 2013. Provenance of Late Triassic
sediments in central Lhasa terrane, Tibet and its implication. Gondwana Res. 25
(4), 1680–1689.

Liang, Y.-H., Chung, S.-L., Liu, D., Xu, Y., Wu, F.-Y., Yang, J.-H., Wang, Y., Lo, C.-H.,
2008. Detrital zircon evidence from Burma for reorganization of the eastern Hi-
malayan rive system. Am. J. Sci. 308, 618–638.

Lin, Y.-H., Zhang, Z.-M., Gond, X., Xiang, H., Yan, R., 2013a. Early Mesozoic metamor-
phism and tectonic significance of the eastern segment of the Lhasa Terrance,
south Tibet. J. Asian Earth Sci. 78, 160–183.

Lin, T.-H., Chung, S.-L., Kumar, A., Wu, F.-Y., Chiu, H.-Y., Lin, I.-J., 2013b. Linking a
prolonged Neo-Tethyan magmatic arc in South Asia: zircon U–Pb and Hf isotopic
constraints from the Lohit Batholith, NE India. Terra Nova 25 (6), 453–458.

Lin, Y.-H., Zhang, Z.-M., Dong, X., Shen, K., Lu, X., 2013c. Precambrian evolution of
the Lhasa terrane, Tibet: constraint from the zircon U–Pb geochronology of the
gneisses. Precambrian Res. 237, 64–77.

Malloy, M., 2004. Rapid erosion at the Tsangpo knickpoint and exhumation of south-
eastern Tibet. M.S. thesis. Lehigh University, Bethlehem, Pennsylvania. 67 pp.

McQuarrie, N., Robinson, D., Long, S., Tobgay, T., Grujic, D., Gehrels, G., Ducea, M.,
2008. Preliminary stratigraphic and structural architecture of Bhutan: implica-
tions for the along-strike architecture of the Himalayan system. Earth Planet.
Sci. Lett. 272, 105–117.

Misra, D.K., 2009. Litho-tectonic sequence and their regional correlation along the
Lohit and Dibang valleys, eastern Arunachal Pradesh. J. Geol. Soc. India 73,
213–219.

Molnar, P., Stock, J.M., 2009. Slowing of Inia’s convergence with Eurasia since 20 Ma
and its implications for Tibetan mantle dynamics. Tectonics 28, TC3001.

Montgomery, D.R., 2004. Observations on the role of lithology in strath terrace for-
mation and bedrock channel width. Am. J. Sci. 304, 454–476.

Montgomery, D.R., Stolar, D.B., 2006. Reconsidering Himalayan river anticlines. Geo-
morphology 82, 4–15.

Najman, Y., 2006. The detrital record of orogenesis: a review of approaches and
techniques used in the Himalayan sedimentary basins. Earth-Sci. Rev. 74, 1–72.

Najman, Y., Bickle, M., BouDagher-Fadel, M., Carter, A., Garzanti, E., Paul, M., Wi-
jbrans, J., Willett, E., Oliver, G., Parrish, R., Akhter, S.H., Allen, R., Ando, S., Chisty,
E., Reisberg, L., Zevvoli, G., 2008. The Paleogene record of Himalayan erosion:
Bengal Basin, Bangladesh. Earth Planet. Sci. Lett. 273, 1–14.

Oskin, M., Burbank, D.W., 2005. Alpine landscape evolution dominated by cirque
retreat. Geology 33, 933–936.

Pan, G., Ding, J., Yao, D., Wang, L., 2004. Geological map of Qinghai-Xizang (Tibet).
and adjacent areas: Chengdu Cartographic Publishing House, scale 1:1,500,000,
6 sheets.

Peltzer, G., Tapponier, P., 1988. Formation and evolution of strike-slip faults, rifts,
and basins during the India-Asia collision: an experimental approach. J. Geo-
phys. Res. 93 (B12), 15085–15117.

Pik, R., France-Lanord, C., Carignan, J., 2005. Extreme uplift and erosion rates in
eastern Himalayas (Siang–Brahmaputra basin) revealed by detrital (U–Th)/He
thermochronology. Geophys. Res. Abstr. 7, Abstract 09421.

Quanru, G., Guitang, P., Zheng, L., Chen, Z., Fisher, R.D., Sun, Z., Ou, C., Dong, H.,
Wang, X., Li, S., Lou, X., Fu, H., 2009. The Eastern Himalayan Syntaxis: major
tectonoic domains, ophiolitic mélanges and geological evolution. J. Asian Earth
Sci. 27, 265–285.

Ranga Rao, A., 1983. Geology and hydrocarbon potential of a part of Assam–Arakan
basin and its adjacent region. In: Bhandari, L.L., Venkatachala, B.S., Kumar, R.,
Swamy, S.N., Garga, P., Srivastava, D.C. (Eds.), Petroliferous Basins of India. Pet.
Asia J. 6, 112–127.

Riedel, J.L., Haugerud, R.A., Clague, J.J., 2007. Geomorphology of a Cordilleran Ice
Sheet drainage network through breached divides in the North Cascades Moun-
tains of Washington and British Columbia. Geomorphology 91, 1–18.

Robinson, R.A.J., Brezina, C.A., Parrish, R.R., Horstwood, M.S.A., Oo, N.W., Bird, M.I.,
Thein, M., Walters, A.S., Oliver, G.J.H., Zaw, K., 2013. Large rivers and orogens:
the evolution of the Yarlung Tsangpo–Irrawaddy system and the eastern Hi-
malayan syntaxis. Gondwana Res. http://dx.doi.org/10.1016/j.gr.2013.07.002.

Royden, L.H., Burchfiel, B.C., King, R.W., Wang, E., Chen, Z., Shen, F., Liu, Y., 1997. Sur-
face deformation and lower crustal flow in eastern Tibet. Science 276, 788–790.

Ruhl, K.W., Hodges, K.V., 2005. The use of detrital mineral cooling ages to
evaluate steady state assumptions in active orogens: an examples from the
central Nepalese Himalaya. Tectonics 24, TC4015. http://dx.doi.org/10.1029/
2004TC001712.

Searle, M.P., Windley, B.F., Coward, M.P., Cooper, D.J.W., Rex, A.J., Rex, D., Tingdong,
L., Xuchang, X., Jan, M.Q., Thakur, V.C., Kuman, S., 1987. The closing of the Tethys
and the tectonics of the Himalaya. Geol. Soc. Am. Bull. 98, 678–701.

Seeber, L., Gornitz, V., 1983. River profiles along the Himalayan arc as indicators of
active tectonics. Tectonophysics 92, 335–367.

Seward, D., Burg, J.-P., 2008. Growth of the Namche Barwa Syntaxis and associated
evolution of the Tsangpo Gorge: constraints from structural and thermochrono-
logical data. Tectonophysics 451, 282–289.

Simpson, G., 2004. Role of river incision in enhancing deformation. Geology 32,
341–344.

Singh, S., 1993. Geology and Tectonics of the Eastern Syntaxial Bend, Arunachal Hi-
malaya. J. Him. Geol. 4 (2), 149–163.
Singh, S., France-Lanord, C., 2002. Tracing the distribution of erosion in the Brahma-
putra watershed from isotopic compositions of stream sediments. Earth Planet.
Sci. Lett. 252, 645–662.

Sol, S., Meltzer, A., Burgmann, R., van der Hilst, R.D., King, R., Chen, Z., Koons, P.O.,
Lev, E., Liu, Y.P., Zeitler, P.K., Zhang, X., Zhang, J., Zurek, B., 2007. Geodynamics
of the southeastern Tibetan Plateau from seismic anisotropy and geodesy. Geol-
ogy 35, 563–566.

Srivastava, P., Bhakuni, S.S., Luirei, K., Misra, D.K., 2008. Morpho-sedimentary records
at the Brahmaputra River exit, NE Himalaya: climate-tectonic interplay during
the Late Pleistocene–Holocene. J. Quat. Sci. http://dx.doi.org/10.1002/jqs.1190.

Stewart, R.J., Hallet, B., Zeitler, P.K., Malloy, M.A., Allen, C.M., Trippett, D., 2008.
Brahmaputra sediment flux dominated by highly localized rapid erosion from
the easternmost Himalaya. Geology 36, 711–714.

Stock, G.M., Ehlers, T.A., Farley, K.A., 2006. Where does sediment come from? Quan-
tifying catchment erosion with detrital apatite (U–Th)/He thermochronometry.
Geology 34, 725–728.

Su, W., Zhang, M., Liu, X., Lin, J., Ye, K., Liu, X., 2011. Exact timing of granulite meta-
morphism in the Namche–Barwa, eastern Himalayan syntaxis: new constraints
from SIMS U–Pb zircon age. Int. J. Earth Sci. 101, 239–252.

Vermeesch, P., 2004. How many grains are needed for a provenance study? Earth
Planet. Sci. Lett. 224, 441–451.

Vermeesch, P., 2012. On the visualisation of detrital age distributions. Chem.
Geol. 312–313, 190–194.

Wang, J., Hu, X., Jansa, L., Huang, Z., 2011. Provenance of the Upper Cretaceous-
Eocene Deep-Water Sandstones in Sangdanlin, Southern Tibet: constraints on
the timing of Initial India–Asia Collision. J. Geol. 119 (3), 293–309.

Wang, J.-G., Hu, X.-M., Garzanti, E., Wu, F.-Y., 2013. Upper oligocene-lower miocene
gangrinboche conglomerate in the Xigaze area, Southern Tibet: implications for
Himalayan uplift and Paleo–Yarlung–Zangbo initiation. J. Geol. 121 (4), 425–444.

Webb, A.A.G., Yin, A., Dubey, C.S., 2012. U–Pb zircon geochronology of major litho-
logic units in the eastern Himalaya: implications for the origin and assembly of
Himalayan rocks. Geol. Soc. Am. Bull. 125, 499–522.

Wen, D.-R., Liu, D.-Y., Chung, S.-L., Chu, M.-F., Ji, J.-Q., Zhang, Q., Song, B., Lee, T.-Y.,
Yeh, M.-W., Lo, C.-H., 2008. Zircon SHRIMP U–Pb ages of the Gangdese batholith
and implications for Neotethyan subduction in southern Tibet. Chem. Geol. 252,
191–201.

Whipple, K.X., Tucker, G.E., 1999. Dynamics of the stream-power river incision
model: implications for height limits of mountain ranges, landscape response
timescales, and research needs. J. Geophys. Res. 104, 17661–17674.

Wu, F.-Y., Ji, W.-Q., Liu, C.-Z., Chung, S.-L., 2010. Detrital zircon U–Pb and Hf isotopic
data from the Xigaze fore-arc basin: constraints on Transhimalayan magmatic
evolution in southern Tibet. Chem. Geol. 271, 13–25.

Xu, W.-C., Zhang, H.-F., Parrish, R., Harris, N., Guo, L., Yuan, H.-L., 2010. Timing of
granulite-facies metamorphism in the eastern Himalayan syntaxis and its tec-
tonic implications. Tectonophysics 485, 231–244.

Xu, Z., Ji, S., Cai, Z., Zeng, L., Geng, Q., Cao, H., 2012a. Kinematics and dynamics of
the Namche Barwa Syntaxis, eastern Himalaya: constraints from deformation,
fabrics and geochronology. Gondwana Res. 21, 19–36.

Xu, Y.-G., Yang, Q.-J., Lan, J.-B., Luo, Z.-Y., Huang, X.-L., Shi, Y.-R., Xie, L.-W., 2012b.
Temporal–spatial distribution and tectonic implications of the batholiths in the
Gaoligong–Tengliang–Yinjiang area, western Yunnan: constraints from zircon U–
Pb ages and Hf isotopes. J. Asian Earth Sci. 53, 151–175.

Xu, W.-C., Zhang, H.-F., Harris, N., Gu, L., Pan, F.-B., Wang, S., 2013. Geochronology
and geochemistry of Mesoproterozoic granitoids in the Lhasa terrane, south Ti-
bet: implications for the early evolution of Lhasa Terrane. Precambrian Res. 236,
46–58.

Yin, A., 2006. Cenozoic tectonic evolution of the Himalayan orogen as constrained by
along-strike variation of structural geometry, exhumation history, and foreland
sedimentation. Earth-Sci. Rev. 76 (1), 1–131.

Yin, A., Dubey, C.S., Kelty, T.K., Webb, A.A.G., Harrison, T.M., Chou, C.Y., Celerier, J.,
2010. Geologic correlation of the Himalayan orogeny and Indian craton: Part
2. Structural geology, geochronology and tectonic evolution of the Eastern Hi-
malaya. Geol. Soc. Am. Bull. 122, 360–395.

Zeitler, P.K., Meltzer, A.S., Koons, P.O., Craw, D., Hallet, B., Chamberlain, C.P., Kidd,
W.S.F., Park, S.K., Seeber, L., Bishop, M., Shroder, J., 2001. Erosion, Himalayan
geodynamics, and the geomorphology of metamorphism. GSA Today 11 (1), 4–9.

Zeng, L., Gao, L.-E., Xoe, K., Liu-Zeng, J., 2011. Mid-Eocene high Sr/Y granites in the
Northern Himalayan Gneiss Domes: melting thickened lower continental crust.
Earth Planet. Sci. Lett. 303 (3–4), 251–266.

Zeng, L., Gao, L.-E., Dong, C., Tang, S., 2012. High-pressure melting of metapelite and
the formation of Ca-rich granitic melts in the Namche Barwa Massif, southern
Tibet. Gondwana Res. 21, 138–151.

Zhang, Z.-M., Zhao, G.-C., Santosh, M., Wang, J.-L., Dong, X., Shen, K., 2010a. Late Cre-
taceous charnockite with adakitic affinities from the Gangdese batholith, south-
eastern Tibet: evidence for Neo-Tethyan mid-ocean ridge subduction? Gond-
wana Res. 17, 615–631.

Zhang, Z.-M., Zhao, G.C., Santosh, M., Wang, J.L., Dong, X., Liou, J.G., 2010b. Two
stages of granulite facies metamorphism in the eastern Himalayan syntaxis,
south Tibet: petrology, zircon geochronology and implications for the sub-
duction of Neo-Tethys and the Indian continent beneath Asia. J. Metamorph.
Geol. 28, 719–733.

http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3738s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3738s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3738s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3739s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3739s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3739s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3830s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3830s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3830s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3831s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3831s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3831s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3832s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3832s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3832s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3833s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3833s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3835s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3835s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3835s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3835s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3837s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3837s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3837s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3838s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3838s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3839s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3839s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3931s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3931s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3932s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3932s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3933s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3933s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3933s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3933s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3934s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3934s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3936s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3936s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3936s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3937s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3937s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3937s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3938s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3938s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3938s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3938s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3939s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3939s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3939s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib3939s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313030s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313030s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313030s1
http://dx.doi.org/10.1016/j.gr.2013.07.002
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313033s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313033s1
http://dx.doi.org/10.1029/2004TC001712
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313035s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313035s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313035s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313036s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313036s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313037s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313037s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313037s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313038s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313038s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313130s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313130s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313039s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313039s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313039s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313131s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313131s1
http://dx.doi.org/10.1002/jqs.1190
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313132s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313133s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313134s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313135s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313135s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313136s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313136s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313137s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313139s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313230s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313230s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313230s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313231s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313232s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313233s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313234s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313235s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313236s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313237s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313238s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313239s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313331s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313331s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313331s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313332s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313332s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313332s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313333s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313334s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313335s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313335s1
http://dx.doi.org/10.1029/2004TC001712


158 K.A. Lang, K.W. Huntington / Earth and Planetary Science Letters 397 (2014) 145–158
Zhang, H.-F., Harris, N., Guo, L., Xu, W., 2010c. The significance of Cenozoic magma-
tism from the western margin of the eastern syntaxis, southeast Tibet. Contrib.
Mineral. Petrol. 160, 83–98.

Zhang, J.Y., Yin, A., Liu, W.C., Wu, F.Y., Lin, D., Grove, M., 2012. Coupled U–Pb dating
and Hf isotopic analysis of detrital zircon of modern river sand from the Yalu
River (Yarlung Tsangpo) drainage system in southern Tibet: constraints on the
transport processes and evolution of Himalayan rivers. Geol. Soc. Am. Bull. 124,
1449–1473.

Zheng, Y.-C., Hou, Z.-Q., Li, Q.-Y., Sun, Q.-Z., Liang, W., Fu, Q., Li, W., Huang, K.-X.,
2012. Origin of Late Oligocene adakitic intrusives in the southeastern Lhasa ter-
rane: evidence from in situ zircon U–Pb dating, Hf–O isotopes, and whole rock
geochemistry. Lithos 148, 296–311.
Zhu, D.-C., Mo, Y.-X., Pan, G.-T., Zhao, Z., Dong, G.-C., Shi, Y., Liao, Z., Wang, L.-Q.,
Zhou, C.-Y., 2008. Petrogenesis of the earliest Early Cretaceous mafic rocks from
the Cona area of the eastern Tethyan Himalaya in South Tibet: interaction be-
tween the incubating Kerguelen plume and the eastern Greater India Litho-
sphere? Lithos 100 (1–4), 147–173.

Zhu, D.-C., Mo, X.-X., Niu, Y., Zhao, Z.-D., Wang, L.-Q., Pan, G.-T., Wu, F.-Y., 2009.
Zircon U–Pb dating and in-situ Hf isotopic analysis of Permian peraluminous
granite in the Lhasa terrane, southern Tibet: implications for Permian collisional
orogeny and paleogeography. Tectonophysics 469, 48–60.

Zhu, D.-C., Zhao, Z.-D., Niu, Y., Mo, X.-X., Chung, S.-L., Hou, Z.-Q., Wang, L.-Q., Wu,
F.-Y., 2011. The Lhasa terrane: record of a microcontinent and its histories of
drift and growth. Earth Planet. Sci. Lett. 301, 241–255.

http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313336s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313337s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313338s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313339s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313430s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313431s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313431s1
http://refhub.elsevier.com/S0012-821X(14)00258-1/bib313431s1

	Antecedence of the Yarlung-Siang-Brahmaputra River, eastern Himalaya
	1 Introduction
	2 Background
	2.1 Sedimentary units of the eastern Himalayan foreland basin
	2.2 Provenance constrains from detrital zircon U-Pb geochronology
	2.3 Previous constraints on Siwalik provenance in the eastern Himalaya

	3 Sampling and analytical methods
	4 Results of detrital zircon U-Pb dating and provenance interpretations
	5 Discussion
	5.1 Antecedence of the Yarlung-Siang-Brahmaputra River
	5.2 Capture and reversal of the Parlung River
	5.3 Exhumation of the Namche Barwa massif

	6 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


