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At the eastern margin of the Indian-Eurasian plate collision, margin-normal plate
convergence transitions to dextral strike-slip motion, warping tectonic units southward to
form the eastern Himalayan syntaxis. Large southeast Asian rivers (e.g., the Yangtze,
Salween and Mekong rivers) closely following the periphery of this syntaxis reflect the
accumulation of crustal strain from the ongoing collision. In contrast, the Yarlung-Siang-
Brahmaputra River bisects the syntaxis, abruptly dropping over two kilometers from the
Tibetan Plateau through the steep Tsangpo Gorge. Along this reach, surface erosion rates
increase sharply, contributing nearly half of the erosional efflux to the foreland from only
~3% of the river’s drainage area. Curiously, this intense erosion directly coincides with
the Namche Barwa metamorphic massif, a crustal-scale antiform that has been rapidly
exhumed in the Late Pliocene and Pleistocene.

Thermo-mechanical modeling indicates that if erosion has remained focused in this

area over a multi-million year timescale, the continuous removal of upper crustal material



may have resulted in the local exhumation of a crustal-scale structure. This consequential
rock uplift would have maintained a steep topographic gradient at the southeastern
margin of the Tibetan Plateau, such that the high relief and elevated erosional fluxes
observed today may in fact have persisted for many millions of years in the eastern
Himalayan landscape. This idea presents an intreseting concept in landscape evolution —
that the legacy of processes shaping the surface of the Earth may extend much deeper to
direcly influence the dynamics of the Earth’s crust.

This thesis specifically evaluates the circumstances by which rapid exhumation of
the eastern syntaxis initiated and has been sustained in the Late Cenozoic. To do this, I
extend the existing Late Pliocene and Pleistocene exhumation history by interpreting
detrital evidence from syntaxis-proximal foreland basin deposits. First, I reconstruct
continental-scale river drainage patterns from detrital analyses of foreland basin units,
demonstrating a connection of the Yarlung-Siang-Brahmaputra River prior to the Middle
or Early Miocene. Second, I document the potential of glacial ice and debris dam-burst
flood events to exacerbate Quaternary erosion rates within this connected river system.
Finally, I interpret the cooling histories of detrital minerals in the same foreland basin
units to constraining the onset of rapid exhumation rates in the Late Miocene.

I conclude from this work that an antecedent river has locally sustained rapid
exhumation of the eastern syntaxis since the Late Miocene. In the Late Miocene,
localized tectonic uplift accelerated exhumation where an antecedent river crossed the
southeastern Tibetan Plateau margin. By the Early Pliocene, thermo-mechanical
feedbacks between surface erosion and rock uplift may have developed to sustain rapid

exhumation rates at the plateau margin to the present day.
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CHAPTER 1: Introduction
1.0 Abstract

At the eastern margin of the Indian-Eurasian plate collision, margin-normal plate
convergence transitions to dextral strike-slip motion, warping tectonic units southward to
form the eastern Himalayan syntaxis. Large southeast Asian rivers (e.g., the Yangtze,
Salween and Mekong rivers) closely following the periphery of this syntaxis reflect the
accumulation of crustal strain from the ongoing collision. In contrast, the Yarlung-Siang-
Brahmaputra River bisects the syntaxis, abruptly dropping over two kilometers from the
Tibetan Plateau through the steep Tsangpo Gorge. Along this reach, surface erosion rates
increase sharply, contributing nearly half of the erosional efflux to the foreland from only
~3% of the river’s drainage area. Curiously, this intense erosion directly coincides with
the Namche Barwa metamorphic massif, a crustal-scale antiform that has been rapidly
exhumed in the Late Pliocene and Pleistocene.

Thermo-mechanical modeling indicates that if erosion has remained focused in this
area over a multi-million year timescale, the continuous removal of upper crustal material
may have resulted in the local exhumation of a crustal-scale structure. This consequential
rock uplift would have maintained a steep topographic gradient at the southeastern
margin of the Tibetan Plateau, such that the high relief and elevated erosional fluxes
observed today may in fact have persisted for many millions of years in the eastern
Himalayan landscape. This idea presents an intreseting concept in landscape evolution —
that the legacy of processes shaping the surface of the Earth may extend much deeper to
direcly influence the dynamics of the Earth’s crust.

This thesis specifically evaluates the circumstances by which rapid exhumation of



the eastern syntaxis initiated and has been sustained in the Late Cenozoic. To do this, I
extend the existing Late Pliocene and Pleistocene exhumation history by interpreting
detrital evidence from syntaxis-proximal foreland basin deposits. First, I reconstruct
continental-scale river drainage patterns from detrital analyses of foreland basin units,
demonstrating a connection of the Yarlung-Siang-Brahmaputra River prior to the Middle
or Early Miocene. Second, I document the potential of glacial ice and debris dam-burst
flood events to exacerbate Quaternary erosion rates within this connected river system.
Finally, I interpret the cooling histories of detrital minerals in the same foreland basin
units to constraining the onset of rapid exhumation rates in the Late Miocene.

I conclude from this work that an antecedent river has locally sustained rapid
exhumation of the eastern syntaxis since the Late Miocene. In the Late Miocene,
localized tectonic uplift accelerated exhumation where an antecedent river crossed the
southeastern Tibetan Plateau margin. By the Early Pliocene, thermo-mechanical
feedbacks between surface erosion and rock uplift may have developed to sustain rapid

exhumation rates at the plateau margin to the present day.

1.1 A take home message

A wise advisor once told her student to begin their argument with the most
important message, a single message the audience should take home with them, if
nothing else. The message to take home from this thesis is that quite a lot can be learned
about a landscape from the byproducts of its destruction, perhaps even more than can be
gleaned from its present exposure. The landscape investigated herein, the eastern

Himalayan syntaxis, is full of superlatives: mountains that are arguably as steep as they



can be (e.g., Larsen and Montgomery, 2012) beside one of Earth’s deepest river gorges.
The prodigious sediment evacuation resulting from the erosion of this landscape
dominates the downstream sediment flux that feeds the great Brahmaputra River (e.g.,
Stewart et al., 2008) itself one of the largest contributors of terrestrial sediment to the
global oceans (Milliman and Farnsworth, 2011).

This landscape is anomalous even in comparison to the broader Himalaya
(Finlayson et al., 2002) the largest mountain range on Earth, and so it seems natural that
it may have similarly anomalous origins. Current hypotheses invoke the taming of a large
Tibetan torrent by a trifling Himalayan tributary (e.g., Clark et al., 2004), or of the rapid
invasion of icy dams to steal a mighty river’s bite (e.g., Korup and Montgomery, 2008).
Yet, though the present landscape is not unfamiliar to catastrophe, the adjacent foreland
contains a long history of dramatic change. I interpret this sedimentary record grain-by-

grain, literally digging into the archives to unearth the secrets of this unique landscape.

1.2 Background
1.2.1 Uplift, exhumation and erosion

Terms referring to the displacement of earth materials with respect to a constant
(perhaps conceptual) reference elevation should be precisely defined (England and
Molnar, 1990). Within this text, rock or tectonic “uplift” is defined as the movement of
crustal material in the opposite direction of gravity and rock “exhumation” is defined as
the movement of crustal material toward the Earth’s surface (England and Molar, 1990).
Within this framework, a change in the elevation of the Earth’s surface is simply the

difference between rock uplift and rock exhumation.



Rock uplift is primarily accomplished within the Himalaya by tectonic processes of
folding and reverse faulting, although isostatic compensation of eroded material is also
important regional component (Montgomery, 1994). Rock exhumation results from
normal faulting, ductile thinning within the lithosphere or surface erosion (Ring et al.
1999). Within this text, I consider only exhumation by surface erosion (primarily glacial,
fluvial and hillslope erosion), which is considered to be the dominant process exhuming
the region of interest (Zeitler et al., 2001) as evidence for signifcant normal displacement

on local structures is atypical (Kidd et al., 2006; Zeitler et al., 2014).

1.2.2 Landscape evolution

Geologists have long looked to the mountains to understand the processes shaping
Earth’s surface. Early models of landscape evolution conceptualized a geomorphic cycle
of periodic rejuvenation and decay (e.g., Davis, 1899; Penck, 1953) wherein landscapes
originate from, and inevitably return to a low relief surface. Hack (1975) is often credited
with formally introducing the concept of a dynamic equilibrium to discussions of
landscape evolution (this could perhaps be better attributed to Gilbert, 1880) by
proposing that topography will reflect a balance between surface erosion and rock uplift
provided sufficiently long spans of geological time. Generally, this steady state is
anticipated from the strong dependence of erosional efficacy on topographic relief
(Ahnert, 1970) and elevation (through glacial erosion, e.g., Hallet et al., 1996), which
function as a negative feedback on the growth of topography.

Either conceptualization may be an accurate characterization of Earth surface

processes depending on the temporal and spatial scale considered. In this thesis, I



consider the evolution of a portion of an active tectonic plate boundary (~100,000 km?)
over a Late Cenozoic timescale (< 23 Myr). At these scales, tectonic convergence
between the Indian and Eurasian plates has been sustained (Molnar and Stock, 2009) and
the tectonic addition of crustal material to the Himalayan orogen has progressively
uplifted rocks, generating topography along the convergence zone (e.g., Harrison et al.,
1992; Fielding, 1996) such that this orogenic growth presents a dynamic system that
would similarly tend toward an steady state (e.g., Adams, 1980).

This steady state condition itself requires additional clarification. Willet and
Bandon (2002) specify four distinct types of steady states, largely defined by the type of
data used to interpret them. Of these, a flux steady state is achieved when the tectonic
accretionary flux and erosional flux (often sediment flux from mountain rivers) are equal.
A thermal steady state is satisfied when the thermal structure of an orogen becomes time-
insensitive. This thermal steady state may only be achieved when the rate of material flux
through the orogen becomes constant, as advection of crustal heat may steepen near
surface geothermal gradients (Stuwe et al., 1994). Ultimately an exhumational steady
state may be documented with radiometric cooling ages, such as from low-temperature
thermochronometry, which may be interpreted to record constant exhumation rates over
an extended period of time (Reiners and Brandon, 2006).

A growing body of research suggests that an exhumational steady state may have
characterized portions of the main Himalayan front during the Late Cenozoic (e.g.,
Bernet et al., 2006; Chirouze et al., 2013), however these observations are not readily
extended to the ends of the Himalayan orogen, where the transition from convergent to

strike-slip motion warps the plate boundary southward. The Himalayan syntaxes



expereince extremely rapid and focused exhumation that may exert an additional positive
feedback on rock uplift (Zeitler et al., 2001), accelerating rock uplift and exhumation

over time (e.g., Cervery et al. 1988; Bernet and Garver, 2005).

1.2.3 Feedbacks in the Himalayan syntaxes

Numerical (e.g., Beaumont et al., 1992), analog (e.g., Malavielle, 2010) and
analytical (Dahlen and Suppe, 1988) experiments demonstrate that rapid, focused surface
erosion of convergent orogens may localize regional strain gradients, concentrating
exhumation within the area of rapid erosion. When rapid surface erosion is prolonged and
sufficient upper crustal material is removed, a thermo-mechanical relationship may
develop wherein the rock uplifted from lower lithospheric levels advects heat into the
upper crust, steepening the near surface geothermal gradient (Stuwe et al., 1994) and
increasing the susceptibility of the upper crust to subsequent deformation (Koons et al.,
2002). In this situation, the rate of rock exhumation increases over time such that neither
a thermal nor exhumational steady state is maintained. In such a region, topographic
relief should increase to a maximum value limited only by internal rock strength and
valley spacing (Montgomery and Brandon, 2002). Ultimately, these feedbacks lead to
localized “hot spots” of very steep topography, high geothermal gradients and rapidly
exhumed, crustal-scale structures (Zeitler et al., 2001).

Such a relationship between surface erosion and rock exhumation is best observed
within the Himalayan syntaxes (Zeitler et al., 2001; Koons et al., 2013). Both regions
exemplify the predicted final condition of thermo-mechanical feedbacks, with the

coincidence of efficient erosional systems, steep topography and rapidly exhumed



metamorphic massifs (Finlayson et al., 2002). However, a detailed exhumation history of
the syntaxes remains elusive. Abundant bedrock and detrital thermochronology from both
syntaxes detail extremely rapid rock exhumation rates since the Late Pliocene or
Pleistocene (e.g., Winslow et al., 1996; Burg et al., 1998), but this rapid cooling
associated with this exhumation restricts interpretation prior to this time. Similarly, while
antecedence of syntaxial rivers has long been speculated (e.g., Harrison et al., 1992)
remarkably few data constrain the Late Cenozoic evolution of these drainage systems.

Presently, the exhumation history of the western syntaxis is best constrained and
the existing data support the interpretation of a positive feedback between surface erosion
and rock uplift in the Late Cenozoic. While Brookfield et al. (1998) speculated that the
Indus River may have once drained northwestward into the Gilgit valley, a more recent
study by Clift et al. (2001) favors the early establishment of an antecedent Indus River in
the Paleogene. Moreover, the highly influential work by Cerveny et al. (1988) documents
increased rates of rock exhumation within the western syntaxis since at least the Middle
Miocene (Bernet and Garver, 2005).

This thesis focuses on the exhumation history of the eastern syntaxis. Some
preexisting evidence indicates that the Brahmaputra River may have connected through
to Tibet since at least the Late Miocene (Galy et al., 2010), however the location of this
connection through the eastern syntaxis is disputed (e.g., Clark et al., 2004; Cina et al.,
2009). Moreover, the erosional efficacy of an antecedent river through the syntaxis may
have been dramatically altered in the Quaternary by glacial and landslide damming
(Montgomery et al., 2004), potentially focusing exhumation within the Tsango Gorge

region (Korup and Montgomery, 2008). The only detrital record of syntaxial exhumation



is interpreted from Siwalik foreland units over 200 km downstream from the
Brahmaputra River headwaters (Chirouze et al., 2013) and do not apparently support
increasing Late Cenozoic exhumation rates within the eastern syntaxis.

To better constrain the Late Cenozoic exhumation history, drainage reorganization,
and the potential influence of Quaternary glacial damming upstream of the eastern
syntaxis this thesis applies a diverse suite of field observations and laboratory analyses to
interpret Quaternary and Neogene foreland basin units from locations proximal to the

syntaxis.

1.3 Research objectives

This thesis has three research objectives, each addressed in the following chapters.
First, to determine when a river initially drained through the eastern Himalayan syntaxis.
I accomplish this by interpreting the sedimentary provenance of Neogene foreland basin
units with detrital zircon geochronology at several locations proximal to the eastern
syntaxis. Second, to assess the potential impact of Quaternary ice and debris damming in
the headwaters of a syntaxial drainage, I similarly interpret the sedimentary provenance
of Quaternary flood deposits along the Siang River valley. I use a simple mixture model
to evaluate the potential impact of a dam-burst flood event to determine if such events
may have had an important erosional impact on the landscape. Third, to extend the
exhumation history of the eastern syntaxis before the Pleistocene and Late Pliocene, I
interpret detrital mineral cooling ages from the best studied foreland basin units proximal
to the Brahmaputra River confluence. I use simple thermal modeling to interpret mineral

cooling as a proxy for paleo-exhumation rate, to evaluate if an exhumational equilibirum



characterized the eastern syntaxis in the Neogene.

1.4 Motivations for study
1.4.1 Interpretation of the sedimentary record

Feedbacks between surface erosion and rock uplift could hypothetically sustain
prodigious sediment discharges from the eastern syntaxis. Today, nearly half of the
sediment carried into the foreland by the Yarlung-Siang River originates in only ~3% of
the drainage area. If similar conditions were typical of the Neogene, this rapid sediment
production may have profoundly influence proximal deposition within the basin,
potentially compliating interpretations of proximal and distal basin records.

The flux of sediment from an eroding upland is one of the most important variables
controlling the development of sedimentary basins (Allen et al., 2013). Terrestrial
sedimentary basins are significant sources of freshwater, fossil fuel, and agricultural
resources as well as popular dwellings for a large portion of humanity (the eastern
Himalayan foreland is no exception to this). Moreover, these basins are valuable archives
of Earth history, recording global tectonic (e.g., Copeland and Harrison, 1990) and
climatic (e.g., France-Lanord and Derry, 1997) change in the Late Cenozoic. In the
conceptual model I investigate, localization and acceleration of rock exhumation may
profoundly influence interpretation of these sedimentary records by biasing sediment
provenance to rapid erosion of the syntaxes. Moreover, understanding of source region
exhumation and the development of continental scale drainage patterns eucidates the age

and distribution of large distal basins (e.g., Métivier et al., 1999).



1.4.2 Connection to global climate

Mountain exhumation may have played an important role in global climate
regulation during the Late Cenozoic (Raymo and Ruddiman, 1992). Development of high
topography, such as that resulting from uplift of the Tibetan Plateau physically disrupts
atmospheric circulation, focusing erosion to the windward sides of orogens (e.g
Ruddiman and Kutzbach, 1989; Willet, 1999). Enhanced erosion promotes the physical
disintegration and comminution of rocks, exposing silicate mineral surfaces to chemical
dissolution. Ultimately, this may result in net sequestration of atmospheric carbon, as
well as the rapid burial of organic carbon. Carbon trapped in large sedimentary basins
(e.g., the Bengal fan) is effectively removed from the atmosphere over a geological
timescale, ultimately cooling the planet.

Furthermore, mountain exhumation may feed back on the development of
mountainous topography, as erosion is isostatically (e.g., Molnar and England, 1990) or
dynamically (e.g., Beaumont et al., 2001) compensated with increased rock uplift. Within
this context, definition and documentation of the feedbacks between surface erosion and
rock uplift are critical steps toward a broader understanding of the Earth’s climatic
history, offering some explanation of the geological contributions to observed

fluctuations in atmospheric temperature and ocean chemistry.

1.5 Course of study
This research presented in this thesis was carried out over a period of six years
between 2008 and 2014. During this time, three field expeditions in Spring 2008, Winter

2010-2011 and Winter 2012-2013 provided the opportunities for field observation,



measurement, and sample collection for the interpretations made herein. This research
employs field mapping and stratigraphic surveying, magnetostratigraphy, modal analysis,
detrital zircon U-Pb geochronology and fission-track thermochronology, and detrital
muscovite *’Ar/*’ Ar thermochronology of modern river sediment, Quaternary alluvial
deposits and a Quaternary-Neogene depositional sequence. All mineral separation and
sample preparation were conducted at the University of Washington, and
geochronological and thermochronological analyses were carried out at various
collaborative institutions between 2010 and 2014 (details for each dataset are presented in
their respective chapter). Data analysis and interpretation was subsequently carried out by
the author at the University of Washington, often in consultation with members of the

thesis committee and other members of the graduate students and faculty.

1.6 Presentation of results

This research is presented in three parts. First, to determine if connection of the
Yarlung and Brahmaputra rivers through the Siang River predated Late Pliocene and
Pleistocene exhumation of the Namche Barwa massif, I used detrital zircon U-Pb
geochronology to determine the sedimentary provenance of Neogene units in the
easternmost portion of the eastern foreland basin. This work, entitled Antecedence of the
Yarlung-Siang-Brahmaputra River, eastern Himalaya has been published in Earth and
Planetary Science Letters.

Second, to determine if glacial ice and debris damming of rivers draining into the
Tsangpo Gorge may have focused Quaternary exhumation at the margin of the Tibetan

Plateau, I use detrital zircon U-Pb geochronology and modal analysis to determine the



provenance of enigmatic slackwater flood deposits along the Siang River valley. I use a
simple analytical model to constrain the amount of material a hypothetical dam-burst
flood might transport in a worst-case, catastrophic scenario. This work, entitled Erosion
of the Tsangpo Gorge by Megafloods, eastern Himalaya has been published in Geology.
Lastly, to extend the exhumation history of the eastern syntaxis region before the
Late Pliocene, I combines detrital zircon fission-track and muscovite *’Ar/*’Ar
thermochronology with previous zircon U-Pb analyses from the same Neogene units
investigated in the second chapter. I used a simple thermal model to constrain the timing
and magnitude of an increase in syntaxial exhumation rate. This work, entitled Late
Miocene exhumation of the eastern Himalayan syntaxis from analysis of foreland basin

deposits has been prepared for submission to the Geological Society of America Bulletin.
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CHAPTER 2: Antecedence of the Yarlung-Siang-Brahmaputra River, eastern Himalaya

Coauthors: Katharine W. Huntington, David R. Montgomery

2.0 Abstract

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.



2.1 Introduction

The peculiar drainage patterns of large southeast Asian rivers reflect a complex
history of crustal deformation and river reorganization. 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)
beginning 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
(Figure 1), locally steepened river channels (e.g., Seeber and Gornitz, 1983), barbed
tributaries (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 distortion 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 extremely 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 Namche Barwa massif (Figure 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 constrain 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; 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 (Figure 2B; e.g., Burrard and Hayden, 1907; Gregory and Gregory, 1925;
Seeber and Gornitz, 1983; Brookfield, 1998; Clark et al., 2004). The resulting increase in
drainage area and discharge to a knickzone at the point of capture would have increased
the river’s erosional potential, 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., 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 Bendick, 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 massif may eventually lead to a thermo-mechanical feedback (e.g., Koons, 1995,
1998; Koons et al., 2013; Zeitler et al., 2001) sustaining rapid rock exhumation and
explaining the locally high topography (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
geomorphic evidence for reversal of the Parlung River (e.g., barbed tributaries to the
Parlung River and the low divide in Figure 1; Burchfiel et al., 2000; Clark et al., 2004)
may indicate that lateral propagation of the antiform forced the capture of an ancestral
Yigong—Parlung River by the Yarlung—Siang—Brahmaputra (Figure 2C).

In this paper, we investigate the integration of the Yarlung—Siang—Brahmaputra
River with new detrital zircon U-Pb provenance constraints from sedimentary units
deposited along the eastern extent of the Himalayan foreland basin. Provenance analysis
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 tectonic

deformation in this dynamic region.



2.2 Background
2.2.1 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 eastern Himalayan foreland basin near the
town of Pasighat and the villages of Likabali and Kimin (Figure 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 downstream 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 convergence 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 orthogonal position of their present exposure.

The sedimentary rocks exposed in these sections comprise an upward-coarsening
clastic sequence broadly interpreted to represent 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 coarse grained sandstone with
coalified logs, centimeter to meter scale calcareous nodules and gravel to cobble channel
lag deposits, and (3) interbedded siltstone, sandstone, and clast supported gravel to
cobble conglomerate with coarse to very coarse grained sand and silt lenses. The ages of
the depositional contacts 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, Subansiri 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 indication 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 breccia, 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 eastern Himalaya
consistently show either south or southwest paleoflow 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 Middle 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 Itanagar (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 Siwalik 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 volcanic 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 directed fluvial braidplain (similar to the modern
Brahmaputra River) to local deposition by south directed tributaries (e.g., the Subansiri
River) and alluvial fans proximal to the mountain front. Alternatively, 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).

2.2.2 Provenance constrains from detrital zircon U-Pb geochronology

Single-grain U-Pb dating of detrital zircon cores provides a useful 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
eastern 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
(Figure 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; Aikman 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 igneous 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 vicinity 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 (Figure 3).

Multiple source regions contribute <300 Ma zircons from north of the Indus
Yarlung Suture Zone in Tibet (Figure 3). Gangdese plutons and volcanic units west of the
Namche Barwa massif yield primarily 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; Jiet 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
available 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 contribution 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 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, requiring source
terranes to have been within the contributing area of the basin concurrent with or prior to
the time of sample deposition. With these considerations, we focus our provenance

interpretations on the presence of distinct age components in Siwalik samples.

2.2.3 Previous constraints on Siwalik provenance in the eastern Himalaya
Coupled detrital zircon U-Pb and ¢Hf analyses, as well as bulk éNd 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 zircons with eHf 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 capture 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 directions (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).
Additional eNd isotopic work near Bhalukpong by Chirouze et al. (2013) demonstrates
that the Middle Siwalik unit was sourced from a longitudinal 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
deposition 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 established is
important for evaluating explanations for rapid exhumation 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 Siwalik
units exposed east of the Itanagar section and more proximal to the Siang—Brahmaputra

River confluence.

2.3 Sampling and analytical methods

We collected 15 samples from the three sedimentary sections investigated. The
approximate stratigraphic position of each sample is illustrated in Figure 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 collected 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 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 collected three samples from the Upper Siwalik unit
including one from a medium sandstone interbedded with siltstone and gravel
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 conspicuous 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 HCI solution and wet sieved to isolate the 63—250 um size
fraction. Zircons were separated from this fraction by standard magnetic and heavy liquid
techniques, mounted in epoxy, polished and imaged using highresolution 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 Zircon, Inc. Analyses at the
University of Arizona LaserChron center were conducted on a Nu high resolution mass
spectrometer coupled to a Photon Machines 193 nm excimer laser with a ~30 um spot
size (Gehrels et al., 2006, 2008). Analyses at Apatite to Zircon, Inc. were conducted on
an Agilent 7700°¢ quadrupole mass spectrometer coupled to a Resonetics RESOlution
M-50 193 nm excimer laser with a ~30 um 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 Brahmaputra 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 isotopic corrections are presented in

the Supplementary Material.

2.4 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 (Figure 4). In the section near Likabali, about 20% of zircons in both of
the Lower Siwalik samples and in the lowest Middle Siwalik sample 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 suggest
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 (Figure 3). Early
Cretaceous 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 collected 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 detritus
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
represent sources in the Arunachal Himalaya or Namche Barwa specifically.

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 Himalaya; 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 Figure 3). It is also possible that Paleogene and Cretaceous zircons may
represent 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 Himalayan
mountain front in the Pleistocene. However, the absence of growth strata in all but the
uppermost Upper Siwalik unit indicates 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 Middle Siwalik units.

2.5 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 constraints on the organization of rivers carrying this detritus into the basin. In
particular, we observe Gangdese detritus in samples from the Middle and Lower Siwalik
units upstream of the Subansiri-Brahmaputra River confluence, which we propose
indicates 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
possibility 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

connection is not necessary to explain the collective dataset.

2.5.1 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 explained 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 collected near Itanagar and the Middle Siwalik sample



collected near Bhalukpong (Figure 4, Cina et al., 2009) may indicate deposition by a
large southwest flowing river system that connected to the ancestral Yarlung River
through the Siang River, a landscape similar to the present. This interpretation is
consistent with paleocurrent 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 Middle 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
tributary 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 originally followed a similar eastern course along the suture (Figure
SA, Brookfield, 1998) after a potential reversal in the Early Miocene (Wang et al., 2013)
yet prior to uplift of the Namche Barwa massif. Uplift of the massif progressively warped
the suture zone into the distinct U-shape observed today (Figure 5B), and the river may
have followed this warping until it eventually captured and reversed flow of the Parlung
River (Figure 5C; Seward and Burg, 2008).

Although many of the Siwalik samples contain some Early Cretaceous zircons

characteristic of Bomi—Chayu sources in addition 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 immediately 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 dominance 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 avoiding 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.

2.5.2 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 the Siang River upstream of Siwalik exposures (see Figure 3). If this capture
occurred in the Quaternary (Figure 5C), potentially influenced by glacial activity (e.g.,
drainage divide retreat — Oskin 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 number of
analyses. Additional, and more detailed provenance analyses of the proximal Upper
Siwalik samples and Late Quaternary terraces (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.

2.5.3 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 established by at least the Early Miocene, which implies that rapid
exhumation did not initiate in response to capture of the ancestral Yarlung River by

headward erosion of the Siang. Instead, antecedence 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 amplify 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 channel 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 increased 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).

2.6 Conclusions

We used detrital zircon U-Pb geochronology to determine the sedimentary
provenance of Siwalik units exposed in three new locations 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 detrital
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 corroborate previous observations of Gangdese-age detritus within the eastern
Himalayan foreland basin and further suggest that connection 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 related 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.
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2.9 Figures
Figure 2.9.1 Study area in the eastern Himalayan syntaxis

Study area in the eastern Himalayan syntaxis. (A) The Yarlung River follows the
Indus—Yarlung Suture Zone (I1YSZ, 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).
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Figure 2.9.2 Drainage evolution patterns

Modern drainage pattern and explanations of river capture and drainage evolution.
(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 erosion 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).
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Figure 2.9.3 Published bedrock and detrital geochronology

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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Figure 2.9.4 New detrital geochronology of Siwalik units

Detrital zircon U-Pb data from Siwalik units sampled at the three new locations
shown in Figure 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 Figure 3.
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Figure 2.9.5 Proposed drainage evolution

Proposed drainage evolution of rivers flowing into the eastern Himalayan foreland
basin. (A) Connection of the Yarlung—Siang—Brahmaputra River was established during
or prior to deposition of the Lower Siwalik unit in the Early Miocene. The ancestral
Yarlung River may have followed the I'YSZ into the basin as an ancestral 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 Quaternary Period.
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2.10 Tables
2.10.1 Detrital zircon (U-Th)/Pb analyses



TABLE A1 Details of detrital zircon (U-Th)/Pb analyses (1 sigma uncertainties reported). Analyses conducted at University of Arizona LaserChron Center.

NORTHING

28.13025
28.13025
2813025
2813025

EASTING

95301267
95.301267
95301267
95301267
95301267

95301267
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95301267
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95.301267
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LOCATION
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PASIGHAT
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PASIGHAT
PASIGHAT
PASIGHAT
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PASIGHAT
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uNIT

MIDDLE SIWALIK
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MIDDLE SIWALIK
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MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
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SAMPLE ID

GRAIN

GRAIN ID

U (ppm)

206Pb/204Pb

124661

U/Th

206Pb*/207Pb*
123537

(%)

Isotope ratios

207Pb*/235U*

2.0639
0.6532
15092
1.8831

*(%)
38

206Pb*/238U

0.1849
0.0822
0.1556
0.1811

(%)

error corr.

206Pb*/238U*
1093.8

+(Ma)

370
43
119
128
18.1
6.9
19.7
127
34.4
254
15.6
1.7
122
736
363
76

207Pb*/235U

11189
11459
1167.9
640.6
1166.3
11469
704.2
11195

1265.5
1075.9
972.1

+(Ma)

201

Apparent ages (Ma)
206Pb*/207Pb*

+(Ma)

Preferred age (Ma)

12202
509.0
9322
1079.2
1585.8
11151
11513
653.0
2025.7
1341.8

11514
1167.3
633.4

1174.2
1266.5
675.0

1157.9

1359.9
1066.1
969.2

+(Ma)

16.7
43
11.9
139
6.4
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138
127
5.0
6.0
6.3
1.7
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17.7
718
7.2

157
17.5
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94.675233
94.675233

94.675233

94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917

94.699917

LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

160.5-01
160.5-03
1G0.5-04
1G0.5-05
1G0.5-06
160.5-07
1G0.5-08
1G0.5-09
160.5-10
160.5-11
160.5-12
1G0.5-13
1G0.5-14
160.5-15
160.5-16
160.5-17
1G0.5-18
160.5-19
160.5-20
160.5-21
160.5-22
160.5-23
160.5-24
160.5-25
1G0.5-26
160.5-27
1G0.5-28
160.5-29
160.5-30
160.5-31
1G0.5-32
1G0.5-33
160.5-34
160.5-35
160.5-36
1G0.5-37
1G0.5-38
160.5-39
160.5-40
160.5-41
1G0.5-42
160.5-43
160.5-45
1G0.5-46
160.5-47
1G0.5-48
160.5-50
160.5-51
160.5-52
160.5-53
1G0.5-54
1G0.5-55
1G0.5-56
160.5-57
1G0.5-58

203025
54532
88354
194594

4

15.0677

227941
10.6412
9.2345
19.6169
17.5624
21.8878
12.8540
9.4086

136

126

937.3



27.66355

27.66355
27.66355

27.808667

27.808667
27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667
27.808667
27.808667
27.808667
27.808667
27.808667

27.808667

94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917
94.699917
94.699917

94.699917
94.699917
94.699917
94.699917
94.699917

94.717983

94.717983
94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983

94.717983

LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK
MIDDLE SIWALIK

LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK

160.5-59
1G0.5-60
LG0.5-61
1G0.5-62
160.5-63
1G0.5-64
1G0.5-65
LG0.5-66
1G0.5-67
1G0.5-68
160.5-69
1G0.5-70
1G0.5-71
160.5-72
160.5-73
160.5-74
1G0.5-75
1G0.5-76

160.5-105

165.1-01
165.1-02
165.1-03
165.1-04
165.1-05
165.1-06
165.1-07
1G5.1-08
165.1-09
165.1-10
165.1-11
165.1-12
165.1-13
165.1-14
165.1-15
165.1-16
165.1-17
165.1-18
165.1-19
165.1-21
165.1-22
165.1-23
165.1-24
165.1-25
165.1-26
165.1-27
1G5.1-28
165.1-30
165.1-31
165.1-32
165.1-33
165.1-34
165.1-36
165.1-37
165.1-39
165.1-40
1G5.1-41
165.1-42
165.1-43
1G5.1-44
165.1-45
1G5.1-46
165.1-47
165.1-48
165.1-49
165.1-51

15.5803
16.8231
8.3876

14.0658

5.9638
20.7087

17.3192

19.9

195.0

918.7
26.6



27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667
27.808667
27.808667
27.808667

27.808667
27.808667
27.808667
27.808667
27.808667
27.808667

27.808667

27.7589
27.7589
27.7589

94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983

94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983
94.717983

94.717983

94.71505
94.71505
94.71505

LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LIKABALI
LIKABALI
LIKABALI
LIKABALI
LIKABALI

LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

LOWER SIWALIK

LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK
LOWER SIWALIK

L