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Mio-Pliocene piracy, relict
landscape and drainage
reorganization in the Namcha
Barwa syntaxis zone of eastern
Himalaya

Nilesh Kumar Jaiswara(®, Prabha Pandey & Anand K. Pandey®"

The presence of unique elevated low relief relict landscape in the transient Dibang catchment, at the
orographic edge of Tibet-Himalaya in the tectonically active Namcha Barwa syntaxial zone, is modelled
to understand evolving regional landscape, drainage reorganization and tectonics. This elevated low
relief landscape represents a Mio-Pliocene abandoned paleo-channel of the Yarlung river, which was
captured by the headward eroding Siang river owing to >>600 m base level advantage. The river capture
caused isolation of the Dibang river, which evolved as a transient parched catchment since 3-6 Ma after
loss of ~17 times drainage area and 4-17 times discharge. The drainage area and discharge gained by
the Siang river triggered enormous incision causing aneurysm leading to the accelerated growth of the
Tsangpo gorge and affected regional tectonics. This paleo-drainage reorganization is reflected in the
Mio-Pliocene sedimentation pattern in the southern Tibet-Himalaya and foreland basins.

The landscape evolution in an active mountain belt is a function of competing processes of tectonic uplift and
erosion into positive feedback by the drainage system!-8. The clues of landscape evolution in mountainous terrain
are often preserved in elevated low relief landscape of abandoned channel, which develops in response to drain-
age capture and divide migration, leading to in-situ development of low relief upland in a transient system®'2,
The upstream drainage area loss of abandoned channel would reduce the drainage discharge leading to its in-situ
evolution as parched low relief landscape with decreased erosion potential of the channel leading to a net sur-
face uplift viz. erosion [E] <rock uplift [U]***!4, Alternatively, the accelerated incision of preexisting low relief
landscape by perturbation in uplift-erosion feedback due to changing tectonic uplift or climate change can also
result in the development of elevated low relief landscape®!4-'¢. The gradational disequilibrium in the beheaded/
abandoned drainage basin results in transient signals (slope-break knickpoints) with reference to the regional
base level in response to the gain in net surface uplift that can be identified in the regional landscape pattern'’-2°.
Further, the regional drainage reorganization in tectonically active terrain leads to the regional base level change
and large-scale drainage area exchange, impacting the evolution of topographic relief and drainage discharge in
surrounding basins*#?* and such drainage dynamics needs a careful interpretation of river profiles analysis®!!132°,

The Namcha Barwa (NB) syntaxis at the orographic edge of Tibetan plateau and Himalaya has witnessed
large-scale drainage reorganizations since Miocene, viz. successive migration of the Yarlung river from the Red
river system!” or the Irrawaddy river prior to the Late Miocene?” followed by the drainage reversal and capture of
the Yigong-Parlung river by the antecedent Yarlung-Brahmaputra river system during Plio-Pleistocene?®-*. The
presence of relict fluvial landscape at a higher elevation, the provenance study of sediments aided by thermochro-
nology and tectonics have been the important proxies in understanding the large drainage reorganization in the
region around the syntaxis>%?-%°, The positive feedback effect of active tectonics on erosion and incision vis a vis
climate is far over-weighed>**3¢ in spite of the region experiencing pronounced precipitation gradient viz. >4000
to 200 mm within a short horizontal distance of ~150km between the Himalayan front to the Tsangpo gorge at
the edge of the Tibet (Fig. 1a).
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Figure 1. (a) The annual TRMM precipitation over the study region in eastern Himalaya and Tibet (http://
www.geog.ucsb.edu/~bodo/TRMMY/). (b) The drainage network in the eastern Himalaya-Tibet with major
tectonic boundaries and knick point distribution. (c) The low relief landscape in the NW part of Dibang
catchment, namely Db-7.2 and Db-6.2 (Also see Fig. SM1) (d) Longitudinal channel profiles in Dibang
catchment with knickpoints and relict reach. Note the low relief Db-7.2 (orange color) has elevated thalweg.
Knickpoint histogram show two prominent distributions at ~3000 m (3k) and ~1900 m. (e) The elevated low
relief catchment in the Dibang has distinct morphometric characteristics. (IYSZ =1Indus Yarlung Suture Zone,
NB = Namcha Barwa, NLT = Nam La Thrust, STD = South Tibetan Detachment, MCT = Main Central Thrust,
MBT = Main Boundary Thrust and MFT = Main Frontal Thrust).

We observed the presence of a large (>1500 km?) anomalous patch of low relief/slope landscape at elevation
of >2000m (constituting the sub-catchments Db 7.2 and 6.2) of Dibang basin adjacent to the Tsangpo gorge
across the Yarlung/Siang-Dibang drainage divide (Figs. 1b-d, S1). The low relief sub-catchment (Db 7.2) is ele-
vated by 300-500 m above the Dibang trunk channel and has low slope hanging valleys (cf. Wobus et al.’”) with
increasing vertical drop towards downstream segment (Figs. 1d, S1c), which defines the modified preexisting/
relict surface!!3. This low relief sub-catchment has unique morphometry with lower drainage density, slope fre-
quency, and higher hypsometry integrals in comparison to the rest of the Dibang catchment (Figs. le, Sla). This
elevated low relief sub-catchment has coincident drainage divide'? with tabular top at ~3500 m along the Yarlung/
Siang-Dibang divide. The previous regional paleo-drainage reconstruction invariably ignored the isolated and
symmetrical (asymmetry index: 51%) Dibang basin"*-3¢*, The recent finding of dominant older zircon grains
(peak at 10-15Ma) with high erosion rate and negligible younger (<5Ma) grains at the Dibang mountain front
and conspicuous absence of older zircon (>5Ma) and dominant younger zircon (<2 Ma age, peak at 2-5Ma)
population in the lower Siang sediments remain poorly explained in terms of provenance®*. To understand the
status of the observed elevated low relief zone in the Dibang basin (Figs. 1, S1) and its role in regional drainage
reorganization, we modeled the regional landscape to constrain the paleo-base level, surface uplift and timing
through transient signals (knickpoint modeling) in the river profile analysis, volume-for time substitution, drain-
age divide migration, piracy and area loss feedback and regional correlation to comprehend regional landscape
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Figure 2. (a) The topographic growth in the Himalayan wedge is controlled by the rock uplift and channel
denudation in the hanging wall and the footwall elevation defines the base-level of the drainage system. (b)
Formation and headword migration of slope break knickpoint in tectonically active terrain with reference to
pre-perturbation equilibrated profile in response to the variation in uplift-erosion rates during transient state
(after Jaiswara et al., 2019). (c) The reconstruction of paleo-base level of channels in the Dibang catchments
using the scaling parameter Ks and mean concavity (0) of relict reach. The blue and cyan lines show regressed
and referenced concavity (8,.¢), respectively. The reconstructed profile using slope-area analysis with 2o
elevation error and Chi () profile clearly constrains the paleo-base level and the net surface uplift. Note the
missing drainage divide peak in the Db-7.2 sub-catchment (Also see Fig. S3).

evolution. The late Mio-Pliocene drainage capture of the paleo-Yarlung-Dibang river by the Siang river driven the
active tectonics and landscape evolution of the syntaxial region of Tibet-eastern Himalaya**

Conceptual Framework

The landscape in the hanging wall of the Himalayan thrust wedge is controlled by rock uplift and denudation
rates, which is dictated by the regional base level in footwall alluvial plain and is consistent since at least late
Miocene?® (Fig. 2a). Any change in net surface uplift rate in the wedge will lead to the initiation and head-ward
propagation of active mobile knickpoints from the mountain front with similar vertical velocity driving the evo-
lution of transient landscape!’~1922-24%_ By assuming that mountain front line and drainage area have not changed
significantly since the onset of this perturbation, the reconstruction of knickpoint evolution in transient drainage
system by projecting the upstream relict profile (relict reach) through the actively adjusting zone can help in
estimating net surface uplift by changing surface uplift rate vis a vis steady state?*?64%4! (Fig. 2b). The initiation
timing of the change in surface uplift can be constrained using eroded rock volume estimate for given denudation
rates*!*? and can be tested by knickpoint celerity model***.
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River Profile Analysis

We performed slope-area analysis on the tributaries of Dibang and Yarlung-Siang river basins and identified ~100
slope-break knickpoints, which separate the longitudinal river profiles into two concave segments (Fig. 1). In the
Dibang basin, 72 knickpoints along 43 tributary channels with major slope-break knickpoints at 3005 & 227 m
are identified, we refer these as 3k knickpoints (Fig. 1d). The comparable elevation and radial distribution of these
knickpoints suggest a co-genetic origin in the downstream region (Fig. S1a). The slope-area analysis confirms the
mobile nature of the knickpoints, which is adjusting as incision wave by headward propagation of local base-level
from the mountain front (Fig. S1b). These knickpoints of the Dibang basin were modelled to estimate the net
surface uplift and paleo-relief from the reconstructed paleo-base level of the relict reaches (Figs. 1d, S1a). The
paleo-base level reconstruction uses the stream power scaling law, which relates local channel slope (S) to contrib-
uting drainage area (A) through the channel parameters of steepness (k,) and concavity (q)*.

S = kA" (1)

The steepness indices of 37 selected channels (excluding the DEM artefact) are computed for characterizing
the relict reach and actively adjusting landscape downstream of the knickpoints (Table S1). The estimated mean
k., for the upstream and downstream segments are 114.7 + 40 m®® and 294.3 + 58.6 m®?, respectively. The k,
distribution clearly suggests the downstream segment of channels exhibit adjustment to the active uplift-erosion
regime (Fig. Sla,c). The onset of the new uplift-erosion condition and the paleo-base level can be reconstructed
by using the scaling parameters estimated from the relict profile segment above 3k knickpoint. The average con-
cavity index (6, is calculated from the selected upstream relict segments (Table S2; Figs. 2b; S2), and the same is
used for calculating k,, so that effects of geomorphic and hydrologic complications due to varying drainage area
are minimized*44,

The 22 channel profiles with well-preserved relict reaches are modeled for paleo-channel reconstruction
(Table S2). The mean surface uplifts estimated from the reconstructed paleo-base level for slope-area analysis and
X -analysis are 1998 =272 and 2178 £278 m (10), (Figs. 2¢, S3; Table S2). Both the estimation of surface uplift
are consistent, suggesting the basin has experienced at least ~2000 m of net uplift. The paleo-relief of the basin
estimated from the reconstructed paleo-channel suggests that the basin relief in the Dibang system has increased
by 94 4 13% since the onset of the current transient regime, which is responsible for the growth and upstream
migration of knickpoints in the Dibang catchment. The relief increment in each tributary is consistent, which
suggests the surface uplift as a regional phenomenon despite varying topography (Table S2) and variable drainage
divide across the basin (Fig. 3a). The modelled paleo-channel profile along the elevated low relief sub-catchment
(Db 7.2) matches remarkably well with the persevered relict reach in hanging tributaries (Fig. Slc) possibly sug-
gesting they represent the relict surface prior to the new transient regime of Dibang basin. The paleo-base level
(present elevation — net surface uplift) of the Db7.2 at wind-gap/coincident drainage divide'* is estimated to be
~1600 m (Figs. 2, S3) prior to the onset of the transient regime in Dibang basin.

Validation of slope-break knickpoints. The 3k knickpoints retreat rate modelling in 37 channels
of Dibang basin is carried out to test their co-genetic and mobile nature using celerity model**#>*, The basic
premise of celerity modelling is that knickpoint retreat rate (dx/dt) relates to contributing area (A) through
non-dimensional exponent (p) and erodability coefficient (C)*

dx »
a @
A brute-force, two-dimensional grid search is carried out to find the best-fit C and p parameters (in the least
square sense) between the observed and modelled knickpoint positions. The knickpoint celerity model is run for
the 2-10 Ma time range, same as volume-for-time substitution method with a sampling interval of 0.25 Ma. The
model shows <2% difference in the sum of least squares residual between observed and modelled knickpoint
locations at any given travel time (Fig. S1b). The best-fitting p-parameter values for the 8 knickpoints in the ele-
vated low relief landscape (Db-7.2 sub-catchment; Figs. 1b, S1b) range between 0.51 and 0.54 (Fig. S3a), whereas
for the rest of the Dibang basin it varies from 0.42 to 0.46 (Fig. S3b). The erosional coefficient (C), varies over
nearly an order of magnitude to accommodate the modelled knickpoint travel time. The observed and modelled
knickpoints coincide remarkably well (Figs. 3b, S1b) validating the initial assumptions of their co-genetic origin
and mobile nature.

Constrain on perturbation timing. In absence of erosion/incision rate estimate for Dibang basin and the
presence of comparable 3k knickpoints in the Yarlung-Siang system (Fig. 1b), the knickpoint retreat and travel
time is being estimated based on paleo-base level (knickpoint) modelling with the long-term background exhu-
mation rate in the Yarlung-Nyang confluence zone, upstream of Tsangpo gorge>***¢. We applied volume-for-time
substitution approach®*! to the Himalayan wedge system (Fig. 2a) where the time is taken to erode the rock vol-
ume downstream of 3k knickpoint is same as the time taken to migrate the knickpoint from the mountain front
since the onset of the transient state (Fig. 3a). The knickpoint travel time (T}) estimate depends on the eroded
volume (V), underneath area (A,) and denudation rate (E,) as under

E—l

3)

We derived knickpoint travel time for a range of background erosion rates ranging from 0.1 to 0.4 km/Ma,
with an interval of 0.05km/Ma (Table S3). The knickpoint initiation time is projected to be 1.90-8.96 Ma with
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Figure 3. (a) The drainage divide profile of Siang-Dibang divide has wind gap and is ~1000 m lower than
Dibang-Lohit divide. The 2D-schematic illustration showing maximum and minimum eroded volume derived
at 3k knickpoint from channel profile using Norton et al., 2008 methodology. (b) Correlation of observed and
modeled knickpoint distances from mountain front using Celerity model (Crosby & Whipple, 2006; SM1b).
The inverted red triangles represent knickpoints in low relief Db-7.2 sub-catchment suggesting their cogenetic
origin. (c¢) Comparative horizontal knickpoint retreat rates derived from celerity model and eroded volume
methods. Note the elevated low relief region follows the general trend but show faster retreat.

3.3-4.2 Ma for the Dibang basin (Fig. 3¢) for comparable denudation rate/knickpoint retreat rates of 0.25-
0.20 km/Ma along the Yarlung river®. This could suggest the minimum initiation time of the transient state in the
Dibang basin. The mean knickpoint velocity estimate for both the groups are within the range of measured knick-
point propagation rates for the bedrock rivers*’ (Fig. 4c). By considering a similar range of knickpoint retreat rate
of 20-40km/Ma along the Yarlung® and Dibang basin, the minimum initiation timing for the knickpoint growth
and associated transient regime is projected to be 3-6 Ma (Fig. 3¢). The knickpoints retreat rate in the elevated low
relief landscape (Db-7.2) is ~15% faster from the rest of the basin (Fig. 3¢).

Drainage divide anomalies. In the ongoing transient state of the uniformly evolving Dibang basin, the
western Siang-Dibang drainage divide lies at ~4000 m mean elevation, which is ~800 m lower than the eastern
Dibang-Lohit segment with a wind gap zone (Fig. 3a). This segment in the Siang-Dibang drainage divide coin-
cides with the crest of elevated low relief sub-catchment Db7.2 at ~3800-4000 m elevation (Fig. 4a,b). To under-
stand the Siang-Dibang divide behaviour and possible place of drainage linkage through the wind gap segment
with its surroundings, the tributary channel profiles are analyzed across fixed drainage divide (Fig. 4a,b). The
extent of the wind gap region is marked by the channel nos. 3 and 20, which show a typical drainage divide pro-
file with high gradient peak (Fig. 4b). The generalized stacked swath profiles with 20 elevation® across drainage
divide of three segments of channel nos. 16 (Fig. 4c) and 10 mark a flat divide with misfit channel segment at
elevation <3600 m. A few small glacial valleys with identifiable tarns at the ridge crest without much depositional
landscape are observed in the region. They appear to be the Late Pleistocene-Holocene glacial landscape; however
the equilibrium line altitude during last glacial maxima in the eastern Tibet and Himalaya is mapped & modelled
to be at >4200 m amsl*. Therefore, the misfit channels observed at the drainage divides are part of the gently slop-
ing relict reach above knickpoints and were occupied during the Holocene glaciation, rather than the products
of glaciation. The celerity modelling clearly demonstrates that the cogenetic knickpoints have migrated from the
mountain front at a lower elevation however most part of the observed elevated low relief relict landscape is sit-
uated <3000 m (Fig. S1c) and may probably represent remnant paleochannel. Further, the glaciation would have
inhibited the erosion in the relict reach segment*’ thereby making the incision more pronounced in active fluvial
segment with enhanced stream power and producing higher k,, (Fig. S1c).

The coplanar landscape across flat wind gap with misfit paleochannel, representing coincident drainage divide
has contrasting landscape in the adjacent catchments viz., presence of elevated low relief landscape (Db 7.2 and
Db-6.2; Figs. 1d, Sla,c) towards Dibang and higher relief towards the Siang river (Fig. 4b,c). This point towards an

SCIENTIFIC REPORTS |

(2019) 9:17585 | https://doi.org/10.1038/s41598-019-54052-x


https://doi.org/10.1038/s41598-019-54052-x

www.nature.com/scientificreports/

g
D

Elevation (km)

w
S
l

32

Dnslano:ﬁ'm)

3.0
-1500  -1000 -500 0 500 1000 1500

T

N
T T
+ Elevation (km)

o

T

§
|

1 "
-20 Distance 0 (km) 20 40 600 5

10 chigy 15 20 25
Figure 4. (a) The Chi (x)-map of Siang-Dibang drainage divide region show the divide is in disequilibrium
and migrating towards Dibang catchment. (Also see SM6). The tributaries across wind gap at the divide used for
further analysis. (b) River profiles of tributary channels across the fixed drainage divide. The dotted and solid
profile are tributaries of Siang and Dibang rivers, respectively. The profiles of Db. 7.2 and Db. 6.2 (red and pink,
respectively) show unique flat relict landscape at ~3600 m elevations and co-planar landscape on either side of
the divide. (c) The stacked swath profile with 1o variation of flat relict landscape show broad misfit channel floor
across the divide. (d) x-elevation profiles across drainage divide clearly suggests that the tributaries of Siang

are aggressor and encroaching the drainage area of victim Dibang catchment. Note the equilibrium behavior of
yellow & black channels suggesting the extent of water divide.

active disequilibrium across the drainage divide, which is invariably attributed to the drainage area exchange!!.
To examine the current state of drainage-divide stability and potential zones of drainage area exchange across
Dibang and its neighboring basins, we carried out x -analysis by transforming the X -coordinate with reference to
the horizontal coordinate (x) of river profile!"'***5!, By integrating Eq. 1 after separating the variables and treat-
ing U and K as constant in space and time, the steady-state solution is achieved,

1)
—m| X

z(x) = Zb =+ ks[Am
0

(4a)
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Figure 5. (a) Regional correlation of channel profiles of the Dibang catchment with the Yarlung-Siang system.
The prominent 3k knickpoints are observed in Dibang and Yarlung drainage system. Note the X profile of
tributary channel in syntaxial zone clearly show the lower Siang and Dibang are in equilibrium, whereas

the upper Siang, Yarlung and Parlung are clearly the aggressor channels. The ~4 Ma paleo-base levels of 3k
knickpoint of Dibang river matches with the base level of paleo-Yarlung graded channel profile. Note the paleo-
base level advantage of Siang river might have facilitated the capture of Yarlung. (b) Probable paleo-course

of the Yarlung river during early Mio-Pliocene. (c) The x map and profile of the Yarlung-Siang and Dibang
drainage system clearly show drainage reversal of Upper Siang/Paleo-Yarlung at the coincident drainage divide
and the Yarlung remain very active in the Tsangpo gorge driving the gradation processes in the region. (d) Note
the provenance contribution by older grains at Dibang mountain front in comparison to the Siang.

X AO %
= d
* f [A<x ] g (4b)

where z, is elevation at the drainage network’s base level at x = x;, and A is an arbitrary reference area. The
X -parameter values for the region are calculated for 6,.,;=0.45 and A, = 1 m? so that the slope in the x plot as for
the kg, (Fig. S2). The high x contrast is noted across the proposed wind gap of the Siang-Dibang divide (Fig. 4a)
indicating unstable drainage divide where the high x value of Dibang tributaries (10, 16, 17, 18 and 20 channels)
suggest that it is losing drainage area to the corresponding tributaries with lower x —value of Siang basin (Fig. 4d).
This is a typical case of area loss feedback (ALF)®!1122552 where the channels of the expanding basin (aggres-
sor = Siang) encroach the area of the receding basin (victim = Dibang). The head of Db 7.2 sub-catchment with
elevated low relief landscape (Fig. S1), coincides with the wind-gap in Siang-Dibang divide (Fig. 4), forms the
locus of channel diversion/ abandonment, thereby leaving behind beheaded Dibang basin.

Discussion

Considering surface uplift-incision, landform growth, including drainage pattern are regional phenomena, we
attempted to correlate the landform anomaly in Dibang basin with the adjoining region. The in-situ growth of
the Dibang basin, which has been experiencing new transient surface uplift-incision regime since 3/3.5-6/7.5 Ma
(Fig. 3¢) producing co-genetic headward migrating 3k knickpoints from the mountain front (Figs. 3b, S1b). This
clearly suggests that the relict reach (Figs. 1, S1a) represents a landform component formed prior to the onset of
new transient regime. The comparable elevated low relief sub-catchment (Db 7.2 and 6.2) experiencing active
incision, marked by low k, and hanging valleys (Fig. S1c) in the new transient regime of Dibang basin, rep-
resents a modified relict landscape®!'??. This elevated low relief relict landscape zone is also the locus of ALF
with drainage divide migration towards Dibang basin along the relict paleo-channel (Figs. 4, S1). The estimated
timing of the transient state initiation in Dibang basin closely coincides with the initiation of rapid steepen-
ing of Tsangpo gorge with knickpoint at ~2820 m elevation started at ~ 4 Ma>***>*. To understand the possible
paleo-linkage of the >3-6 Ma old elevated low relief landscape (paleochannel) in the Dibang basin with the
adjacent Yarlung-Siang river across coincident divide, the mobile nature and retreat rate range of coplanar 3k
knickpoints along the Yarlung river and its tributaries in the Namcha Barwa region are analyzed (Figs. 5a, S5).
The C and p parameters of the celerity model are consistent for four selected locations downstream of wind-gap
zone for each model run, for the time range of 2-10 Ma with 0.5 Ma interval, suggesting the co-genetic and
mobile nature of the knickpoints (Figs. 1b, 5a, S5). The modelled knickpoint initiation points with retreat rate
20-40km/Ma for 3-6 Ma age bracket (similar to the knickpoint migration in the Dibang basin abandonment/
isolation) matches for location-4 at the base of Tsangpo gorge (Figs. 5, S5). The location - 4 coincides with the
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aggressor channels in the upper Siang basin across the coincident drainage divide (Fig. 4) and marks an optimal
convergence zone for the possible paleo-linkage of Yarlung river with the elevated low relief paleo-channel in the
Dibang basin (Fig. S5) prior to isolation/abandonment. We carried out chi () analysis of main tributary channels
of Yarlung-Siang and correlated them with those of the Dibang basin across the wind gap region (Fig. 5a). The
tributaries of the lower Siang (downstream of location - 4) are in gradational equilibrium similar to the Dibang
basin (Fig. 5a inset), whereas the tributaries of upper Siang, Parlung and Yarlung with co-genetic ~3k knickpoints
(Fig. S5; upstream of location - 4) are clearly in disequilibrium with the Dibang and share an aggressor-victim
relationship (Fig. 5a inset). The x - profiles of the major channels are consistent with the river capture model®,
where the Dibang river (victim) has anomalously high x -value at lower elevation, consistent with the area loss,
whereas the upstream channels of Yarlung-Siang (aggressor) have low x -value at higher elevation, consistent
with the area gain (Fig. 5¢). The higher x value of victim Dibang river and the low x_ value of aggressor upper
Siang and Yarlung rivers is clearly in disequilibrium responding to the very high incision along the Tsangpo gorge
(Fig. 5¢ inset), thereby driving the regional gradation process.

Prior to the steepening of Tsangpo gorge during Mio-Pliocene®’, the Yarlung river with graded profile was
flowing at a paleo-base level of ~2000 m upstream of the Tsangpo gorge® (Fig. 5a). The paleo-base level at the
Dibang-Siang coincident drainage divide/wind-gap is estimated to be ~1600 m (Figs. 3, 5, S3) prior to the onset
of transient regime at 3-6 Ma ago (Fig. 3). If we extend the graded profile of the Yarlung paleo-base level, from
upstream of Tsangpo gorge®, to the paleo-base level at the coincident drainage divide, lying >150km downstream
(Fig. 5a), it would form a steady-state Yarlung-Dibang graded paleochannel with uniform paleo-slope (Figs. 5a,
S6a). Coincidently, this drainage divide at ~1600m paleo-base level during 3-6 Ma lies adjacent to the headward
eroding Siang river at a lower base level, which was eroding the hinge zone of growing Siang syntaxis during
<3.8 Ma* (Figs. 1, 5a,b, S6a).

We analyzed the spatial coincidence of paleo-base levels of Yarlung, Dibang and Siang rivers during
Mio-Pliocene to understand the role of drainage piracy in producing present geological scenario as it is vari-
ously observed that the river capture act as a driver of transient landscape evolution®***. The headward eroding
Siang river would have captured the paleo-Yarlung-Dibang river owing to a lower base level (>700m) advantage
thereby setting in a new transient landscape evolution process in the Namcha Barwa region (Fig. S6b). The cap-
ture of paleo-Yarlung-Dibang river by the Siang river would cause ~17 times loss in drainage area and drainage
discharge to Dibang basin leading to a decrease in erosion rate by 4-17 times considering 0.5 <m < 1; AE=AA™
8 (Fig. 5b,c). This would result in an increase in net surface uplift (as E < U) along the course of beheaded channel
(sub-catchments Db-7.2, 6.2) to evolve as elevated low relief landscape (Fig. 5,56b)*!°. In post-capture scenario,
the abandoned Dibang basin would initially experience net surface uplift (E < U) followed by evolution in new
transition state trying to attain steady-state (E = U) with a wave of transient signal originating from the moun-
tain front, which evolved as the 3k knickpoint and associated landscape since 3-6 Ma ago (Figs. 5¢, S6¢,d). The
high stream power in the mountain front also suggests the tectonics in the front is driving the growth and evo-
lution of transient signal in the Dibang basin (Fig. S1c). The evidence for this proposed drainage piracy of the
paleo-Yarlung-Dibang river by the Siang river is also reflected in the detrital age distributions in the foreland
molassic deposits at the mountain front of the Siang and Dibang rivers®. The sediments at the Dibang mountain
front (D7) is constituted of only >5 Ma old detrital zircon, in contrast the Siang (S5) is dominated (>50%) by
<5Ma grains population (Fig. 5¢). This clearly suggests the Dibang was connected to the large upstream catch-
ment area, which got disrupted before ~5Ma. This concurs with our interpretation of the Dibang being part
of Mio-Pliocene Yarlung paleochannel, which was captured by river piracy along the Siang river. Further, the
dominance of <5Ma detrital zircon® and the zircons in Siwalik sediments along Siang river are derived from
the Tethyan or Greater Himalaya source at the expense of Trans-Himalayan grains between 3.6-6.6 Ma®'. This
clearly negates the Siang river connectivity from the Trans-Himalayan region prior to the 3.6-6.6 Ma period* and
complement the present interpretation that the paleo-Yarlung was flowing through Dibang river as shown in the
present study (Figs. 5, S6).

The late Miocene-Pliocene capture of the paleo-Yarlung-Dibang by the Siang river resulted in gain in drain-
age area and discharge with sharp drop of >700m of base level. This would have accelerated the steepening
upstream of capture zone leading to the formation of the Tsangpo gorge through focused exhumation at the
rate of >5mm/yr*® causing crustal thinning and tectonic aneurysm in the NB syntaxial zone during ~4 Ma*?
(Fig. S6¢,d). The sudden exhumation flux due to river capture would have led to the channel impoundment and
sediment accumulation upstream of the gorge®**>* (Fig. 5a). The capture of paleo-Yarlung river by the Siang river
and abandonment of Dibang segment has further implication on paleo-drainage pattern and sediment supply
beyond Himalayan front. Prior to the river capture, we speculate that the paleo-Yarlung-Dibang river would have
drained to the Surma basin through trough between the Mikir hills and Indo-Burmese ranges™. Alternatively,
the paleo-Yarlung river may have drained through the Irrawadi (Fig. S9) if we consider the presence of very wide
abandoned channel at <1000 m elevation in the Indo-Burmese range. The later assertion requires further land-
scape modelling and detrital provenance study.

Conclusions

It is clear from the above discussion that the conspicuously symmetrical Dibang basin is undergoing transient
evolution since 3-6 Ma. The unique elevated low relief relict landscape in the northwestern part of the basin rep-
resents the abandoned channel of Paleo-Yarlung, which was captured by Siang river during Mio-Pliocene period
owing to lower (by >700 m) base level advantage. This channel piracy caused ~4-17 times drainage area and dis-
charge gain to Siang at the capture point leading to rapid incision and development of Tsangpo gorge that caused
crustal thinning and tectonic aneurysm*® producing very high exhumation in Namcha Barwa region. The recent
studies on detrital sediments in the foreland deposits®* also support the large-scale drainage reorganization and
capture of Paleo-Yarlung by Siang during Mio-Pliocene as demonstrated in the present study.
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Methods

Drainage network extraction, terrain and river profile analysis. The drainage network was
extracted from the 30 m ASTER and 90 m SRTM digital elevation model (DEM) (https://doi.org/10.5067/
ASTER/ASTGTM.003) in ESRI ArcGIS platform. To remove the artifacts and noise embedded in the elevation
data, we have used 1,000 m smoothing window and the 20 m vertical interval to sample the channel networks.
A regional relief map (Fig. 1b) was generated by passing 500 m circular radius focal range window over the 30 m
horizontal resolution DEM and regional slope map (Fig. SM1a) was created by passing 500 m radius mean filter
over the slope model extracted from the DEM. The DEM and the extracted flow accumulation data is used in
MATLAB with the modified stream profiler tools? for further analysis (Figs. 1, S1; http://geomorphtools.geology.
isu.edu/index.htm). Only the fluvial-dominated channel segments were used for the knickpoint analysis and
we used ~1 x 10° m? accumulation area as cutoff value from hillslope dominated channels to fluvial dominated
channels?%°7%8,

The persistent break in the linear pattern in the log scaling relationship between drainage area and slope
is identified as slope-break knickpoints?**” and the above property is used to delineate slope-break knickpoint
(Fig. 1). To investigate the variation in tectonic uplift and/or erosion, the Steepness index (Eq. 1) and Normalized
steepness index (k,, were computed at reference concavity (6,,,), which allows a fair comparison across the basin
despite having greatly varying basin area (Wobus et al., 2006). To determine 6,,, we followed the method of least
scattered chi (x)-profile®® where we have considered more than 300 channels of Dibang basin and calculated the
Chi () profile for a range of 6 (0.05 to 0.7). We sub divided the x-space into 100 bins and estimated the corre-
sponding mean of the distribution over standard deviation of elevation. The degree of scatterings of x-profile
is minimum at § = 0.4 (Fig. SM2). However, in order to determine the regional k,, and x-map for the entire
Yarlung-Siang and Dibang basins, we have used 6 = 0.45 for the present study as it encompasses the catchment
beyond Dibang and the results could be comparable to other previous studies®*460,

We computed the k,, for drainage networks in eastern Himalaya using the empirical relation (k = SA®,
The local slope were calculated along the profile at 20 m contour interval and the K, averaged at 0.5km interval
(Figs. 3, SM3). The radial retreat pattern and the similar base level height of 36 knickpoints supports the mobile
slope-break knickpoint system in the Dibang catchment****. These knickpoints are moving upstream like a kinetic
wave and the highest set of knickpoints demarcates the boundary between relict reach and the lower actively
readjusting basin®. The presence of mobile knickpoint suggest that the Dibang basin is in transient state®'.

Paleo-channel Reconstructions. The paleo-base level of the longitudinal river profiles were reconstructed
based on the assumption that the modern surface hydrologic network is not varied significantly since the onset
of the transient state. The reconstruction of paleo-base level elevation were calculated using the Eq. 1 from the
knickpoint to the mountain front'”**4>¢2¢>, The power law scaling parameters k,, and mean 6,,; were estimated
from the relict segment of the upstream to the knickpoint. The theoretical elevation of paleo-base level estimated
at each pixel along the flow accumulation path from the top of the slope-break knickpoint to the mountain front
(MF) of a drainage basin. The upper and lower boundary of the reconstructed paleo-base level were computed
for each longitudinal profile based on the 20 errors in the estimation of normalized k,,. The paleo-base-level
error was assigned as the dotted line figure (Figs. 3, SM3; Table SM2). The net surface uplift (Az=U —E) and
paleo-relief were estimated for each channel by subtracting the modern base-level elevation and highest elevation
from the paleo-elevation at the mountain front.

Knickpoint retreat rate by Celerity Model. The distribution of the 3k knickpoints were modeled using
the celerity model Eq. (3), which determine two unknown parameters ‘C’-detachment-limited erosion coefficient
and p’- drainage area exponent through brute-force search approach*®*>*3, The C parameters was set to vary
from 1071° to 10~* over 500 increments, while p values were set to vary from 0.2 to 1.2 over 40 evenly-spaced
increments (Fig. SM6a,b). The resulting summation of least square residuals for each group of knickpoints for
modelled travel time was used to determine the best fit C and p combination, which are used to estimate the mean
horizontal knickpoint retreat velocity.

Received: 27 February 2019; Accepted: 5 November 2019;
Published online: 26 November 2019

References
1. Clark, M. K. et al. Surface uplift, tectonics, and erosion of eastern Tibet from large-scale drainage patterns. Tectonics 23, 1-21 (2004).
2. Whipple, K. X. The influence of climate on the tectonic evolution of mountain belts. Nat. Geosci. 2, 97-104 (2009).
3. Clark, M. K. et al. Use of a regional, relict landscape to measure vertical deformation of the eastern Tibetan Plateau. 111, 1-23
(2006).
4. Zeitler, P. K. et al. Erosion, Himalayan geodynamics, and the geomorphology of metamorphism. GSA Today 11, 4-9 (2001).
5. Zeitler, P. K. et al. Tectonics and topographic evolution of Namche Barwa and the easternmost Lhasa block, Tibet. in 23-58 (2014).
6. Wang, P. et al. Tectonic control of Yarlung Tsangpo Gorge revealed by a buried canyon in Southern Tibet. Science. 346, 978-981
(2014).
7. Wang, P. et al. Response to Comment on “Tectonic control of Yarlung Tsangpo Gorge revealed by a buried canyon in Southern Tibet.
Science. 349, 799-799 (2015).
8. Whipple, K. X., DiBiase, R. A., Ouimet, W. B. & Forte, A. M. Preservation or piracy: Diagnosing low-relief, high-elevation surface
formation mechanisms. Geology 45, 91-94 (2017).
9. Yang, R., Willett, S. D. & Goren, L. In situ low-relief landscape formation as a result of river network disruption. Nature 520, 526-529
(2015).
10. Lavé, J. Earth science: Landscape inversion by stream piracy. Nature 520, 442-444 (Nature Publishing Group, 2015).
11. Willett, S. D., McCoy, S. W,, Taylor Perron, J., Goren, L. & Chen, C. Y. Dynamic reorganization of River Basins. Science. 343 (2014).
12. Willett, S. Preservation or piracy: Diagnosing low-relief, high-elevation surface formation mechanisms: COMMENT. Geology 45,
421-421 (2017).

SCIENTIFIC REPORTS |

(2019) 9:17585 | https://doi.org/10.1038/s41598-019-54052-x


https://doi.org/10.1038/s41598-019-54052-x
https://doi.org/10.5067/ASTER/ASTGTM.003
https://doi.org/10.5067/ASTER/ASTGTM.003
http://geomorphtools.geology.isu.edu/index.htm
http://geomorphtools.geology.isu.edu/index.htm

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21

23.
24.
25.

26.
. Liang, Y. H. et al. Detrital zircon evidence from Burma for reorganization of the eastern Himalayan rivers system. Am. J. Sci. 308,

28.
29.
30.
31.
32.
33.
34,
35.
36.
37.

38.
39.

40.
41.
42.
43.

44,
45.

46.

47.
48.

49.
50.
51.
52.
53.

54.
55.

Whipple, K. X., DiBiase, R. A., Ouimet, W. B. & Forte, A. M. Preservation or piracy: Diagnosing low-relief, high-elevation surface
formation mechanisms: REPLY. Geology 45, 422-422 (2017).

Whipple, K. X, Forte, A. M., DiBiase, R. A., Gasparini, N. M. & Ouimet, W. B. Timescales of landscape response to divide migration
and drainage capture: Implications for the role of divide mobility in landscape evolution. J. Geophys. Res. Earth Surf. 122, 248-273
(2017).

Molnar, P. & England, P. Late Cenozoic uplift of mountain ranges and global climate change: Chicken or egg? Nature 346, 29-34
(1990).

Whipple, K. X, Kirby, E. & Brocklehurst, S. H. Geomorphic limits to climate-induced increases in topographic relief. Nature 401,
39-43 (1999).

Niemann, J. D., Gasparini, N. M., Tucker, G. E. & Bras, R. L. A quantitative evaluation of playfair’s law and its use in testing long-
term stream erosion models. Earth Surf. Process. Landforms 26, 1317-1332 (2001).

Schoenbohm, L. M. M., Whipple, K. X., Burchfiel, B. C. C. & Chen, L. Geomorphic constraints on surface uplift, exhumation, and
plateau growth in the Red River region, Yunnan Province, China. Bull. Geol. Soc. Am. 116, 895-909 (2004).

Clark, M. K., Maheo, G., Saleeby, J. B. & Farley, K. A. Non-equilibrium landscape of the Sierra Nevada, California - DATA
REPOSITORY. GSA Today (2005).

Wobus, C. et al. Tectonics from topography: Procedures, promise, and pitfalls. Geol. Soc. Am. Spec. Pap. 398, 55-74 (Geological Society
of America, 2006).

. Godard, V. et al. Dominance of tectonics over climate in himalayan denudation. Geology 42, 243-246 (2014).
. Whittaker, A. C. & Boulton, S. J. Tectonic and climatic controls on knickpoint retreat rates and landscape response times. J. Geophys.

Res. Earth Surf. 117, 1-19 (2012).

Jaiswara, N. K., Kumar, K. S., Pandey, A. K. & Pandey, P. Transient basin as indicator of tectonic expressions in bedrock landscape:
Approach based on MATLAB geomorphic tool (Transient-profiler). Geomorphology, 106853 (2019).

Prince, P. S., Spotila, J. A. & Henika, W. S. Stream capture as driver of transient landscape evolution in a tectonically quiescent
setting. Geology 39, 823-826 (2011).

Babault, J. & Van Den Driessche, J. 5.6 Plateau Uplift, Regional Warping, and Subsidence. in Treatise on Geomorphology 93-128
(Elsevier, 2013).

Kirby, E. & Whipple, K. X. Expression of active tectonics in erosional landscapes. Journal of Structural Geology 44, 54-75 (2012).

618-638 (2008).

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

Lang, K. A. & Huntington, K. W. Antecedence of the Yarlung-Siang-Brahmaputra River, eastern Himalaya. Earth Planet. Sci. Lett.
397, 145-158 (2014).

Schmidt, J. L. et al. Knickpoint evolution on the Yarlung river: Evidence for late Cenozoic uplift of the southeastern Tibetan plateau
margin. Earth Planet. Sci. Lett. 430 (2015).

Govin, G. et al. The tectonics and paleo-drainage of the easternmost Himalaya (Arunachal Pradesh, India) recorded in the Siwalik
rocks of the foreland basin. Am. J. Sci. 318, 764-798 (2018).

Seward, D. & Burg, J. P. Growth of the Namche Barwa Syntaxis and associated evolution of the Tsangpo Gorge: Constraints from
structural and thermochronological data. Tectonophysics 451, 282-289 (2008).

King, G. E., Herman, F. & Guralnik, B. Northward migration of the eastern Himalayan syntaxis revealed by OSL thermochronometry.
Science (80-.). 353, 800-804 (2016).

Salvi, D., Mathew, G. & Kohn, B. Rapid exhumation of the upper Siang Valley, Arunachal Himalaya since the Pliocene.
Geomorphology 284, 238-249 (2017).

Gemignani, L. et al. Downstream evolution of the thermochronologic age signal in the Brahmaputra catchment (eastern Himalaya):
Implications for the detrital record of erosion. Earth Planet. Sci. Lett. 499, 48-61 (2018).

Finnegan, N. J. et al. Coupling of rock uplift and river incision in the Namche Barwa-Gyala Peri massif, Tibet. Bull. Geol. Soc. Am.
120, 142-155 (2008).

Wobus, C. W,, Crosby, B. T. & Whipple, K. X. Hanging valleys in fluvial systems: Controls on occurrence and implications for
landscape evolution. J. Geophys. Res. Earth Surf. 111, 1-14 (2006).

Seeber, L. & Gornitz, V. River profiles along the Himalayan arc as indicators of active tectonics. Tectonophysics, 92 (1983).

Yanites, B. J., Ehlers, T. A., Becker, J. K., Schnellmann, M. & Heuberger, S. High magnitude and rapid incision from river capture:
Rhine River, Switzerland. J. Geophys. Res. Earth Surf. 118, 1060-1084 (2013).

Gallen, S. E,, Wegmann, K. W. & Bohnenstiehl, D. W. R. Miocene rejuvenation of topographic relief in the southern Appalachians.
GSA Today 23, 4-10 (2013).

Norton, K. P, von Blanckenburg, E, Schlunegger, F,, Schwab, M. & Kubik, P. W. Cosmogenic nuclide-based investigation of spatial
erosion and hillslope channel coupling in the transient foreland of the Swiss Alps. Geomorphology 95, 474-486 (2008).

Crosby, B. T. & Whipple, K. X. Knickpoint initiation and distribution within fluvial networks: 236 waterfalls in the Waipaoa River,
North Island, New Zealand. Geomorphology 82, 16-38 (2006).

Berlin, M. M. & Anderson, R. S. Modeling of knickpoint retreat on the Roan Plateau, western Colorado. J. Geophys. Res. Earth Surf.
112 (2007).

Flint, J. J. Stream gradient as a function of order, magnitude, and discharge. Water Resour. Res. 10, 969-973 (1974).

Clark, M. K., Maheo, G., Saleeby, ]. & Farley, K. A. The non-equilibrium landscape of the southern Sierra Nevada, California. GSA
Today 15, 4-10 (2005).

Yang, R., Herman, E, Fellin, M. G. & Maden, C. Exhumation and topographic evolution of the Namche Barwa Syntaxis, eastern
Himalaya. Tectonophysics 722, 43-52 (2018).

Loget, N. & Van Den Driessche, J. Wave train model for knickpoint migration. Geomorphology 106, 376-382 (2009).

Hergarten, S., Robl, J. & Stiiwe, K. Extracting topographic swath profiles across curved geomorphic features. Earth Surf. Dyn. 2,
97-104 (2014).

Korup, O. & Montgomery, D. R. Tibetan plateau river incision inhibited by glacial stabilization of the Tsangpo gorge. Nature 455,
786-789 (2008).

Royden, L. & Taylor Perron, J. Solutions of the stream power equation and application to the evolution of river longitudinal profiles.
J. Geophys. Res. Earth Surf (2013).

Mudd, S. M., Attal, M., Milodowski, D. T., Grieve, S. W. D. & Valters, D. A. A statistical framework to quantify spatial variation in
channel gradients using the integral method of channel profile analysis. J. Geophys. Res. Earth Surf. 119, 138-152 (2014).

Gallen, S. FE. & Wegmann, K. W. River profile response to normal fault growth and linkage: An example from the Hellenic forearc of
south-central Crete, Greece. Earth Surf. Dyn. 5,161-186 (2017).

Zeitler, P. K., Koons, P. O., Hallet, B. & Meltzer, A. S. GEOMORPHOLOGY. Comment on ‘Tectonic control of Yarlung Tsangpo
Gorge revealed by a buried canyon in Southern Tibet. Science 349, 799 (2015).

Whipple, K. X. Can erosion drive tectonics? Science. 346, 918-919 (2014).

Bracciali, L. et al. Plio-Pleistocene exhumation of the eastern Himalayan syntaxis and its domal ‘pop-up. Earth-Science Rev. 160,
350-385 (2016).

SCIENTIFIC REPORTS |

(2019) 9:17585 | https://doi.org/10.1038/s41598-019-54052-x


https://doi.org/10.1038/s41598-019-54052-x

www.nature.com/scientificreports/

56. Wobus, C. et al. Tectonics from topography: procedurses, promise, and pitfalls. Geol. Soc. Am. Spec. Pap. 398, 55-74 (2006).

57. Montgomery, D. R. & Foufoula-Georgiou, E. Channel network source representation using digital elevation models. Water Resour.
Res. 29, 3925-3934 (1993).

58. Goren, L., Fox, M. & Willett, S. D. Tectonics from fluvial topography using formal linear inversion: Theory and applications to the
Inyo Mountains, California. J. Geophys. Res. F Earth Surf. 119, 1651-1681 (2014).

59. Wang, Y. et al. How a stationary knickpoint is sustained: New insights into the formation of the deep Yarlung Tsangpo Gorge.
Geomorphology 121, 1-16 (2017).

60. Harkins, N., Kirby, E., Heimsath, A., Robinson, R. & Reiser, U. Transient fluvial incision in the headwaters of the Yellow River,
northeastern Tibet, China. J. Geophys. Res. Earth Surf. 112 (2007).

61. Ellis, M. A., Barnes, J. B. & Colgan, J. P. Geomorphic evidence for enhanced Pliocene-Quaternary faulting in the northwestern Basin
and Range. Lithosphere 7, 59-72 (2015).

62. Rossi, M. W. et al. Along-strike variation in catchment morphology and cosmogenic denudation rates reveal the pattern and history
of footwall uplift, Main Gulf Escarpment, Baja California. Geol. Soc. Am. Bull. 160, B31373.1 (2017).

63. Miller, S. R,, Baldwin, S. L. & Fitzgerald, P. G. Transient fluvial incision and active surface uplift in the Woodlark rift of eastern Papua
New Guinea. Lithosphere 4, 131-149 (2012).

Acknowledgements

Authors acknowledge open source Digital Elevation Model (DEM) viz. SRTM and ASTER GDEM V2.0 (https://
asterweb.jpl.nasa.gov/gdem.asp; DOI:10.5067/ASTER/ASTGTM.003), which is used for present analysis. We also
acknowledge code “http://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm’, which is modified and used
for present analysis. Present work is funded by GENIAS program of CSIR-NGRI to A.K.P. & P.P. N.K.J. received
CSIR research fellowship for Ph.D. (Grant No. 31/023(0203)/2013-EMR-I). We highly appreciate probing
question by reviewer, which bring clarity to the manuscript.

Author contributions

N.K.J. has carried out the numerical simulation and the results are part of his Ph.D. thesis. A.K.P. & P.P. initiated
and supervised the research work. All the authors participated in interpretation and writing of the manuscript.
A K.P. has overall responsibility for the results presented here.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54052-x.

Correspondence and requests for materials should be addressed to A.K.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17585 | https://doi.org/10.1038/s41598-019-54052-x


https://doi.org/10.1038/s41598-019-54052-x
https://asterweb.jpl.nasa.gov/gdem.asp
https://asterweb.jpl.nasa.gov/gdem.asp
http://geomorphtools.geology.isu.edu/Tools/StPro/StPro.htm
https://doi.org/10.1038/s41598-019-54052-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mio-Pliocene piracy, relict landscape and drainage reorganization in the Namcha Barwa syntaxis zone of eastern Himalaya

	Conceptual Framework

	River Profile Analysis

	Validation of slope-break knickpoints. 
	Constrain on perturbation timing. 
	Drainage divide anomalies. 

	Discussion

	Conclusions

	Methods

	Drainage network extraction, terrain and river profile analysis. 
	Paleo-channel Reconstructions. 
	Knickpoint retreat rate by Celerity Model. 

	Acknowledgements

	Figure 1 (a) The annual TRMM precipitation over the study region in eastern Himalaya and Tibet (http://www.
	Figure 2 (a) The topographic growth in the Himalayan wedge is controlled by the rock uplift and channel denudation in the hanging wall and the footwall elevation defines the base-level of the drainage system.
	Figure 3 (a) The drainage divide profile of Siang-Dibang divide has wind gap and is ~1000 m lower than Dibang-Lohit divide.
	Figure 4 (a) The Chi (χ)-map of Siang-Dibang drainage divide region show the divide is in disequilibrium and migrating towards Dibang catchment.
	Figure 5 (a) Regional correlation of channel profiles of the Dibang catchment with the Yarlung-Siang system.




