Earth Surf. Dynam., 5, 429—-449, 2017

https://doi.org/10.5194/esurf-5-429-2017 Earth Surface
© Author(s) 2017. This work is distributed under Dynamics
the Creative Commons Attribution 3.0 License.

10Be systematics in the Tsangpo-Brahmaputra
catchment: the cosmogenic nuclide legacy
of the eastern Himalayan syntaxis

Maarten Lupker'-®, Jérome Lavé?, Christian France-Lanord?, Marcus Christl’, Didier Bourles®,
Julien Carecaillet’, Colin Maden®, Rainer Wieler®, Mustafizur Rahman’, Devojit Bezbaruah®, and
Liu Xiaohan’

1Geological Institute, D-ERDW, ETH Ziirich, Ziirich, 8092, Switzerland

2CRPG, UMR 7358 CNRS—Univ. de Lorraine, Vandoeuvre les N ancy, 54500, France

3Institute of Particle Physics, D-PHYS, ETH Ziirich, Ziirich, 8093, Switzerland
4CEREGE, UMR 34 UAM-CNRS-IRD, Aix-en-Provence, 13545, France
SISTerre, Univ. Grenoble Alpes—CNRS, Grenoble, 38000, France
SInstitute of Geochemistry and Petrology, D-ERDW, ETH Ziirich, Ziirich, 8092, Switzerland
7Department of Soil, Water and Environment, Dhaka University, Dhaka, 1000, Bangladesh
8Department of Applied Geology, Dibrugarh University, Dibrugarh, 786004, India
nstitute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing, China

Correspondence to: Maarten Lupker (maarten.lupker @erdw.ethz.ch)

Received: 14 March 2017 — Discussion started: 6 April 2017
Revised: 5 July 2017 — Accepted: 10 July 2017 — Published: 10 August 2017

Abstract. The Tsangpo-Brahmaputra River drains the eastern part of the Himalayan range and flows from the
Tibetan Plateau through the eastern Himalayan syntaxis downstream to the Indo-Gangetic floodplain and the Bay
of Bengal. As such, it is a unique natural laboratory to study how denudation and sediment production processes
are transferred to river detrital signals. In this study, we present a new '“Be data set to constrain denudation
rates across the catchment and to quantify the impact of rapid erosion within the syntaxis region on cosmogenic
nuclide budgets and signals. The measured '°Be denudation rates span around 2 orders of magnitude across
individual catchments (ranging from 0.03 to >4 mmyr—!) and sharply increase as the Tsangpo-Brahmaputra
flows across the eastern Himalaya. The increase in denudation rates, however, occurs ~ 150 km downstream of
the Namche Barwa—Gyala Peri massif (NBGPm), an area which has been previously characterized by extremely
high erosion and exhumation rates. We suggest that this downstream lag is mainly due to the physical abrasion
of coarse-grained, low '°Be concentration, landslide material produced within the syntaxis that dilutes the up-
stream high-concentration '°Be flux from the Tibetan Plateau only after abrasion has transferred sediment to the
studied sand fraction. A simple abrasion model produces typical lag distances of 50 to 150 km compatible with
our observations. Abrasion effects reduce the spatial resolution over which denudation can be constrained in the
eastern Himalayan syntaxis. In addition, we also highlight that denudation rate estimates are dependent on the
sediment connectivity, storage, and quartz content of the upstream Tibetan Plateau part of the catchment, which
tends to lead to an overestimation of downstream denudation rates. While no direct '°Be denudation measure-
ments were made in the syntaxis, the dilution of the upstream '“Be signal, measured in Tsangpo-Brahmaputra
sediments, provides constraints on the denudation rates in that region. These denudation estimates range from
ca.2 to 5mmyr~! for the entire syntaxis and ca. 4 to 28 mm yr~! for the NBGPm, which is significantly higher
than other large catchments. Overall, '°Be concentrations measured at the outlet of the Tsangpo-Brahmaputra in
Bangladesh suggest a sediment flux between 780 and 1430 Mt yr—! equivalent to a denudation rate between 0.7
and 1.2mm yr~! for the entire catchment.
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1 Introduction

The large-scale and intense interaction between tectonics
and climate make the Himalayan range the largest sedi-
ment source to the ocean. The Tsangpo-Brahmaputra is a
major catchment draining the Himalayan range and the Ti-
betan Plateau. It is an exceptional natural laboratory to better
understand how denudation processes are reflected in sedi-
mentary load because of the large geomorphological diver-
sity of its catchment. A remarkable feature of the Tsangpo-
Brahmaputra catchment is the eastern Himalayan syntaxis.
Interactions between tectonic and surface processes are most
likely observed in tectonic syntaxes (Koons et al., 2013).
The eastern Himalayan syntaxis has been proposed as a typ-
ical example of how active tectonic deformation, thermal
weakening of the crust, and steep topography could be self-
sustained by intense erosion and rapid exhumation of crustal
material within the framework of the tectonic aneurysm
model (Zeitler et al., 2001). Although the extent and nature
of this coupling has recently been challenged (Bendick and
Ehlers, 2014; Wang et al., 2014; King et al., 2016), there is
ample evidence for superimposed rapid exhumation (Burg et
al., 1998; Seward and Burg, 2008; Zeitler et al., 2014; Brac-
ciali et al., 2016) and active erosion (Finlayson et al., 2002;
Finnegan et al., 2008; Stewart et al., 2008; Enkelmann et al.,
2011; Larsen and Montgomery, 2012; Lang et al., 2013) in
a focused area around the Namche Barwa—Gyala Peri massif
(NBGPm), where the course of the Tsangpo-Brahmaputra is
marked by a sharp bend to the south-west (Fig. 1). Difficult
access to the NBGPm means that contemporary denudation
rates are poorly constrained, but estimates range from ca. 5
to 17 mm yr_1 (Stewart et al., 2008; Enkelmann et al., 2011;
Larsen and Montgomery, 2012). The NBGPm is thought to
be responsible for up to 40 to 70 % of the sediment discharge
of the entire Brahmaputra (e.g., Singh and France-Lanord,
2002; Garzanti et al., 2004), illustrating the potential for a
small area of the Tsangpo-Brahmaputra to act as a major
source of sediments to the entire river network. Upstream
of the NBGPm, the Tsangpo-Brahmaputra drains the rela-
tively flat, slowly eroding, and arid southern edge of the Ti-
betan Plateau, while the downstream part of the catchments
includes a range of large Himalayan tributaries draining the
eastern half of the Himalayan range and the Indo-Gangetic
floodplain. In this work, we present a terrestrial cosmogenic
nuclide (TCN), 19Be, data set spanning the entire Tsangpo-
Brahmaputra catchment, covering the Tibetan Plateau down-
stream to the outlet in Bangladesh. The wide range of surface
processes and rates of landscape evolution across the catch-
ment represent a unique opportunity to study how these de-
nudation signals are transferred through the catchment and
integrated into the sedimentary load. The use of TCN also
represents an opportunity to provide new quantitative con-
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straints on the denudation rates across the catchment in gen-
eral and the NBGPm in particular.

Cosmogenic nuclides have been widely used to constrain
catchment-wide denudation rates (CWDRs) over a range of
scales and catchment sizes (e.g., Portenga et al., 2011). The
concentration of a given cosmogenic nuclide in river sedi-
ments theoretically reflects the rate at which the upstream
landscape is lowering through physical erosion and chemi-
cal weathering assuming steady-state denudation (Brown et
al., 1995; Bierman and Steig, 1996; Granger et al., 1996).
However, it is also increasingly recognized that CWDRs are
affected by a number of site-specific biases and limitations
that prevent us from simply reading denudation rates from a
bag of sand. Amongst others, landsliding, a dominant erosion
process in actively eroding landscapes, violates the steady-
state denudation assumption and may thus lead to biases in
the CWDR (Niemi et al., 2005; Yanites et al., 2009). The
stochastic nature of sediment supply to the channels and hy-
drology within the river network may also perturb the TCN
signal over a range of timescales and limits our ability to
use a single sediment sample as a representative and accu-
rate representative of upstream erosion products (Kober et
al., 2012; Lupker et al., 2012; West et al., 2014; Foster and
Anderson, 2016). Glacial erosion is not properly accounted
for, as sediments eroded under a glacier are shielded from
cosmic rays and, hence, supply sediment with very low TCN
concentrations independent of glacial erosion rates (Godard
et al., 2012; Delunel et al., 2014). Different erosion pro-
cesses also affect the final grain size of fluvially exported
sediment, which may in turn lead to a grain size dependence
of TCN signals that needs to be taken into account in order
to derive robust CWDRs (Clapp et al., 2002; Belmont et al.,
2007; Aguilar et al., 2014; Puchol et al., 2014; Lukens et al.,
2016). The assumption of quartz ubiquity or content within
the eroded lithology of a studied catchment is also likely to
be violated in a number of cases and is also a source of bi-
ases in CWDR (Carretier et al., 2015a). Finally, large catch-
ments, and especially floodplains, represent temporary stor-
age compartments, in which TCN may accumulate or decay
depending on storage duration and depth, which may in turn
affect the TCN concentration in river sediments (Wittmann
and von Blanckenburg, 2016). These limitations need to be
properly evaluated in order to quantitatively relate TCN sig-
nals to surface processes and denudation rates. Since most
of these limitations also apply to the Tsangpo-Brahmaputra,
this study further represents a unique opportunity to evaluate
and quantify the potential biases associated with the use of
TCNs in large, actively eroding, and contrasted catchments.
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Figure 1. (a) Overview of the study area. (b) Shaded-relief map of the Tsangpo-Brahmaputra map with sampling locations of the trunk stream
(open symbols) and main tributaries (filled symbols). The NBGPm area characterized by high erosion and fluvial incision rates (>3 mm yr™ )
is highlighted in red (see text for references). 10B¢ concentrations (c); 10B¢_derived denudation rates (d); 10B¢_derived sediment fluxes (e) of
Tsangpo-Brahmaputra main stream and tributaries. Downstream samples have been corrected for floodplain area by excluding areas below
300 ma.s.l. from the calculation. Literature data from Finnegan et al. (2008) (a), Portenga et al. (2015) (b), and Abrahami et al. (2016) (c)

are also included.
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2 Settings and methods

2.1 The Tsangpo-Brahmaputra catchment

The Yarlung-Tsangpo—Siang—Brahmaputra—Jamuna River
system (as the trunk river is called from upstream to
downstream, from now on referred to as the Tsangpo-—
Brahmaputra in this paper) is a large drainage basin of
ca. 530 000 km?, draining the eastern half of the Himalayan
range. It originates close to Mount Kailash, in central Tibet,
and flows eastward along the Indus-Tsangpo suture zone and
the northern flank of the Himalayan range for about 1500 km.
This part of the catchment is marked by a relatively flat to-
pography and a high average elevation (>4000 ma.s.l.). Be-
ing in the rain shadow of the Himalayan range, it receives
little precipitation (<500 mmyr—!) and a significant part of
the runoff is generated by snowmelt from the range to the
north (Bookhagen and Burbank, 2010). The Tibetan part of
the Tsangpo-Brahmaputra catchment is dominated by Paleo-
zoic sedimentary sequences with the carbonate-rich Tethyan
Sedimentary Series (TSS) and ultramafic to felsic rocks of
the Trans-Himalayan batholiths and the Neotethys ophiolites
(Liu and Einsele, 1994).

In the north-eastern part of the catchment, the Tsangpo-
Brahmaputra River sharply bends to the south, leaves the Ti-
betan Plateau, and cuts through the Himalayan range through
deep gorges and a prominent knickpoint, losing over 2000 m
of elevation in less than 100km of channel length. The
NBGPm, and more generally the eastern Himalayan syn-
taxis, is marked by very steep topography and high relief
resulting from the deflection of crustal material around the
indenting Indian plate and the growth of a large antiformal
metamorphic structure that is deeply dissected by active flu-
vial incision (Burg et al., 1997; Finnegan et al., 2008). This
reach of the Tsangpo-Brahmaputra is underlain by gneiss,
quartzites, marbles, and generally highly metamorphic rocks
from the Higher Himalayan Crystallines (HHC) (Burg et al.,
1997). Just south of the syntaxis, the river flows over the
Abor volcanics as well as limestones and shales (Jain and
Thakur, 1978; Acharyya, 2007). The large valley along the
Tsangpo-Brahmaputra, south of the syntaxis, channels mois-
ture and precipitation northwards, which translates into sig-
nificant rainfall (>2000 mm yr~!) up to 100 km north of the
Himalayan front in the syntax region (Anders et al., 2006;
Bookhagen et al., 2006).

The Tsangpo-Brahmaputra exits the Himalayan range in
Pasighat, Arunachal Pradesh, NE India, and finally dis-
charges into the Bay of Bengal in Bangladesh after cross-
ing the Assam and Indo-Gangetic alluvial floodplains for
about 1000km (Fig. 1). The main stream of the Tsangpo-
Brahmaputra further receives input from the eastern Hi-
malayan rivers Lohit and Dibang that drain the poorly doc-
umented Mishmi hill formations and from Himalayan rivers
draining the southern flank of the eastern Himalayan range
(Subansiri, Kameng, Manas, and Teesta rivers). The north-
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ern tributaries of the Tsangpo-Brahmaputra drain the classi-
cal HHC and Lesser Himalayan units composed of a vari-
ety of crystalline and metasedimentary rocks, as well as the
ca. mid-Miocene sub-Himalayan Siwalik molasses (Yin et
al., 2006; Chirouze et al., 2012). Sediment input from the
southern tributaries originating from the Shillong Plateau, as
well as from the northern part of the Indo-Burman ranges,
is thought to be small (Garzanti et al., 2004). The Indo-
Gangetic floodplain and the southern flank tributaries to the
Tsangpo-Brahmaputra receive intense precipitation (up to
4000 mm yr—!), which mainly falls during the 4 months of
the Indian summer monsoon (June to September) (Bookha-
gen and Burbank, 2010).

2.2 Sampling and analytical methods

River sediments were sampled from the Tibetan headwaters
down to the Brahmaputra in Bangladesh, including the major
tributaries. For sample locations upstream of the Himalayan
front (Pasighat, pt. 8 in Fig. 1; all points hereafter can be re-
ferred to in Fig. 1 as well), sediments were taken from fresh
sandbars. Downstream of the Himalayan front, river sedi-
ments were dredged in the center of the channel using local
boats. A number of sampling points were revisited several
years to assess the temporal variability in the '“Be signal.
After collection, samples were dried and sieved into several
grain size fractions ranging from 63 to 1000 um (Table S1 in
the Supplement).

Grain size fractions were then separated with a Frantz
magnetic separator and the nonmagnetic fraction was fur-
ther treated with HCI (38 %) to remove carbonates. This
fraction subsequently underwent four to five leachings (3
to 5 days each) in HSiF¢ (34 %) — HCl (38 %) (2/3-1/3
vol.) alternating agitation and heated ultrasonic bath treat-
ments (70 °C). The purified quartz fractions were then further
cleaned, to remove possible remaining meteoric °Be contri-
butions, through three subsequent HF baths in stoichiomet-
ric amounts so as to dissolve 10 % of the total sample mass
at each step. Chemical separation of the purified quartz was
performed in the labs of ISTerre — Grenoble (TSA samples)
and at the ETH Ziirich (remaining samples). In both cases
procedures were very similar. Purified quartz was dissolved
in concentrated HF along with a small amount of *Be car-
rier solution (Table S1). Be was separated by ion-exchange
chromatography, precipitated as Be(OH),, and dehydrated to
BeO at 1000 °C (von Blanckenburg et al., 1996). Systematic
procedural blanks were also separated using similar proce-
dures.

10Be /9Be ratios were measured at different AMS (ac-
celerator mass spectrometry) facilities: the 5MeV ASTER
AMS facility at CEREGE (Klein et al., 2008), the 6 MeV
TANDEM AMS, and the 0.5 TANDY AMS of ETH Ziirich
(Christl et al., 2013). 10Be / 9Be ratios measured at the
CEREGE were normalized to NIST 27900, with an assumed
10B¢ /9Be ratio of 2.79 x 10~!!, while the '°Be /°Be ra-
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tios measured at ETH were normalized to the ETH standard
S2007N, with an assumed ratio 2.81 x 10~!! (Christl et al.,
2013). Both normalization procedures are comparable and
equivalent to the 07KNSTD standardization (Nishiizumi et
al., 2007) with a 10Be half-life of 1.387 Ma (Chmeleff et al.,
2010; Korschinek et al., 2010). Sample measurements were
corrected for procedural blanks with '°Be / *Be ratios rang-
ing from 2.35 (£1.07) x 1071 to 7.99 (£2.17) x 10~15 de-
pending on measurement batch and date (Table S1).

Recent work from Portenga et al. (2015) suggests the pos-
sible occurrence of Be in the analyzed quartz aliquots de-
spite careful cleaning and purification of the samples. About
3 g of purified quartz was dissolved in concentrated HF, dried
down, and redissolved in a 2 % HNOj3 solution. The ?Be con-
centration of the solution was measured on a PerkinElmer
SCIEX ELAN DRC-e quadrupole ICP-MS at ETH Ziirich
by standard-sample bracketing. This approach yielded con-
sistent results compared to a subset of samples measured by
standard addition, suggesting that ICP matrix effects are lim-
ited. The external reproducibility of the *Be concentration
measurements by standard-sample bracketing was ca. 10 %
(1o). For samples with enough material, replicate 3 g quartz
splits were measured to assess the homogeneity of the *Be
concentration among different quartz aliquots.

In this study, we also included the '°Be data concentration
data of large tributaries that were measured by Finnegan et
al. (2008) on the upper part of the catchment as well as the
Yigong and Parlung Zangbo rivers (pts. 3, 4, d and e), by
Portenga et al. (2015) for samples of the Tsang Chhu (pt. m),
and by Abrahami et al. (2016) for samples from the Teesta
(pt. n). For consistency, the °Be concentration data reported
in these publications were re-processed using the same pro-
cedure as our data. Existing additional '°Be data within the
Tsangpo-Brahmaputra catchment from Le-Roux-Mallouf et
al. (2015) were not included in this study as they mainly fo-
cus on smaller, second-order catchments within the Bhutan
Himalayas.

2.3 Catchment-wide denudation rate and sediment flux
calculations

The procedure for the determination of basin-wide denuda-
tion rates using the TCN data is similar to that detailed in
Lupker et al. (2012) and is summarized hereafter. All data
are reported in Table S1. Basin average denudation rates, €
(cm yr_l), were calculated from the measured '°Be concen-
tration, N (atg~!), following Eq. (1) (Brown et al., 1995),
thereby assuming efficient mixing of the sediments in the
river system and steady-state denudation:

1 (P, Puns Pur 1 P;
N=-x Dnioy Tmsio | Tmfi ::XZ_Z’ 1)
& Mn Mms Mmf & T M

in which P_,,l., Prs;, and Py, are the average basin-wide 10Be
production rates (at g~ ! yr~!) by neutrons, slow muons, and
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fast muons, respectively. u; = p/A; with p is the average
density of the eroded material (here 2.7 gcm™>) and A; is
the effective attenuation length of neutrons and slow and
fast muons (A, ~ 160, A5~ 1500, and A ;s ~4320¢ cm~Z;
Braucher et al., 2011). Equation (1) implies that the radioac-
tive decay of °Be can be neglected compared to the denuda-
tion rate (¢ x p; >> A), which is the case for typical denuda-
tion rates in tectonically active areas.

The basin-wide '°Be production rate P; was determined
following Eq. (2):

1
Pi=§//Pi(x,y) X Ftopo(xay)
X,y

X Fglacier (x, y) x dxdy, 2

in which § is the basin area, P;(x,y) the local production
rate at each point of the basin and Fiopo and Fglacier are to-
pographic and glacier correction factors integrated over the
basin surface S. To calculate P;(x,y), the sea level high-
latitude (SLHL) '°Be production rates by neutrons and slow
and fast muons were scaled for latitude and local altitude ac-
cording to Lal (1991) and Stone (2000) (St scaling scheme).
For this work, we used the most recent nucleonic SLHL pro-
duction rate of 4.01 £0.10atg~! yr~! compiled by Phillips
et al. (2016) and the slow and fast muonic contribution of
Braucher et al. (2011). Given the high variability in muonic
production rates reported in the literature (e.g., Heisinger
et al.,, 2002a, b; Braucher et al., 2003, 2011; Phillips et
al., 2016), we propagated a 50 % uncertainty on the SLHL
muonic production rates. Altitude scaling was based on the
3arcsec SRTM-4 DEM data set (Jarvis et al., 2008). A to-
pographic correction factor (Fiopo) from shielding from sur-
rounding topography was applied on a pixel-by-pixel basis
for 10° azimuth steps and a 15 km surrounding area follow-
ing Dunne et al. (1999). Production rates under glacial areas
were set to zero (Fglacier) using the Global Land Ice Measure-
ments from Space (GLIMS) glacier database (Raup, 2007).
Denudation rates were computed from Eq. (1) and produc-
tion rates estimated from Eq. (2).

The cosmogenic-derived sediment fluxes (¢cosmo) Were
computed from the cosmogenic denudation rates following
Peosmo = € X p X S (with p the density of the eroded ma-
terial, 2.7 g cm™3, and S the basin surfaces). For sediments
sampled in rivers downstream of the Himalayan front and
having a significant upstream Himalayan drainage, we de-
rived an apparent Himalayan denudation rate by restricting
the mean production rate to the Himalayan topography, i.e.,
by considering the area above 300 m a.s.l. (roughly the flood-
plain to Siwalik transition) (Lupker et al., 2012). It assumes
no sediment addition by incision or significant in situ '°Be
production in the Brahmaputra plain, which is supported by
the absence of any trace of significant river incision in the
floodplain. Lateral channel migration may nevertheless recy-
cle floodplain sediment but the fluxes are overall supposed
to be small and the effect of this recycling only marginally
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increases the '°Be budget of sediments in the floodplain as
was suggested for the neighboring Ganga catchment (Lupker
et al., 2012).

3 Results

3.1  Occurrence of natural °Be

The unrecognized occurrence of °Be in addition to the
amount of °Be introduced by the carrier solution leads to
an underestimation of cosmogenic 10Be concentrations and,
hence, to an overestimation of calculated denudation rates.
Measured *Be concentrations are shown in Table S2 and
were put into relation to the amount of °Be added to the sam-
ple by the carrier solution. Out of the 33 samples, 8 showed
significant amounts of natural *Be in the quartz samples (i.e.,
5 % or more of the *Be amount of the carrier) with °Be con-
centrations in quartz reaching up to 1.5 ppm. High °Be con-
centrations were mainly found in samples from three adja-
cent catchments, tributaries to the Brahmaputra: the Tsang
Chhu (pt. m in Fig. 1), the Manas (pt. 1), and the Suban-
siri (pt. j). While we are not aware of any measurement of
9Be in the quartz from the Manas and the Kameng, the high
9Be concentrations reported by Portenga et al. (2015) are all
from the Tsang Chhu catchment, draining western Bhutan.
This suggests that the occurrence of significant °Be concen-
trations in quartz from the Brahmaputra basins is restricted
to a few basins on the southern edge of the Tibetan Plateau.
Replicate analyses show that for samples with a low *Be con-
tent, the reproducibility is satisfactory. However, the sam-
ples with higher concentrations also show a high variabil-
ity in their Be content amongst aliquots of the same sam-
ple. This suggests that the carrier phase of °Be is heteroge-
neously distributed within the sample and is prone to nugget
effects. Accurately correcting for this additional °Be contri-
bution therefore proves to be difficult based on the a pos-
teriori measurements of *Be in quartz aliquots of the sam-
ple. These observations call for the systematic measurement
of the °Be concentration in an aliquot of the quartz sample
that is being used for the AMS '°Be /Be ratio measure-
ment as suggested by Corbett et al. (2016). For this work,
we nevertheless made an attempt to correct for the possible
occurrence of *Be by propagating conservative uncertainties
on the amounts of natural °Be that were measured by ICP-
MS (Table S1). Given the variability in the replicate °Be data
(Table S2) we propagated an overall uncertainty of 100 %
on the measured ?Be concentration. In most cases, in which
the contribution of natural *Be compared to the carrier *Be
content is small, this additional uncertainty had little effect
on the final uncertainty of the '°Be concentration. It is only
significant for samples with high concentrations of natural
9Be from the Tsang Chhu (pt. m), the Manas (pt. 1), and the
Subansiri (pt. j) (Table S1). Samples for which no natural
9Be concentration measurements could be made did not be-
long to these basins and therefore likely only contain small
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amounts of “Be. We nevertheless conservatively propagated
an uncertainty of 2% on the total amount of °Be added to
these samples.

3.2 19Be concentrations, denudation rates, and erosion
fluxes

Overall, the !'Be concentrations measured across the
Tsangpo-Brahmaputra span almost 3 orders of magnitude
and vary from 1.2 x 10° to 5 x 103 atg~!. Concentrations
are highest in the upper reaches of the Tibetan Plateau and
decrease downstream. The lowest '°Be concentrations are
measured for tributaries of the Tsangpo-Brahmaputra that
drain the southern and eastern parts of the range (Teesta,
Subansiri, Dibang, and Lohit). The 10B¢ concentrations were
measured in a total of four different grain size fractions (63—
125, 125-250, 250-500, 500-1000 um) to assess possible
grain size effects across the Tsangpo-Brahmaputra catch-
ment. Samples only contained enough material for 'Be mea-
surements in two adjacent grain size fractions at most. The
difference in 'Be concentration across grain size fractions
of a single sample remains limited to 30 % (Fig. 2), except
for sample BRM 1224 (pt. 7) for which the measured 500—
1000 um grain size concentration is a factor of 2 to 3 higher
than the finer fraction. The difference in concentration for
these two grain size classes is robust since the quartz purifi-
cation procedure, chemical separation, and AMS measure-
ment has been duplicated but in the absence of any obvi-
ous explanation we suggest that this difference might be due
to the mixing of sediment from different sources with dif-
ferent grain sizes and '°Be concentrations. Concentrations
measured for the Tsangpo-Brahmaputra River in Bangladesh
(pt. 11) also vary within a factor 2 for the seven measure-
ments (five samples) that were performed.

Catchment-wide denudation rates were calculated using
Egs. (1) and (2). The denudation rates measured in the
Tsangpo-Brahmaputra basin range from 0.03 to >4 mm yr~!
with generally low denudation rates measured on the Ti-
betan Plateau (<0.3 mm yr’]). Denudation rates measured
along the Tsangpo-Brahmaputra main stream increase down-
stream of the NBGPm and reach values of ca. 0.5 to
1.5mmyr~! in the floodplain (floodplain corrected values,
i.e., contribution from upstream areas above 300ma.s.l.
only). In Bangladesh, the average denudation rate for the en-
tire Tsangpo-Brahmaputra catchment is 1.0 4 0.2 mm yr~!
based on all measurements. The highest measured denuda-
tion rates associated with the rivers draining the southern and
especially the eastern flanks of the range culminate above
2mmyr~! for the Lohit and Dibang rivers.

The sediment fluxes that are derived from the denuda-
tion rate estimates generally increase downstream along
the main stream of the Tsangpo-Brahmaputra and reach
1140 4240 Mt yr—! at the outlet in Bangladesh. The main in-
crease in sediment fluxes occurs during the transit of the river
through the Himalayan range and the NBGPm (locations 3 to
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Figure 2. Ratio of 10B¢ concentrations from grain size pairs of the
same sediment sample. Concentrations are normalized to the con-
centration of the lowest grain size fraction for comparison amongst
samples.

8), but the sediment fluxes as measured by '"Be show only a
little increase within the floodplain (locations 8 to 11) despite
some significant inputs from tributaries. The main tributaries
to the Tsangpo-Brahmaputra in terms of sediment flux are
the Yigong and Parlung Zangbo rivers within the syntaxis
(combined, ca. 100 Mtyr~!) and further downstream the Lo-
hit, Dibang, and Subansiri catchments that export more than
100 Mt yr~! each.

4 Discussion

4.1 Evolution of TCN signals along the
Tsangpo-Brahmaputra

4.1.1 Denudation rates lag downstream of the NBGPm

The main trunk river of the Tsangpo-Brahmaputra catchment
drains highly contrasted physiographic units with different
denudation rates. The NBGPm in particular shows very ac-
tive erosion processes, with steep river gradients and active
landsliding that coincide with rapid exhumation (Finnegan et
al., 2008; Stewart et al., 2008; Enkelmann et al., 2011; Larsen
and Montgomery, 2012; Lang et al., 2015; King et al., 2016).
The NBGPm separates the slowly eroding (<0.3 mmyr~—1!),
high-altitude (>4000m) Tibetan Plateau from the lower-
lying reaches of the Tsangpo-Brahmaputra (<2000 m) and
the Indo-Gangetic floodplain (<200m). The effect of the
NBGPm on TCN concentrations is shown in Fig. 3. The '°Be
concentration of sediments sampled along the main stream
of the Tsangpo-Brahmaputra decreases by almost an order of
magnitude downstream of the NBGPm, highlighting the dilu-
tion of high '°Be concentration Tibetan Plateau sediments by
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low-concentration sediments produced in the NBGPm. This
decrease in concentration coincides with the river’s main
knickpoint, which is also the zone of current high erosion
rates as documented by the literature.

The Tsangpo-Brahmaputra '°Be CWDR long profile in
Fig. 3 shows that the denudation rates rapidly increase (from
less than 0.1 mmyr~' before pt. 3 to ca. Immyr—! for
pts. 6 to 11) across the eastern Himalayan syntaxis, sug-
gesting the progressive addition of rapidly eroding areas to
the total drainage area of the main stream of the Tsangpo-
Brahmaputra. However, Fig. 3 also suggests that the main
increase in denudation occurs in the syntaxis, between pts. 4
and 7, i.e., about 150 km downstream of the NBGPm area
of high exhumation and denudation rates (Finnegan et al.,
2008; Stewart et al., 2008; Enkelmann et al., 2011; Larsen
and Montgomery, 2012). Catchment-wide denudation rates
reach a maximum just before crossing the Main Frontal
Thrust (MFT) and exiting the Himalayan range at pt. 8. A
similar observation can be drawn from the evolution of the
10Be-derived sediment flux. The measured sediment fluxes
remain low even after crossing the main river knickpoint of
the NBGPm with TCN sediment fluxes only increasing sig-
nificantly after pt. 4. In Fig. 4, '°Be-derived sediment fluxes
are plotted as a function of upstream area. On such a plot,
the average denudation rate over a particular river reach is
given by the slope between data points. The apparent de-
nudation rate of the NBGPm area, calculated between pts. 3
and 4, equals ca. 1.6mmyr—!. The highest denudation rates
however occur further downstream of the NBGPm and peak
between pts. 5 and 6 with an apparent denudation rate of
26mmyr~! and are overall higher than in the NBGPm be-
tween pts. 4 and 7 (15 mm yr~!). Discrepancies between con-
secutive upstream and downstream estimates, and especially
between pts. 7 and 8, suggest local perturbations of the sed-
iment transport system. The cause of these perturbations re-
mains difficult to explain. Recycling of Siwalik sediments
could explain such a trend but the Siwalik-drained area is ex-
tremely small (< 100km?; Acharyya et al., 2007) so that a
steady-state Siwalik contribution would be negligible. In ad-
dition, our two samples have been sampled 2 years apart from
the two opposing banks, which should avoid the sampling of
sudden, local, and stochastic Siwalik inputs.

4.1.2 True denudation rates or possible biases in the
TCN signal?

The presence of an intensely eroding area in the eastern Hi-
malayan range downstream of the NBGPm, along the lower
Siang, down to the MFT, has not been documented by previ-
ous studies. Studies suggest that most of the sediment is pro-
duced within the NBGPm in both the long and short term.
Thermochronological data (Finnegan et al., 2008; Stewart
et al., 2008; Bracciali et al., 2016; Salvi et al., 2017) dis-
play minimum closure ages for various thermochronome-
ters in a reduced area centered at the confluence between
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Figure 3. Downstream evolution of the 19Be concentration (red) and corresponding denudation rates (green) of samples from the Tsangpo-
Brahmaputra trunk stream. The elevation profile of the trunk stream channel is plotted in shaded grey. Arrows that point down refer to the
confluences with the main Tsangpo-Brahmaputra tributaries. Open symbols are based on the average 10Be concentration of all samples when
multiple samples have been analyzed and crosses represent individual measurements. Open circles are from this study and open diamonds
are samples from Finnegan et al. (2008).
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Figure 4. Evolution of the 9Be-derived sediment flux as a function of the upstream drainage area above 300 m of elevation (in order to
remove floodplain area storing sediments) from the Tsangpo-Brahmaputra trunk stream along with the channel elevation profile in grey. The
average denudation rate over a given reach of the river is given by the slope of the regression between sample points. Open symbols are based
on the average 10Be concentration of all samples when multiple samples have been analyzed and crosses represent individual measurements.

Open circles are from this study and open diamonds are samples from Finnegan et al. (2008).

the Po-Tsangpo and the Yarlung Tsangpo, even though this
area with high denudation rates has been suggested to ex-
tend farther southwards than earlier recognized (Enkelmann
et al., 2011). The recent erosional activity displays a similar
pattern, with a maximum landslide density in the NBGPm
around the abovementioned confluence, and which signifi-
cantly decreases further downstream along the upper Siang
(Larsen and Montgomery, 2012). Our '°Be denudation rates
do not show any compelling evidence of high denudation
along the lower reach of the Siang River. Downstream of
the NBGPm, the !°Be denudation rates from tributaries of
the main stream of the lower Siang such as the Siyom River
(pt. f) or three other smaller tributaries (pts. p, ¢, and r) indi-
cate apparent denudation rates of 0.4 to 0.6 mm yr~! in that
area, which is much lower than the 4 to 10mmyr~' sug-
gested by the slope between pts. 4 and 7-8 in Fig. 4. In the
absence of other evidence for localized and intense denuda-
tion downstream of the NBGPm, we hypothesize that resolv-
ing these apparently contradictory results requires consider-
ation of possible biases in the apparent CWDRs along the
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Tsangpo-Brahmaputra; several scenarios are therefore ex-
plored in the following.

Calculations of CWDR most commonly hypothesize that
quartz is ubiquitous. However, nonuniform quartz distribu-
tions may yield significant biases in the downstream TCN-
derived sediment fluxes (Carretier et al., 2015a). In our case,
very low quartz concentrations in the outcropping rocks of
the NBGPm might explain the apparent absence of response
in the TCB-derived flux signal (Fig. 4). If the Tibetan head-
waters partly drain carbonate-rich TSS (Liu and FEinsele,
1994) or Linzigong volcanics, the quartz flux exported by
the Tibetan Plateau would tend to be overestimated. Never-
theless, if we neglect a thin band of marbles and ophiolites
along the highly deformed suture, the metamorphic or ig-
neous, gneissic, and granulitic lithologies outcropping in the
NBGPm do not present, to our knowledge, a major difference
in quartz amounts compared to the Himalayan metamorphic
rocks further south. In addition, such bias would not permit
explanation of the very high apparent increase in sediment
flux along the lower Siang (Fig. 4).
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Figure 5. Downstream evolution of the total drained glaciated area (GLIMS database; Raup et al., 2007) of the Tsangpo-Brahmaputra in
blue. For comparison, the evolution of the trunk channel elevation is plotted in grey and the average 10Be denudation rate in green.

Another possible source of perturbation of TCN signals in
high-altitude environments such as the Himalayas is the in-
put of glacial sediments. Glacially sourced sediments have
been shielded from cosmic rays due to the thick ice cover
and therefore have low '°Be concentrations (Godard et al.,
2012; Delunel et al., 2014). Figure 5 shows the evolution
of the drained glaciated area along the main stream of the
Tsangpo-Brahmaputra. The TCN-derived denudation rates
increase downstream of the major area of glaciation and the
NBGPm. It is therefore unlikely that glacier sediments are
the main cause for the observed downstream lag in TCN sig-
nals since the glaciated proportion of the catchment is al-
ready significant upstream of the main knickpoint (i.e., up-
stream of the main increase in CWDR) and increases little
downstream of it. The main increase in glacial contribution
occurs in the NBGPm region, as the Tsangpo receives the
contribution of the heavily glaciated Yarlung—Parlung catch-
ments. Glacial contributions would therefore result in a de-
crease in '°Be concentrations within the NBGPm rather than
further downstream.

Additional processes that may affect TCN signals in steep,
highly eroding areas are stochastic events and poor sediment
mixing. Landslides and other catastrophic events may per-
turb the downstream TCN concentration and, hence, bias cal-
culated CWDRs by supplying low-TCN-concentration sedi-
ments from previously shielded bedrock (Kober et al., 2012).
Modeling studies suggest that this effect is more pronounced
for small catchments of a few tens of square kilometers or
less and the magnitude of the perturbation depends on the
ratio of landslide volume to catchment-averaged sediment
flux (Niemi et al., 2005; Yanites et al., 2009). The catch-
ments drained by the Tsangpo-Brahmaputra downstream of
the NBGPm exceed 200 000 km? but these are characterized
by a very heterogeneous denudation rate. The riverine TCN
signal will be prone to perturbation in the upstream reaches
of the syntaxis region, where the upstream sediment flux is
still low and the difference in the '°Be concentration be-
tween the sediments carried by the river and landslide ma-
terial is high. Further downstream of the NBGPm, the effect
of landslides should be less important because of the rapidly
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increasing river sediment flux and decreasing '°Be concen-
tration and we therefore expect that regular and diffuse lands-
liding is likely not a major source of perturbation for CWDRs
downstream of the NBGPm. The differences in '’Be concen-
trations and CWDR obtained from sediments at pts. 7, 8, and
9 nevertheless suggest that stochastic processes might influ-
ence the sedimentary signal. There is no tributary upstream
of pt. 8. that could explain the anomalously high local '°Be
concentration (or anomalously low denudation rate). The rea-
sons for this particular perturbation remain unclear but the
river reach between the NBGPm and the MFT is prone to ex-
treme hydrological and erosion events (Lang et al., 2011). A
recent major perturbation of the sedimentary system was pro-
vided by the catastrophic breaching of a landslide-dammed
lake on the Yigong River in 2000, which resulted in a devas-
tating flood downstream of the confluence with the Tsangpo-
Brahmaputra (Delaney and Evans, 2015). The high discharge
that followed the dam breach mobilized about 1 x 108 m? or
270 Mt of landslide material in the area (Larsen and Mont-
gomery, 2012). This additional flux of sediments is equiva-
lent to the amount of sediment transported by the Tsangpo in
1 to 3 years depending on the sediment flux estimates. Some
remnant sediments of this event are still present in the chan-
nel downstream of the breach (Lang et al., 2013). However,
over 12 years after this catastrophic flood it is unlikely that
these sediments still dominated the sediment budget at the
time of sampling, since most of this input has likely been
evacuated.

There are no clear geomorphological indications that de-
nudation rates downstream of the NBGPm are actually
higher than those in the NBGPm. Evidence for other per-
turbations of the TCN signal that could explain the lag in
denudation rates downstream of the NBGPm such as glacial
sediment input, diffuse landsliding, or recent catastrophic
flood events are also missing. We therefore explore other pro-
cesses in the following paragraphs.
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Figure 6. Conceptual diagram illustrating the evolution of the sed-
iment 19Be signal in the Tsangpo-Brahmaputra. (a) Sediments with
a high 10Be concentration are transferred to the channel in the
slowly eroding upstream Tibetan part of the catchment. (b) The
high-concentration 10Be flux is diluted by low-concentration sed-
iment produced by landslides within the NBGPm region. However,
landslides mainly transfer coarse material to the channel so that the
sediments sampled within the sand fraction that is typically used for
10Be measurements is still dominated by material derived from the
Tibetan Plateau. (c¢) Further downstream, abrasion processes trans-
fer sediment from the coarse-grained landslide material into the
sand fraction so that the denudation signal of the NBGPm is only
sampled downstream of the actual location of intense denudation.

4.1.3 Abrasion of landslide material

Abrasion of the sediment load during fluvial transport can
affect TCN concentrations because the grain size fraction
analyzed is not necessarily representative of the entire sed-
imentary load (Carretier and Regard, 2011; Lukens et al.,
2016). Olen et al. (2015) suggest that abrasion of the sand
fraction during transport could affect the TCN signal in some
Himalayan rivers when sand grains produced in the headwa-
ter regions are abraded during transport and transferred to
grain sizes smaller than what is typically analyzed. How-
ever, in the case of the Tsangpo-Brahmaputra this would
imply that sediments coming from the South Tibetan re-
gion would pass below the analyzed grain size fraction and
be overwhelmed by low-'"Be-concentration sandy material
from the NBGPm, which is the opposite of what we ob-
serve. In addition, once within the sand fraction, abrasion
processes are limited by viscous dampening during transport
(Jerolmack and Brzinski, 2010) and the downstream fining
observed in sand-dominated rivers occurs over very long dis-
tances (Frings et al., 2008). Abrasion processes during fluvial
transport may also play a role in the TCN concentration evo-
lution of sandy material through the production of sand by
pebble attrition. In the case of the NBGPm, landsliding is the
main process that produces and transfers sediments to the
main channel (Larsen and Montgomery, 2012). Landslides
predominantly produce coarse debris (Attal and Lavé, 2006)
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and can perturb downstream signals (Kober et al., 2012; West
et al., 2014). The large amount of coarse debris delivered
to the river is however only reflected in the TCN concentra-
tions of the sand fraction once they are transferred into grain
sizes (between 125 and 1000 um) due to abrasion (Fig. 6).
In the case of the NBGPm, we therefore suggest that the up-
stream TCN signal from the Tibetan Plateau could only be
slowly diluted by low-concentration sediments produced in
the NBGPm because of the transport distance necessary to
transform landslide clasts into sandy material.

To explore the effects of abrasion on the TCN signal in the
Tsangpo-Brahmaputra catchment, we constructed a quan-
titative model of fluvial abrasion that includes the domi-
nant landslide-derived sediment production (Attal and Lavé,
2006). This model allows us to estimate the typical dis-
tances over which this dilution is predicted to occur in a
setting such as the Tsangpo-Brahmaputra. The model eval-
uates the response of apparent TCN denudation rates, €app,
for a given input sediment flux and TCN concentration that
is progressively diluted by the abrasion products of coarse
landslide material. Each block or rock fragment, after deliv-
ery from the hillslopes to the river network, will be submitted
to breaking, crushing, and abrasion, which tend to round the
fragment and decrease its diameter. We assume that pebbles
>2mm in diameter are abraded over a distance dL follow-
ing the commonly used Sternberg’s law (Sternberg, 1875),
dV/V = —kdL, with k the pebble abrasion coefficient (in
km™!), V the pebble volume, and L the position along the
channel. The products of abrasion are mostly fine sediments
that then transit as a suspended load (Kuenen, 1956) and may
be collected for a typical TCN sample (125-1000 pm). In
addition to the abrasion coefficient, k, the main parameters
controlling the delivery and evolution of the sediment load
are f, the initial fraction of landslide-derived material that
is delivered to the channel as pebbles and larger clasts; fus,
the fraction of abrasion products produced within the chan-
nel that are transferred from the coarser fraction to a grain
size sampled for TCN analyses (typically 125-1000 pm); and
JfTCN, the initial fraction of landslide material directly deliv-
ered to channel in the TCN grain size fraction.

The volumetric flux of sediments within the TCN grain
size fraction (QtcN) that is transported at a given distance
L from the NBGPm (pt. 3) along the channel is given by the
sum of (i) TCN-sized sand from the Tibetan Plateau Q7 tcN;
(ii) abrasion of bed load delivered from the Tibetan Plateau
O, (iil) direct delivery of TCN-sized sand from landslides
within the highly eroding areas; and (iv) the abrasion of
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Figure 7. (a) Schematic of the modeled river reach: main boundary conditions and process parameters used in the model. Panels (b) to (e)
are abrasion model results showing the apparent 10B¢ denudation rate reconstructed from river sediments within the sand fraction in case of
abrasion compared to the no-abrasion case (thick line). The sensitivity to changes in different parameters has been explored: (b) sensitivity
to changes in absolute erosion rates over the modeled reach, (c) sensitivity to changes in the abrasion rate coefficient k, (d) sensitivity to
changes in the product between the initial fraction of coarse material (>2 mm) delivered to the channel f; and the fraction of this coarse
material that is ultimately transferred to the TCN sampled and measured fraction fas, and (e) sensitivity to changes in the initial fraction of
sediment delivered by landslides directly within the TCN grain size fraction fpcyn. More information on the model setup and results can be

found in the text.

coarse landslide material. Therefore,

OteN (L) = O1,1CN + OT,b fas (1 - eka)
L
+fTCN/w(x)s(x)dx

0
L

+fgfas/ll1(x)8(x) [1 _e—k(L—x)] dx,

0

in which w(x) is the local catchment width and &(x) is the

local denudation rate.
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The average TCN concentration of sediments along the
main channel, N (L), is then expressed as

N(L)=
3)

Nz [ Q7 1ren+07.b fas (1= ™) |+ fren fy NOw(x)e(x)dx
+fe fasfol‘ N(x)w(x)s(x)[l—e_k(L_x)]dx

071, 1cN+OT.b fas (l—e"‘L)+fTCNf0L w(x)e(x)dx
+fe fasfoL w()s(r)[1—e L0 ]dx

“4)

In steady state, the sediment TCN concentration is related to

denudation through Eq. (1), so that Eq. (4) can be rewritten

Earth Surf. Dynam., 5, 429-449, 2017



440 M. Lupker et al.: '°Be systematics in the Tsangpo-Brahmaputra catchment

as

N(L)=

e P
Nr[Q71en+07.b fas(1=e ™) [+ fron fy X ——w (x) dx

i
P; (s k(-
+fgfasfoLz Il(;)w(x)[l—e KL=2)]dx
i

&)

07 1eN+07p fus (1—eFE) + fron fif wx)e(x)dx
+ fo fas Jif w)e()[1—eHE=D)]dx

It is reasonable to assume that the upstream coarse bed load
sediment flux is limited because of slow denudation rates and
long travel distances that allow efficient abrasion and possi-
ble sediment trapping on the Tibetan Plateau. This is sup-
ported by the valley infill upstream of the gorges being dom-
inated by sands over the upper 100 to 200 m (Wang et al.,
2014). Equation (5) simplifies to

N(L)=

Pi(x)
Nt QT,TCN+fTCNf0LZlM—w (x)dx
T
Pi(x)

+fgfasf0LZ i w(x)[l—e_k(L_")]dx

(6)

QT,TCN"'fTCNfOLw(x)s(X)dx
+fgfdsf0Lw(X)€(x>[l7e*k(L7)()]dx'

The TCN concentration can then be converted to an apparent
denudation rate using Eq. (1) applied to the whole drainage
area, including the South Tibetan part:

_ 1 P;(L) 1
Eapp= "X ) —— = ——
TUONL) TS e N
1 [ upper P; (x)
X3 / drainage IZ Wi w(x)dx. @

In order to test this abrasion model, the river section down-
stream of the Tibetan Plateau is simplified to a 500 km long
reach with a constant width of 100 km, yielding a total catch-
ment area similar to that of the actual catchment between
pts. 3 and 8 (Fig. 7a). The 'Be production rates in our
model are also set to values similar to the average production
rates modeled for the Tsangpo-Brahmaputra between pts. 3
and 8 (neutron and muon production scaling factors of 12.7
and 4.4, respectively). Sediment is delivered from upstream
with a 1Be concentration of ca. 6.5 x 10° atg~! and a total
flux of 40 Mt yr~!, similar to the sediment flux delivered by
the Tibetan Plateau (based on the average concentration at
pt. 3). The fraction of this flux within the TCN grain size as-
sumes that all coarse material has been abraded: Q7 TcN =
(froN + fefas) @1 The 500 km reach is further subdivided
into a 200 km long upstream area with high denudation rates,
upstr» Tepresenting the supposedly rapid exhumation and ero-
sion NBGPm area followed by a 300 km long lower catch-
ment with lower denudation rates egwnse- Different pairs of
denudation rates can be chosen but if egywngtr 1S set to a typi-
cal background Himalayan denudation rate of ca. 1 mm yr~!
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(Lupker et al., 2012), eypsr needs to be between ca. 5 and
12mmyr~! to satisfy the actual measured downstream '“Be
concentration (ca. 3.9-7.8 x 10% at g_l). The range of abra-
sion parameters k, fg, fa, and frcn is estimated from abra-
sion experiments and grain size determinations of landslide
material (Attal and Lavé, 2006, 2009; Nibourel et al., 2015).

Figure 7 shows the apparent '°Be denudation rate in the
case of abrasion and for a range of model parameters in com-
parison to the no-abrasion case. These model results show
that for the range of parameters considered there is a down-
stream spatial lag between the actual denudation rates (no-
abrasion case) and the denudation rates determined by the
19Be concentrations of sediments found in the main chan-
nel. The magnitude of this lag is dependent on chosen pa-
rameters but ranges from ca. 50 to 150km. This abrasion
model is sensitive to the magnitude of denudation rates in the
rapidly eroding part (supstr, Fig. 7b) and, in the case of low
denudation rates in the Tsangpo, it is unlikely to be detected
because the difference between the denudation rates recon-
structed for the abrasion and non-abrasion cases are very
similar. The magnitude of the lag is also dependent on the
chosen abrasion coefficient, k. As k increases, the transfer
of mass from the low-concentration landslide material to the
analyzed grain size is more rapid and, hence, the dilution of
high-concentration upstream sediments occurs earlier along
the river reach. However, Fig. 7 also shows that the down-
stream lag is not sensitive to changes in frcn, fg, Of fas.

These model results suggest that abrasion of landslide ma-
terial is able to induce a downstream lag in the denudation
rate calculated from !“Be concentration in the sand fraction.
The magnitude of the modeled offset is within the range of
the observed offset between the supposedly high-denudation-
rate area within the NBGPm and the maximum denuda-
tion measured occurring about 150 km further downstream.
However, our model only takes into account abrasion along
the main stream of the Tsangpo-Brahmaputra and does not
take into account the abrasion of landslide material that may
have occurred in smaller tributaries before reaching the trunk
stream. Our model may therefore slightly overestimate the
role of abrasion in generating the observed downstream lag
in the denudation signal. Testing the limits of this model
and directly comparing them to the data in the eastern syn-
taxis would require the spatial distribution of landslides and
drainage area to be modeled explicitly, which is beyond the
scope of this contribution.

Conversely, the absence of a relation between grain size
and '"Be denudation rate within the sand size fraction
(Fig. 2) might seem at odds with our argument that abrasion
processes play an important role in the transfer of the ero-
sional signal from hillslopes to river sediments. Predicting
a relation between grain size and TCN concentration on the
scale of the whole catchment requires grain size distributions
to be quantified for landslide and abrasion products over a
large range of climatic, lithologic, and tectonic settings. For
the moment, the absence of database or theoretical models
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Figure 8. (a) Zircon fission track (Enkelmann et al., 2011) and (b) Ar / 40Ar (Lang et al., 2016) of sediment samples from the Tsangpo-
Brahmaputra downstream to the NBGPm (c¢) (trimmed to the younger part of the sample age spectrum).

of these processes prevents detailed exploration of the sand
size issue. Our simplified model could actually only be vali-
dated or invalidated by comparing '°Be concentration across
a large range of grain sizes, i.e., between sand size content
and boulder size similar to what has been done by Puchol et
al. (2014) and Carretier et al. (2015b), who found lower '°Be
concentrations in pebble-sized sediments.

Abrasion effects in the Tsangpo-Brahmaputra are unlikely
to be restricted to detrital TCN studies. Other detrital proxies
such as thermochronological ages of sediment grains could
be affected similarly, i.e., the young cooling ages found in the
NBGPm (e.g., Zeitler et al., 2014) could be transferred to the
typically studied sand fraction of the sediment load further
downstream only after coarse landslide material is abraded.
The population of zircon fission track (FT) ages (Enkelmann
et al., 2011) and 3°Ar/*°Ar ages (Lang et al., 2016) was
measured in three Tsangpo-Brahmaputra river sediment sam-
ples from downstream of the NBGPm to the Himalayan front
(Fig. 8). In both cases, the relative proportion of the youngest
grains (<2Myr for zircon FT and <4 Myr for 3°Ar /40Ar)
does not significantly decrease downstream of the NBGPm
(based on a two-sample, one-sided, Kolmogorov—Smirnov
test at the p = 0.1 level) as would be expected if the NBGPm
signal were diluted by sediments from lower exhuming areas.
While the zircon FT populations of the three samples are not
significantly different, the 3° Ar / 40 Ar data show that the pro-
portion of young grains increases from A to C (p = 0.1). This
later observation is expected if the NBGPm rapid exhumation
signal is transferred to the sand fraction only after abrasion
of the coarse NBGPm landslide material. More samples are
obviously needed to further test this hypothesis but we spec-
ulate that similar abrasion should be considered in actively
eroding areas for a range of detrital sediment provenance and
denudation tracers.
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4.2 Denudation budget of the Tsangpo-Brahmaputra

4.2.1 Denudation of the upstream Tibetan Plateau part
of the Tsangpo-Brahmaputra catchment

Denudation rates measured upstream of the NBGPm and on
the Tibetan Plateau are the lowest denudation rates mea-
sured in the Tsangpo-Brahmaputra catchment (ca. 0.04 to
0.2mmyr~'). These low denudation rates are of the same
order of magnitude as previously published bedrock and de-
trital denudation rates in other areas of the plateau (Lal et
al., 2004; Kong et al., 2007; Hetzel et al., 2011; Strobl et
al., 2012; Li et al., 2014; Rades et al., 2015). The slightly
higher denudation rates measured for the two northern trib-
utaries, the Lhasa-He (Kyi) (pt. a) and Nyang (pt. b) (0.08
and 0.2mmyr~!, respectively), are associated with higher
catchment-averaged relief and slopes (Table S1). Duplicate
measurements from samples taken 4 years apart (this study
and Finnegan et al., 2008) show reproducible denudation
rates for the Nyang (pt. b), but vary by a factor of 2 for
the main stream of the Brahmaputra-Tsangpo at pt. 3. This
later variability could be associated with the stochasticity
of the sediment transport system that does not always re-
sult in a perfectly mixed sample. It should however be noted
that sample TSA-16 yields a sediment flux of ca. 30 Mt yr~!
that is compatible with the upstream mass balance (Tsangpo-
Brahmaputra at pt. 2 with 20Mtyr~—! and the Nyang with
10Mtyr—!), while NB-8-04 potentially overestimates this
mass balance (with a flux at pt. 3 of 70 Mt yr—!). Overall, the
10B¢ data added by this study highlight the relative landscape
stability of the upper part of the Tsangpo-Brahmaputra catch-
ment in comparison to the Tibetan Plateau margins. It also
suggests that the sediment supply from the upper reaches of
the Tsangpo-Brahmaputra is limited compared to its down-
stream drained area.
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Figure 9. 19Be concentration mixing model. (a) The concentration of sediments exported at the Himalayan front (pts. 7-8) is calculated
by mixing sediments from the Tibetan Plateau (pt. 3) with sediments produced along the entire syntaxis (pts. 3 and 7-8) for a range of
denudation rates in the syntax. (b) The mixing model is calculated for variable denudation rates within the restricted area of the NBGPm,
mixing with sediments exported by the Tibetan Plateau, tributaries within the syntaxis (pts. c, d, e) as well as for two estimates of denudation
rates in the lower part of the syntaxis (1 and 2 mm yr_l). The 19Be concentration modeled at the Himalayan front is then compared to the
10Be concentrations actually measured (pts. 7-8) in order to constrain the range of possible denudation rates in the entire syntaxis (a) and the
NBGPm (b). The solid and dashed black curves are the modeled concentrations assuming that 100 % of the sediment flux predicted by the
TCN is exported by the Tibetan part of the catchment. However, as discussed in the text, sediment storage and lower quartz abundances imply
fluxes that are likely only 50 to 90 % of the TCN-derived flux. The model results for a reduced Tibetan contribution are shown by the red
shaded area and result in lower denudation rate estimates for the entire syntaxis (a 1.8 to 5.1m yr_l) and the NBGPm (b 4 to 27 mm yr_1 ).

4.2.2 Denudation of the eastern syntaxis and of the
NBGPm

Denudation rates downstream of the Tibetan Plateau, from
the NBGPm to the MFT (i.e., the Himalayan part of the
Tsangpo-Brahmaputra main stream course), need to be con-
sidered carefully because of the abrasion processes discussed
above. Endorsing this model of downstream lag in the TCN
response due to abrasion effects means that the samples along
the main stream of the Tsangpo-Brahmaputra cannot be used
to provide tight spatial constraints on the location and mag-
nitude of denudation within the NBGPm. The denudation
signal is not immediately transferred to the TCN grain size
in the trunk stream and hence TCN samples do not accu-
rately represent the upstream denudation processes. A first-
order estimate of the denudation rates in the eastern Hi-
malayan part of the Tsangpo-Brahmaputra can nevertheless
be made by assuming that the onset of the steep gorges and
the knickpoint marks the onset of intense landsliding (Larsen
and Montgomery, 2012) and that abrasion processes become
less significant beyond the gravel-sand transition at the Hi-
malayan front (Dubille and Lavé, 2015) close to the MFT.
The evolution of the °Be-derived sediment fluxes as a func-
tion of upstream area (Fig. 4) constrains the average denuda-
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tion to be within ca. 2.6 to 5.7 mmyr~! for that part of the
catchment by using the average '°Be-derived sediment flux
of pt. 3 at the gorge entrance and pts. 7 or 8 at the down-
stream end (calculated using the average concentration at
each point).

A very similar estimate can be made by estimating the
19B¢ concentration and flux of sediments produced in the
syntaxis region that is required to dilute the upstream sig-
nal to the levels measured downstream of the syntaxis. Such
a '9Be mixing model is shown in Fig. 9a: the '°Be concen-
tration of sediments exported at the outlet of the Himalayan
front (pt. 8) is calculated by mixing sediments fed by the Ti-
betan part of the catchment (above pt. 3: 650 000 at g~!) with
sediments produced within the entire syntaxis for a range of
denudation rates (for neutron and muon production scaling
factors of 12.7 and 4.4, respectively). The '°Be concentra-
tion of downstream sediments that exit the syntaxis should
fall within the actual range of measured '°Be concentrations
to be compatible with our data (3.9-7.8 x 10*atg~!) and
allows us to constrain the average denudation rates within
the entire syntaxis. However, thermochronological data (e.g.,
Enkelmann et al., 2011; Salvi et al., 2017), river gradients
(Finnegan et al., 2008), and landslide density (Larsen and
Montgomery, 2012) argue for nonuniform denudation in the
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Figure 10. Evolution of the 10Be-derived sediment flux as a function of distance along the Tsangpo-Brahmaputra trunk stream along with
the channel elevation profile in grey. The arrows show the addition of sediments from tributaries along with their 10Be-derived sediment
addition in megatons per year. The red curves show the evolution of the total sediment flux that is obtained by adding the 10Be-derived
sediment flux of tributaries (g—o) to the Tsangpo-Brahmaputra sediment flux measured at the front of the Himalayan range (with a flux of
770 Mt yrf1 at pt. 7 or 390 Mt yrfl at pt. 8). The sediment flux at pts. 10 and 11 is compatible with the addition of sediment from tributaries
(i.e., within the range of the red curve); the sediment flux measured at pt. 9 exceeds these estimates.

eastern syntaxis with focused erosion in the NBGPm. A sec-
ond estimate can therefore be made by assuming that the high
denudation rate in the NBGPm is restrained to ca. 5000 km?>
(Larsen and Montgomery, 2012). Using a similar mixing ap-
proach as explained above, we calculated the '°Be concen-
tration of sediments at the Himalayan outlet that results from
the mixing of (a) sediments shed by the Tibetan Plateau part
of the catchment; (b) sediments from the NBGPm (with neu-
tron and muon production scaling factors of 9.1 and 3.6, re-
spectively) experiencing variable denudation rates ranging
from O to 50 mm yr’l; (c) sediment contributions based on
the available '“Be data from the Rong Chu, Yigong, and Par-
lung rivers (pts. ¢, d, and e; 130 Mt yr~! with a flux-weighted
average 10Be concentration of 2.1 x 10* at g_l); and (d) sedi-
ment contributions from the lower part of the syntaxis (down-
stream of the NBGPm) where we assume typical Himalayan
denudation rates of 1 to 2mm yr~!. This model shows that
the denudation rate within the NBGPm needs to be between
ca. 12 and 31 mmyr~! to match the actual '°Be concentra-
tion measured at the outlet of the Himalayan front (solid and
dashed curve in Fig. 9b). This latter estimate is obviously de-
pendent on the denudation rate attributed to the downstream
part of the reach, which has not been systematically con-
strained in this study. Our samples from small tributaries of
the Tsangpo-Brahmaputra suggest denudation rates as low
as 0.4 to 0.6mmyr—! (pts. p, g, r, and f in Fig. 1). Ther-
mochronological data also suggest exhumation rates signifi-
cantly lower than the NBGPm (Salvi et al., 2017), suggesting
overall low denudation rates.

One important underlying assumption for these denuda-
tion rate estimates is that the entire upper Tibetan part of the
catchment is connected to the Tsangpo-Brahmaputra trunk
stream and that its entire drainage area exports sediments at
the calculated rate. A number of observations tend to sug-
gest that this may not be the case. The upper Tsangpo is
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partially dammed along its course by several active and po-
tentially subsiding N-S horst and graben systems (Armijo
et al., 1986), and several hundred meters of Quaternary sedi-
ments are also stored directly upstream of the Tsangpo Gorge
(Wang et al., 2015). Internally drained areas and lakes rep-
resent additional breaks in the sediment cascade. Further-
more, the Tibetan headwaters drain the carbonate-rich TSS
(Liu and Einsele, 1994), which contain lower amounts of
quartz than the Himalayan or NBGPm metamorphic rocks.
This would tend to overestimate the quartz flux that is ex-
ported by the Tibetan Plateau relative to the quartz fluxes
eroded downstream. In both cases, the actual sediment flux
exported by the South Tibetan part of the catchment may be
overestimated if calculated directly using '°Be denudation
rates and total catchment area. Constraining the magnitude
of this overestimation requires an independent estimate of the
sediment flux at the range outlet. Goswami et al. (1985) re-
ported a sediment flux of ca. 210 Mt yr~! in Pasighat (pt. 8),
which is only 30 to 55 % of the sediment flux estimated from
the '°Be data at the range outlet and which would corre-
spond to a Tibetan Plateau contribution reduced to only 15
to 40 % of the reference flux. However, the sediment gaug-
ing details and method of this flux estimate remain undocu-
mented, and the timescale covered by these gauging data is
significantly lower than that of the TCN estimates. The TCN
mass balance, just upstream of the eastern syntaxis between
the Yarlung Tsangpo and the Nyang rivers, which is unaf-
fected by sediment sequestration in grabens or contrasted
quartz contents, is also not very conclusive: the TCN con-
centration of sample TSA-16 below the confluence of these
two rivers (pt. 3) requires mixing Nyang sediment (pt. b)
with 100 % of '"Be-derived (pt. 2) Yarlung Tsangpo sedi-
ment flux (pt. 2), whereas the sample NB-8-04 rather sug-
gests an upper Tsangpo contribution limited to 20 % of the
10Be-derived sediment flux. Conversely, direct estimation of
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the average sedimentation in Yarlung Tsangpo buried canyon
(Wang et al., 2015) over the last 2 Myr suggests that the se-
questration flux there was limited to ~ 1 %. A similar calcu-
lation for the grabens crossed by the Yarlung Tsangpo fur-
ther west is not possible due to limited data on subsidence
rates: a priori late Cenozoic low slip rates (< I mmyr~') on
the nearby Kung Co half graben (Mahéo et al., 2007) would
suggest a moderate sequestration of a few percent of the to-
tal sediment flux. Furthermore, the modest decrease in TCN
concentration between pts. 1 and 2 (Fig. 1) also tends to sug-
gest that sediment sequestration between these points is lim-
ited because otherwise we would expect the TCN concentra-
tion in the main stream to be more significantly lowered by
the lower-'9Be-concentration sediment input from the Lhasa-
He (pt. a). Finally, the mineralogical composition of the up-
per Tsangpo-Brahmaputra sediments suggests a lower pro-
portion of quartz grains compared to those of the Tsangpo-
Brahmaputra River close to the outlet, but this deficit lies be-
tween 15 and 35 % (Garzanti et al., 2004).

Altogether, we therefore suspect the sediment entering
into the eastern syntaxis at pt. (3) to be lower than the actual
flux predicted by the TCN, but we think that this difference
remains relatively small. We conservatively speculate here
that the actual flux exported by the Tibetan Plateau part of the
catchment ranges between 50 and 90 % of the flux that would
be calculated by the TCN. The exact magnitude of this sedi-
ment flux reduction remains to be quantified. Using a similar
mixing and dilution model as exposed above, we estimated
the effect of a sediment flux exported by the Tibetan Plateau
of the catchment that is lower by 50 to 90 % compared to the
predicted flux (i.e., a sediment flux of 20 to 36 Mtyr~'; red
shaded area in Fig. 9a and b). Lowering the upstream sedi-
ment flux greatly reduces the denudation rate estimate within
the eastern syntaxis and the NBGPm (Fig. 9). The denudation
estimates, using a reduced Tibetan contribution, range from
ca. 2 to 5mmyr~! for the average denudation rate estimated
over the entire syntaxis (pts. 3-8) and 4 to 28 mm yr~! for the
NBGPm (Fig. 9). This later estimate lies at the higher end of
the previous estimates of denudation in the NBGPm, which
range between 5 and 17 mm yr_1 (Stewart et al., 2008; Enkel-
mann et al., 2011; Larsen and Montgomery, 2012). These de-
nudation rate estimates are also all significantly higher than
other 'Be denudation rates reported for other Himalayan
catchments (Vance et al., 2003; Wobus et al., 2005; Finnegan
et al., 2008; Lupker et al., 2012; Godard et al., 2012, 2014,
Puchol et al., 2014; Scherler et al., 2014; Le-Roux-Mallouf
et al., 2015; Portenga et al., 2015; Morell et al., 2015; Olen
et al., 2015, 2016; Abrahami et al., 2016), highlighting the
significance of the NBGPm as a denudational hot spot.
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4.2.3 Downstream denudation of the
Tsangpo-Brahmaputra catchment and other
Himalayan tributaries

Downstream of the MFT, the Tsangpo-Brahmaputra enters
the low-gradient Indo-Gangetic flood plain and receives sedi-
ment from a number of significant Himalayan tributaries with
denudation rates ranging from 0.7 up to 4mmyr—!. Three
main tributaries dominate the sediment input: the Dibang,
Lohit, and Subansiri (pts. g, h, and j in Fig. 1, respectively).
To our knowledge, no direct gauging data are available for
these rivers, but a significant input from the eastern rivers
(chiefly Lohit and Dibang) has been suggested by the geo-
chemical and mineralogical fingerprinting of sediments in
the Tsangpo-Brahmaputra main stream (Singh and France-
Lanord, 2002; Garzanti et al., 2004). The Lohit and Dibang
catchments are characterized by steep slopes and high relief
(Table S1). Furthermore, these catchments receive intense
rainfall, in excess of 2m during the Indian summer mon-
soon according to remote sensing data (Anders et al., 2006;
Bookhagen et al., 2006). GPS data further suggest rapid con-
vergence across the south-east to north-west trending Mishmi
and Lohit thrusts (Gupta et al., 2015). The interactions be-
tween climate and tectonics in the Lohit and Dibang catch-
ments may therefore be translated into high denudation rates
and sediment fluxes. The denudation rates in these catch-
ments have likely been underestimated in the past. The high
denudation rates measured in the Subansiri are more difficult
to explain, especially since its neighboring catchments of the
Syom (pt. f), the Kameng (pt. k), and the Manas (pt. 1) show
significantly lower denudation rates for similar catchment av-
erage relief and slope (Table S1), closer to denudation rates
found elsewhere for large catchments of the Himalayas (Lup-
ker et al., 2012). The Bhuri Dihing River is the only southern
tributary to the Tsangpo-Brahmaputra for which denudation
rates have been measured in this work. The Bhuri Dihing
drains the northern part of the Indo-Burmese ranges and de-
nudes at a lower rate (0.2mmyr~') compared to the main
Himalayan tributaries. Denudation rates of the actively up-
lifting Shillong Plateau have recently been suggested to be
very low on average (Rosenkranz et al., 2016).

Overall, according to our TCN data, the Tsangpo-
Brahmaputra receives ca. 600 Mtyr—! of sediments from its
tributaries in the Indo-Gangetic floodplain downstream of the
MEFT. Figure 10 shows the evolution of the sediment flux pre-
dicted for the Tsangpo-Brahmaputra by the successive addi-
tion of sediment from all its tributaries in the floodplain. Such
an approach is only possible for the downstream part of the
catchment as our '°Be data cover all major tributaries of the
Tsangpo-Brahmaputra and no significant sediment contribu-
tion is considered to come from the floodplain area itself.
The predicted flux at the outlet in Bangladesh ranges from
1000 to 1400 Mtyr~—! depending on the sediment flux that
is considered to enter the floodplain at the MFT (flux esti-
mate of pts. 7 or 8). Figure 10 shows that the sediment fluxes
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and denudation rates measured at the outlet in Bangladesh
(pt. 11) and in Tezpur in India (pt. 10) are consistent within
uncertainty with the simple addition of sediments from the
Tsangpo-Brahmaputra. However, the flux predicted at pt. 9
clearly exceeds what can be expected by the sole addition of
sediments from the Lohit and Dibang to the sediment load
shed by the Tsangpo-Brahmaputra at the MFT (pts. 7 or 8).
The '°Be concentrations measured at pt. 9 may, therefore,
be affected by transient perturbations in the sediment load
or poor mixing of upstream contributions and may not be
representative of the average sediment load transported by
the Tsangpo-Brahmaputra. Repeated sampling at this loca-
tion would provide better constraints on the variability in the
signal at that location.

10Be denudation rates measured in Bangladesh at the out-
let of the Tsangpo-Brahmaputra catchment (pt. 11) vary be-
tween 0.7 and 1.2mmyr~! for samples that have been col-
lected over 4 different years. This variability is higher than
the variability observed for the neighboring Ganga River
(Lupker et al., 2012), which suggests that the Tsangpo-
Brahmaputra floodplain may be less efficient at smoothing
the variability in the upstream TCN signal. The absolute '°Be
sediment fluxes (7801430 Mt yr’], calculated for a catch-
ment above 300 m elevation) are higher by a factor of 1.5 to
2.5 compared to the gauging sediment flux estimates of 500
and 610 Mtyr~! (Delft Hydraulics, 1996). A similar overes-
timation, although of lower magnitude, was observed for the
Ganga catchment (Lupker et al., 2012). A number of factors
may affect this comparison: first, the yearly to decadal inte-
gration time of gauged fluxes may not be directly compared
to the centennial to millennial fluxes estimated from TCN
(Wittmann and von Blanckenburg, 2016); second, the subsid-
ing Indo-Gangetic floodplain may be a significant sediment
sink, lowering the actual sediment flux exported to the Bay
of Bengal; and third, the overestimation of the contributing
Tibetan area will also lead to an overestimation of the '“Be
sediment flux estimates at the outlet by affecting sediment
contribution area and catchment-averaged production rates.
The respective contribution of these effects remains difficult
to quantify and would warrant a more in-depth study, but they
need to be considered before directly comparing '°Be and
gauged sediment fluxes in large-scale catchments.

5 Conclusions

The '°Be concentration of sediments carried by the Tsangpo-
Brahmaputra are marked by a sharp decrease over the course
of the river. High 10Be concentrations, indicative of low de-
nudation rates on the Tibetan Plateau, decrease by almost an
order of magnitude as the river crosses the Namche Barwa—
Gyala Peri massif. This observation is compatible with the
addition of large amounts of low-'"Be-concentration sedi-
ment in this region with documented high exhumation rates
and active landsliding. However, we find that the dilution
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of the 'Be signal occurs only about 150km downstream
of the NBGPm. A possible explanation for this downstream
lag in response to high denudation is the role of abrasion
processes of predominantly coarse material that is deliv-
ered by landslides within the NBGPm. High-concentration
sediment exported by the Tibetan Plateau is only diluted
by low-concentration landslide material when abrasion re-
duces the grain size of landslide material to a size that falls
within the fraction that is typically analyzed for cosmo-
genic nuclides. We modeled the effect of abrasion of land-
slide material on cosmogenic nuclide denudation rates us-
ing an idealized reach with characteristics similar to the
Tsangpo-Brahmaputra and literature-derived abrasion pa-
rameters. This model is able to reproduce a downstream lag
in the increase of '°Be-derived denudation rates ranging be-
tween 50 and 150km and is therefore compatible with our
data. Therefore, we propose that dominant hillslope erosion
from landsliding combined with delayed sand production
from pebble abrasion might significantly bias TCN-derived
denudation rates as commonly measured in the sandy frac-
tion of alluvial sediment load. The effect of fluvial abrasion
of landslide material may operate in a large number of ac-
tively eroding settings, where landslide is a major sediment
production process. Its effect on TCN may be substantial and
needs to be taken into account, thereby adding to the limita-
tions of the use of TCN in landslide-dominated landscapes,
independent of catchment size. These abrasion effects are
also very likely transposable to other detrital sediment stud-
ies operationally focused on sand-sized sediments and need
to be taken into account for provenance, thermochronologi-
cal, and TCN studies alike.

Our data also provide new constraints on the denudation
across the Tsangpo-Brahmaputra catchment. The upstream
Tibetan Plateau part of the catchment is denuding at a slow
rate inferior to 0.2mmyr~!. The observed downstream lag
in the denudation signal of the NBGPm means that the de-
nudation rates within that area cannot be reconstructed at
a high spatial resolution. However, we show that it is still
possible to use the °Be concentrations of samples collected
along the main stream of the Tsangpo-Brahmaputra to derive
denudation estimates in the eastern Himalayan syntaxis and
the NBGPm. The estimate of these denudation rates is, how-
ever, affected by the actual sediment flux exported by the Ti-
betan Plateau of the catchment. Sediment sequestration, dis-
connected parts of the catchment, and lower quartz content
of this Tibetan part will lead to the overestimation of down-
stream denudation rate estimates. Taking into account these
effects, we estimate that the denudation rates over the entire
syntaxis are between ca. 2 and 5mmyr~!. If this denuda-
tion is mostly attributed to the rapid denudation rate in the
restricted area with rapid exhumation and active landsliding,
our '"Be data suggest denudation rates of 4 to 28 mmyr~!.
Our data therefore confirm the intense denudation rates in the
eastern Himalayan syntaxis region in comparison with other
estimates across the Himalayan range. We also show the im-
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portance of taking into account upstream sediment processes
to derive robust estimates. Finally, the denudation rates of
the Tsangpo-Brahmaputra in the downstream floodplain part
of the catchment are mostly compatible with the addition of
fluxes from the Himalayan tributaries. In addition, sediments
from the outlet in Bangladesh constrain the average denuda-
tion rate of the entire Tsangpo-Brahmaputra to be within 0.7

to 1.2mmyr—!.
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