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Understanding erosion rates in the Himalayan
orogen: A case study from the Arun Valley

Stephanie M. Olen’, Bodo Bookhagen', Bernd Hoffmann', Dirk Sachse'?, D. P. Adhikari?,
and Manfred R. Strecker’

YInstitute of Earth and Environmental Science, University of Potsdam, Potsdam, Germany, 2GFZ German Research Centre for
Geosciences, Section 5.1 Geomorphology, Helmholtz Centre Potsdam, Potsdam, Germany, *Department of Geology,
Tribhuvan University, Kathmandu, Nepal

Abstract Understanding the rates and pattern of erosion is a key aspect of deciphering the impacts of
climate and tectonics on landscape evolution. Denudation rates derived from terrestrial cosmogenic nuclides
(TCNs) are commonly used to quantify erosion and bridge tectonic (Myr) and climatic (up to several kiloyears)
time scales. However, how the processes of erosion in active orogens are ultimately reflected in '°Be TCN
samples remains a topic of discussion. We investigate this problem in the Arun Valley of eastern Nepal with 34
new '°Be-derived catchment-mean denudation rates. The Arun Valley is characterized by steep north-south
gradients in topography and climate. Locally, denudation rates increase northward, from <0.2mmyr™"' to
~1.5 mmyr~" in tributary samples, while main stem samples appear to increase downstream from ~0.2 mmyr~
at the border with Tibet to 0.91 mmyr~" in the foreland. Denudation rates most strongly correlate with
normalized channel steepness (R*>=0.67), which has been commonly interpreted to indicate tectonic activity.
Significant downstream decrease of '°Be concentration in the main stem Arun suggests that upstream
sediment grains are fining to the point that they are operationally excluded from the processed sample. This
results in '°Be concentrations and denudation rates that do not uniformly represent the upstream catchment
area. We observe strong impacts on '°Be concentrations from local, nonfluvial geomorphic processes, such
as glaciation and landsliding coinciding with areas of peak rainfall rates, pointing toward climatic modulation of
predominantly tectonically driven denudation rates.

1. Introduction

Denudation, the removal of mass from the landscape, is the combined result of tectonic forces that expose
rock at the surface and climatic forces that provide the erosive agents to remove it. An effort to understand
the relationship between the rates of denudation and the tectonic and/or climatic forces that drive denuda-
tion has been a main undertaking in Earth science in recent decades. Many theoretical and field studies have
suggested a close link between climate and denudation rates in a variety of geodynamic settings [e.g., Reiners
et al., 2003; Hales and Roering, 2005; Roe et al., 2008; Moon et al., 2011; Bookhagen and Strecker, 2012; Ferrier
et al., 2013a, 2013b; Herman et al.,, 2013], ultimately resulting in characteristic landscapes in accord with
climatic zonation [e.g., Biidel, 1982]. In contrast, another group of studies has argued against a strong climatic
influence on denudation rates in many orogens and emphasizes a more decisive role of tectonic processes in
landscape evolution [e.g., Riebe et al., 2001, 2004; Burbank et al., 2003; Safran et al., 2005; Willenbring and von
Blanckenburg, 2010; Godard et al., 2014; Scherler et al., 2014]. However, the time scales of these studies differ
significantly, from tens (e.g., suspended sediment flux) to millions (e.g., thermochronometry) of years.

Over the last quarter century, the assessment of erosion processes using terrestrial cosmogenic nuclides
(TCNs) has been increasingly refined as a widely used method in geomorphology due to its ability to quantify
catchment-mean denudation rates on 10°-10° year time scales, thus bridging the gap between instrumen-
tally recorded erosion rates and rates obtained from thermochronology and the stratigraphic records of
geologic archives [Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996; von Blanckenburg, 2005;
Granger et al,, 2013]. Several studies have used '°Be concentrations in detrital sand samples to investigate
how climate and/or tectonics influence denudation rates in mountain belts around the world [e.g., Safran
et al., 2005; Bookhagen and Strecker, 2012; Godard et al., 2014; Scherler et al., 2014]. However, the assumptions
necessary to calculate catchment-mean denudation rates from a detrital river sand sample are frequently
violated in climatically very dynamic, active tectonic environments, and the extent to which '°Be
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concentrations reflect actual denudation rates is still under debate [e.g., Lupker et al., 2012; McPhillips et al.,
2014; Puchol et al., 2014].

Because it has been proposed as a location where tectonic-climate coupling might occur [e.g., Molnar and
England, 1990; Hodges et al., 2004; Thiede et al., 2005; Huntington et al., 2006; Hirschmiller et al., 2014], the
Himalaya represents an area where understanding denudation rates is of great scientific importance. The
highest mountain range in the world, the Himalaya is rapidly and actively uplifting and eroding [e.g.,
Molnar and Tapponnier, 1975; Avouac, 2003] and is characterized by an extreme and highly seasonal climate.
The Indian summer monsoon (ISM) delivers large amounts of rainfall to the Himalaya, focused along the
southern orographic front due to high topographic barriers [Bookhagen and Burbank, 2006; Bookhagen and
Burbank, 2010]. Monsoonal rainfall drives large discharge events and sediment fluxes toward the Indo-
Gangetic foreland [Wulf et al.,, 2010, 2012] and eventually into submarine fans and beyond [Milliman and
Syvitski, 1992; Clift et al.,, 2001; Curray et al,, 2002]. Authors of recent studies of '°Be TCN from the Himalaya
have argued, however, that climate does not play a decisive role in driving denudation rates, which are
instead controlled principally by tectonic deformation and uplift [e.g., Godard et al., 2014; Scherler et al., 2014].

The impact of climate on sediment flux and topography through variability of the ISM may have been stron-
ger in the past [e.g., Goodbred and Kuehl, 2000; Bookhagen et al., 2005b]. Evidence exists for a stronger ISM in
the early Holocene and a relatively weak ISM during the Last Glacial Maximum and the present day [e.g., Prins
and Postma, 2000; Thamban et al., 2002; Fleitmann et al., 2003; Bray and Stokes, 2004; Zhisheng et al., 2011].
The early Holocene intensified monsoon was associated with a twofold increase in sediment discharge to
the Ganges-Brahmaputra fan [Goodbred and Kuehl, 2000], frequent large landslides in the orogen interior,
and overall increased sediment flux in the NW Himalaya [Bookhagen et al., 2005b]. Such studies document
the sensitivity of the Himalayan system to changes in regional climate and the surface-process regime.

In this study, we present 34 new '°Be TCN catchment-mean denudation rates from the Arun Valley in eastern
Nepal to understand how climatic and tectonic processes affect '°Be TCN concentrations and the resulting
denudation rate calculations. The north-south flowing Arun is the fourth largest trans-Himalayan river and
traverses the orogen through a deeply incised, narrow gorge (Figure 1). The Arun Valley is characterized by
steep topographic and climatic gradients perpendicular to the strike of the Himalaya. These distinct gradients
allow for a robust analysis of different climatic and topographic factors that may influence '°Be concentration
in river sand samples and possibly control regional denudation rates.

2. Background
2.1. Climatic Setting

Every year the ISM system delivers heavy, seasonal rainfall to the Himalaya as the Intertropical Convergence Zone
migrates northward during the boreal summer [Charney, 1969; Gadgil, 2003]. The orographic barrier of the
Himalaya focuses monsoonal rainfall along its southern flank, where mean annual rainfall locally exceeds 5 myr™"
(Figure 1¢) [Bookhagen and Burbank, 2010]. The Arun Valley is located relatively close to the Bay of Bengal (Figures
1b and 1¢) and thus the main ISM moisture source. Weather stations maintained by the Nepal Department of
Hydrology and Meteorology in the Arun record approximately 60% of annual rainfall during the peak ISM months
(June through September); 80-90% of annual rainfall occurs from May to October [cf. Bookhagen and Burbank,
2010]. Because of the deeply incised, N-S oriented gorge, moisture is funneled through the Arun Valley northward
into Tibet, resulting in greater rainfall in the upper sectors of the valley than on the surrounding higher-elevation
areas (Figure 1c). Winter precipitation is primarily focused in the high-altitude regions [Bookhagen and Burbank,
2010; Wulf et al,, 2010], and snowfall is common in these areas [Carpenter and Zomer, 1996]. Reliable snowfall
data from gauging stations, however, are not available in the Arun region as weather stations are principally
located at low elevations not affected by snowfall. Bookhagen and Burbank [2010] calculated the snowmelt
contribution of major Himalayan rivers across the Himalayan orogen and found that approximately 25% of
total discharge in the Arun is related to snowmelt, as opposed to over 50% in the Western Himalaya.

2.2. Geologic and Tectonic Setting

Originating in Tibet, the Arun flows southward through the Himalayan orogen before joining the Sapt Kosi and
the Ganges Rivers in the foreland. The course of the river exposes a natural cross section through the mountain
belt: from the sedimentary Tethyan series in Tibet, through the Greater or High Himalayan Crystalline (HHC), the
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Figure 1. Overview of study area in the Arun Valley, eastern Nepal. (a) Map of study area showing elevation from SRTM
90 m DEM, river network (dark blue), and glaciers from GLIMS glacier database (light blue/white) [GLIMS and National
Snow and Ice Data Center, 2005; http://www.glims.org/]. Sample locations of 1086 TCN sample sites for tributaries (red) are
shown with associated watersheds outlined (black); along with main stem (white), Sun Kosi and Tamor Rivers (pink), and
fluvial fill terrace (yellow) sample locations (cf. Table 1). Downstream of the confluence of the Arun, Sun Kosi, and Tamor
Rivers, the river is called the Sapt Kosi. The main stem Arun watershed is shown by a thick black outline. The swath area
used for Figure 3 is shown in dashed white lines. (b) The Arun Valley in the regional context, including area from Figure 1a
(red), and the entire Arun watershed, including area in Tibet (blue). (c) Mean annual rainfall (mm yr71) from calibrated
TRMM 2B31 [Bookhagen and Burbank, 2010] showing double bands of high rainfall at the orographic fronts of the LH and
HH and Sapt Kosi River network, including Arun, Sun Kosi, and Tamor (dark blue) and Arun watershed (black). Political
boundaries are shown in gray for reference. (d) Geologic map of the study area after Grujic et al. [2011] showing major
Himalayan lithologies and faults of eastern Nepal. MFT denotes Main Frontal Thrust, MBT Main Boundary Thrust, and MCT
Main Central Thrust. Outline of the Arun watershed is shown in black.

Lesser Himalayan Crystalline (LHC), the Siwaliks, and finally to the alluvial plains of the Gangetic foreland
[Schelling, 1992; Grujic et al., 2011]. An aerially extensive tectonic window, identified by Meier and Hiltner
[1993] as the Arun Tectonic Window, exposes LHC rocks below the Main Central Thrust (MCT) along the course
of the Arun (Figure 1d). The northern extent of this window and the location of the MCT are poorly constrained
[e.g., Schelling, 1992]. The Arun Tectonic Window corresponds to a large anticline [Wager, 1937], which
Montgomery and Stolar [2006] suggested to result from focused bedrock incision of the Arun.

The lithology in the study area is dominated by crystalline metamorphic rocks, principally from the HHC and
LHC. The LHC units in the Arun Valley, as mapped by Schelling [1992], are metasediments (e.g., metaquartzite,
slate, phyllite, and metagraywacke) and augengneiss. HHC units are comprised of migmatites, paragneiss, and
granites. No extensive carbonate or volcanic deposits are exposed, and all mapped lithologic groups are predo-
minantly quartz-bearing. Because the Arun Tectonic Window follows the Arun Valley northward, we do not
observe discrete variations in lithology perpendicular to strike within our study area (Figure 1d and Figure 2).

2.3. Geomorphic Setting

As it drains the Himalaya, the Arun displays a steep, graded channel profile in a narrow valley (Figure 2). Two
large slope-break knickzones north of the Arun gorge, approximately corresponding to the location of the
Southern Tibetan Detachment (STD), separate the Himalayan Arun from the Tibetan section of the river,
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Figure 2. Longitudinal profile of Arun River from the Ganges Plain in the south to its source in southern Tibet. The river profile
(black) is shown with mean elevation (dark gray) and maximum elevation (light gray) from a 1.5 km swath centered along the
course of the river. The two large knickzones are easily visible in the river profile, as well as the transition from a steep graded
profile (6 = 0.45) to shallow profile (§ =0.79) downstream and upstream of the knickzones, respectively. Surface lithology
along the Arun River after Grujic et al. [2011]; major fault locations after Schelling [1992] and Grujic et al. [2011]. The study area is
shown in hatched gray. Inset shows map view of the region, with the Arun trunk stream highlighted in blue.

known locally as the Pum Qu. Similar knickzones of tectonic origin are observed in many trans-Himalayan
rivers along strike [e.g., Seeber and Gornitz, 1983]. Above these knickzones the river has a shallow profile
for the remainder of its upstream course and a broad, flat valley. Several fluvial fill terraces in the lower
and middle reaches of the Arun have been mapped by Lavé and Avouac [2001], but few are preserved in
the upper reaches of the valley. We observed several strath terraces and hanging valleys, particularly in the
upper sections of our study area approaching the Tibetan border.

The topography of the Arun Valley is comprised of three principal topographic sectors (Figure 3a): the Lesser
Himalaya (LH), with an average elevation of ~2 km above sea level (asl) and a mean hillslope angle of ~20°;
the Higher Himalaya (HH), where mean elevation rises above 4 km asl and peaks are in excess of 8 km asl, with
a mean hillslope angle of ~30° and a topographic transition zone between the Lesser and Higher Himalaya,
first identified in other areas along strike of the mountain belt as the Physiographic Transition Zone (PT,)
[Hodges et al., 20011, marking a sharp break in topography.

In the Higher Himalaya, the Arun Valley hosts several glaciers [Global Land Ice Measurements from Space
(GLIMS) and National Snow and Ice Data Center, 2005; http://www.glims.org/]. Larger valley glaciers are
predominantly in western tributaries of the Arun. To the east, several small cirque glaciers exist in the Ama
Drime and Higher Himalaya, but no large valley glaciers currently occupy these watersheds. In the
Nepalese section of the Arun Valley, cirque and valley glaciers exist in the upper reaches of the northernmost
tributaries flowing into the Arun, but are less prominent than on the northern flanks of the Higher Himalaya,
where extensive glaciation extends down from the northern slopes of the Sagarmatha/Mount Everest and
Makalu regions. Valley morphology suggests that past glaciation was more extensive in medium to large
high-altitude tributaries, but there is no evidence of glaciers reaching the main stem Arun.

3. Methods
3.1. Climatic Data and Analysis

Rainfall in the Arun Valley was characterized using remotely sensed data from the Tropical Rainfall
Measurement Mission (TRMM). We used the calibrated 12year average mean annual rainfall product
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both upstream area and TRMM-derived rainfall. We calculated SSP for every 90 m pixel in the digital elevation model
(DEM) and have used an 11-pixel (~1 km) moving average channel-slope filter to remove outliers. SSP values were
explicitly calculated from channel slopes. Channel width was defined using a simple scaling model, such that
channel width was assumed to increase proportionately to discharge, following a power law relationship with an
exponent of 0.4 [Knighton, 1999; Whipple, 2004; Craddock et al., 2007].

3.2. Topographic and Geologic Data and Analysis

Topographic analysis was performed on the 90 m resolution Shuttle Radar Topography Mission (SRTM) digital
elevation model (DEM) v4.1 provided by Consultative Group on International Agricultural Research (CGIAR)
Consortium for Spatial Information (http://srtm.csi.cgiar.org/) [Jarvis et al., 2008]. The stream network and
upstream area was determined after first filling sinks and carving sills in the 90 m DEM [Schwanghart et al.,
2013]. We calculated several metrics to characterize topography in the Arun Valley using a combination of
standard geographic information system techniques and TopoToolbox v2 [Schwanghart and Scherler,
2013]. Hillslope angle (degrees) and gradient (mm™') were calculated for each 90 m pixel based on its eight
surrounding neighbors. Local relief was calculated for each pixel based on 1 km and 3 km radius averaging
windows. Lithology was classified using the map by Schelling [1992]. As sampled catchments lie entirely
within the LHC and HHC units (ARU-12-11 contains 3% in Tethyan sediments), we quantified catchment
lithology by percent area in the High Himalayan Crystalline units (%HHC). We did not perform a more detailed
analysis between units within the HHC or LHC.

3.2.1. Channel Concavity and Steepness

Channel concavity is an integral part of the stream power model for bedrock rivers [e.g., Whipple and Tucker,
1999; Whipple, 2004; Wobus et al., 2006] that describes channel evolution through time and varies for different
rivers based on a variety of natural conditions (e.g., lithology). We calculated channel concavity for the main
stem Arun and each sampled tributary by (1) standard slope-area regression [e.g., Flint, 1974; Wobus et al.,
2006] and (2) least squares regression of the y-transformed stream network [Perron and Royden, 2013;
Royden and Perron, 2013]. Because orographic rainfall, as observed in the Arun Valley, has the potential to
affect channel concavity in steady state river profiles [e.g., Roe et al., 2002], we additionally performed the
slope-area and y analysis using a TRMM rainfall-weighted flow accumulation grid. The TRMM-weighted flow
accumulation grid is calculated using the routines of TopoToolbox v2 [Schwanghart and Scherler, 2013] and
results in upstream areas that are weighted to be proportionately “larger” in regions with higher rainfall rates
and proportionately “smaller” in regions with lower rainfall rates. In both cases, we separately calculated the
channel concavity for the entire stream network and for the trunk stream in each catchment.

Normalized channel steepness (k) [e.g., Wobus et al., 2006] was calculated for the Arun fluvial network in our
study area for every 90 m pixel in the channel network. Local channel gradient was calculated for each pixel,
then divided by upstream area to calculate channel steepness (k;); we then normalize channel steepness
using (1) the standard reference concavity of §=0.45 [e.g., Wobus et al., 2006] and (2) the mean concavity
value derived from the y analysis of all tributaries (9=0.23 £0.14). We additionally calculated ks, using a
TRMM-weighted flow accumulation grid to account for the potential impact of spatially inhomogeneous rain-
fall, assuming that regions experiencing higher rainfall may have higher denudation rates within the basin.
TRMM-weighted ks, was normalized using (1) §=0.45 and (2) #=0.20 £ 0.14, the mean concavity value from
the TRMM-weighted y analysis. For all channel steepness indices, catchment-mean k;,, was calculated for the
channel network upstream of the sample location.

3.3. The "°Be TCN-Derived Denudation Rates

Basin-wide denudation rates were estimated based on in situ '°Be in fluvial river sands [Brown et al., 1995;
Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996]. In total, we collected and analyzed 34 sam-
ples in the Arun Valley, from the border with India in the south to the border with Tibet (China) in the north.

Our primary sample targets were (1) the main stem Arun, sampled in intervals along its N-S course; (2) tribu-
taries to the Arun, ranging in size from <10km? to >1000km?; and (3) the Sun Kosi (ARU-11-27) and Tamor
(ARU-11-25) Rivers near their confluence with the Arun. Samples were taken from fresh sand banks on active
channels of the main stem Arun and its tributaries. The only exception was ARU-11-12; this sample was taken
from a recently abandoned or high water channel as the active channel was not accessible. In total, 7 samples
were collected from the main stem Arun, one sample each from the Sun Kosi and Tamor, and 25 samples from
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tributaries to the Arun. Sample site selection was also dictated by accessibility, limiting our ability to sample
some major tributaries. In addition to the 34 samples collected for present-day denudation rates, we sampled
paleoriver sands from a large fill terrace at Tumlingtar (ARU-12-21 and ARU-12-22) and from one smaller terrace
in the lower reaches of the Arun (ARU-11-21) to quantify '°Be concentrations in transiently stored sediments.
3.3.1. Sample Preparation and Processing

Samples were prepared at the University of Potsdam and the University of California—Santa Barbara following
standard procedures [e.g., Bookhagen and Strecker, 2012]. A low-ratio °Be spike (°Be/’Be ratio of ~1x 107 '°)
was added to the cleaned quartz, and samples were dissolved in hydrofluoric acid. lon-exchange chromato-
graphy was used to extract Beryllium from the dissolved samples [von Blanckenburg et al., 2004; Bookhagen
and Strecker, 2012]. Samples were sent to Center for Accelerator Mass Spectrometry, Lawrence Livermore
National Laboratory, USA, for accelerator mass spectrometry measurements. Ratios of 9Be/?Be were normal-
ized using the 07KNSTD3110 standard ('°Be/°Be ratio of 2.85 x 10 '?) [Nishiizumi et al., 2007].

3.3.2. Calculation of Catchment-Mean Denudation Rates

Production rates of cosmogenic '°Be in Arun tributary catchments were calculated for every 90 m pixel of the
SRTM DEM, including the effects of altitude, latitude, topography, and glaciation (see below). The same proce-
dure was used for main stem Arun, Sun Kosi, and Tamor samples for every 1 km pixel using the U.S. Geological
Survey GTOPO30 global DEM (https:/Ita.cr.usgs.gov/gtopo30/). Topographic shielding was calculated following
Dunne et al. [1999]. We used the Lal/Stone scaling procedure [Lal, 1991; Stone, 2000], which takes time-
dependent muogenic production and nondipole geomagnetic effects into account [Balco et al.,, 2008] and
the revised '°Be half-life of 1.387 +0.016 Myr [Chmeleff et al., 2010; Korschinek et al., 2010]. The '°Be/’Be concen-
trations were corrected using the mean of eight laboratory blanks (1.43 x 107+£1.23x107"°). The '°Be
concentrations were converted to erosion rates using the MATLAB functions of the CRONUS-Earth online
calculator version 2.2 [Balco et al., 2008] in an iterative scheme provided by Scherler et al. [2014].

3.3.3. Ice Shielding and Glaciation

Recent studies have shown that present-day and past glaciations reduce '°Be concentrations in detrital
quartz and can, when unaccounted for, result in apparent denudation rates that are significantly overesti-
mated [Godard et al., 2012; Glotzbach et al., 2013]. To mitigate this effect, we applied an ice-shielding mask
to production rate calculations based on present-day glacier cover from the GLIMS glacial database; this
assumes that the production rate in ice-covered areas of the catchment is zero and all '°Be in the detrital
sample is derived from ice-free surfaces. The ice-shielding mask was applied to three tributary catchments
(ARU-11-14, ARU-11-15, and ARU-12-11) where glaciers are currently present, the main stem Arun, the Sun
Kosi, and the Tamor. Currently, there is insufficient data about the glacial history of the Arun Valley available
to correct for past glacial coverage [e.g., Glotzbach et al., 2013].

3.4. Comparison of Topographic and Climatic Metrics and Denudation Rates

To better understand regional influences on denudation rates, we performed a suite of ordinary least squares
(OLS) regressions between our TCN denudation rates and catchment-mean topographic and climatic metrics.
We excluded outliers (BBRSO1, ARU-12-09, and ARU-12-19A), where we observe evidence of recent volumi-
nous landsliding (see section 4.3.2), and presently glaciated tributaries. Glaciated tributaries were excluded
from regression analysis because many of the topographic metrics used (e.g., ks, and SSP) assume fluvial
processes and are not applicable to glaciated catchments. Due to the high incidence of landsliding (see
section 4.3.2) we removed ARU-11-10 and ARU-11-11 from the regression analysis. ARU-12-06 is a small tributary
with a pronounced knickpoint cutting through a perched low-relief topography that may still be subjected to the
impact of a previous erosion regime, and we therefore remove ARU-12-06 from the regressions.

Catchment topography has traditionally been characterized by the catchment mean or median value of a
chosen metric (e.g., relief and k). Despite this common assumption, catchment topography is often not nor-
mally distributed, especially in transient landscapes. In order to perform a more robust comparison between
denudation rates and catchment climate and topography, we extend our regression analysis beyond the
catchment mean or median metric value. To do this, we calculate every 5th percentile from the 10th to
90th percentile of the data and use percentile values to perform multiple OLS regressions of our
catchment-mean denudation rates against catchment topographic and climatic metrics. Additionally, we
performed Lilliefors [Lilliefors, 1967, 1969] and skewness tests to decide if catchment metrics are normally
or nonnormally distributed at the 95% confidence level.
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Table 1. Basin Properties for 08¢ TCN Sample Locations®

Easting (m) Universal

Sample Transverse Mercator  Northing (m) Mean Basin Catchment Total Elevation
Sample ID Type (UTM) Z45N UTM Z45N Elevation (m asl) Area (kmz) Range (m)
ARU-11-01 ARUN 518661.23 3020907.28 4769.00 31260.29 8525.00
ARU-11-13 ARUN 519112.20 3043306.04 4848.00 30400.97 8236.00
ARU-11-16 ARUN 526948.20 3049019.84 4869.00 29942.76 8046.00
ARU-11-26 ARUN 515397.12 2977951.82 4544.00 33500.94 8678.00
ARU-11-28 ARUN 493136.31 2933320.99 3849.00 57979.93 8732.00
ARU-12-03 ARUN 527108.00 3049168.00 4869.00 29942.76 8048.00
ARU-12-15 ARUN 544346.00 3073168.00 4936.00 28407.20 6888.00
ARU-11-25 TAMOR 531534.41 2978676.31 2869.63 5886.36 2468.00
ARU-11-27 SUN KOSI 514554.34 2978354.97 2958.08 18100.00 3406.00
ARU-11-03 TRIBUTARY 520055.58 3022570.94 1540.16 387.60 1516.00
ARU-11-04 TRIBUTARY 517817.46 3026936.09 761.96 11.48 378.00
ARU-11-05 TRIBUTARY 515173.14 3029284.10 867.32 11.84 631.00
ARU-11-06 TRIBUTARY 513172.29 3029874.40 1606.73 74.19 1023.00
ARU-11-07 TRIBUTARY 512159.53 3032217.16 1979.48 204.45 1130.00
ARU-11-10 TRIBUTARY 514298.52 3038272.85 1173.99 2.67 384.00
ARU-11-11 TRIBUTARY 515765.77 3040048.33 1525.37 10.55 724.00
ARU-11-12 TRIBUTARY 518668.49 3043478.81 1787.03 13.20 699.00
ARU-11-14 TRIBUTARY 522720.87 3046536.67 3476.99 218.09 1328.00
ARU-11-15 TRIBUTARY 525012.39 3049015.72 4027.25 187.86 1595.00
ARU-11-18 TRIBUTARY 517935.99 3022266.40 997.13 33.25 742.00
ARU-11-20 TRIBUTARY 523924.44 3010395.96 1744.75 313.97 834.00
ARU-11-22 TRIBUTARY 526184.15 3006666.68 1177.50 35.11 817.00
ARU-11-23 TRIBUTARY 527336.27 3003012.87 1502.34 88.91 887.00
ARU-11-24 TRIBUTARY 529786.00 2999539.00 1280.30 84.19 706.00
ARU-12-01 TRIBUTARY 531001.00 3047672.00 1644.76 8.35 1431.00
ARU-12-02 TRIBUTARY 534908.00 3048053.00 2455.14 81.67 3855.00
ARU-12-06 TRIBUTARY 534070.00 3052975.00 2420.55 8.53 2128.00
ARU-12-08 TRIBUTARY 534426.00 3057465.00 2170.62 8.87 1938.00
ARU-12-09 TRIBUTARY 535079.00 3059611.00 2193.45 10.29 2248.00
ARU-12-11 TRIBUTARY 535917.00 3063263.00 4757.83 470.11 7231.00
ARU-12-12 TRIBUTARY 525213.98 3068834.00 2872.28 27.86 2584.00
ARU-12-13 TRIBUTARY 536772.00 3071756.00 3070.31 16.27 1999.00
ARU-12-19/A TRIBUTARY 528040.00 3052286.00 2563.93 102.84 3491.00
BBRSO1 TRIBUTARY 514886.16 3039168.71 1403.35 9.01 570.00
Mean 1km  Mean 3 km Mean Hillslope Channel Mean ks,  Mean ks, Rainfall-  Mean SSP Rainfall- Mean TRMM2B21
Sample ID Relief (m) Relief (m) Angle (°) Concavity (m0'9)C Weighted (m0'9)d Weighted (W/m2)e Annual Rainfall (m/yr)
ARU-11-01 416.36 841.30 15.90 0.36 235.40 366.25 63.18 0.38
ARU-11-13 412.15 83291 15.50 0.21 411.23 441.69 57.48 033
ARU-11-16 408.62 825.67 15.30 0.53 318.60 512.36 53.46 0.30
ARU-11-26 416.38 842.12 16.30 0.37 156.02 203.82 69.73 0.46
ARU-11-28 559.53 1121.50 20.50 0.37 25.86 38.36 124.84 1.03
ARU-12-03 408.62 825.67 15.30 0.21 318.60 512.36 53.46 0.30
ARU-12-15 397.33 800.98 14.50 0.25 365.71 162.39 3836 0.20
ARU-11-25 837.73 1648.68 26.38 0.42 283.63 329.67 209.50 1.65
ARU-11-27 767.19 1517.77 25.57 0.45 299.96 341.25 151.62 1.81
ARU-11-03 819.34 1718.73 25.89 0.58 191.20 300.08 21245 2.04
ARU-11-04 526.26 945.14 18.41 0.26 87.47 109.22 163.36 1.62
ARU-11-05 634.38 1330.67 20.06 0.38 127.90 168.70 231.59 1.90
ARU-11-06 753.74 1527.71 23.90 0.27 21253 296.88 198.39 2.18
ARU-11-07 919.51 1761.27 29.17 0.34 236.14 375.32 234.58 2.76
ARU-11-10 858.27 1637.31 25.56 0.06 163.82 211.86 404.50 1.72
ARU-11-11 885.82 1994.85 26.34 0.22 255.86 359.67 263.04 2.07
ARU-11-12 1158.52 2110.22 34.78 0.26 235.87 35291 333.84 245
ARU-11-14 983.76 2037.86 29.96 0.25 325.63 428.38 329.57 2.80
ARU-11-15 1109.26 2261.01 31.67 0.25 344.25 382.11 242.46 1.67
ARU-11-18 620.36 1228.03 19.96 0.38 140.91 185.96 127.51 1.79
ARU-11-20 720.16 1412.96 22.70 0.34 223.20 275.93 127.60 1.35
ARU-11-22 706.60 1487.80 21.60 0.27 191.39 197.80 123.93 1.03
ARU-11-23 700.26 1424.97 22.17 0.20 219.21 250.31 96.07 1.23
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Table 1. (continued)

Mean 1km  Mean 3km  Mean Hillslope Channel Mean ks, Mean kg, Rainfall- ~ Mean SSP Rainfall- Mean TRMM2B21
Sample ID Relief (m) Relief (m) Angle (°) Concavity (m°‘9)c Weighted (mo'g)d Weighted (W/mz)e Annual Rainfall (m/yr)
ARU-11-24 694.83 1377.37 24.16 0.36 191.10 215.03 108.75 1.23
ARU-12-01 691.28 1586.03 30.80 0.16 189.48 33231 619.50 3.65
ARU-12-02 1052.03 2241.86 31.46 0.32 293.83 533.85 328.12 3.87
ARU-12-06 975.46 2214.09 26.96 0.02 285.21 545.28 365.63 422
ARU-12-08 968.00 2057.83 28.84 0.06 342.21 601.97 468.01 349
ARU-12-09 1031.90 2056.13 31.04 0.26 243.63 418.26 516.88 332
ARU-12-11 1010.75 2071.29 29.01 0.27 297.09 314.20 246.15 1.17
ARU-12-12 962.85 2036.90 2793 0.16 292.02 433.36 221.28 2.66
ARU-12-13 887.10 2029.00 26.21 0.11 311.00 475.30 351.75 2.61
ARU-12-19/A 913.58 2012.41 27.40 0.31 292.67 479.49 252.16 3.30
BBRSO1 808.03 1733.43 2471 0.13 223.87 302.95 335.84 1.90

?Coordinates denote location of sample collection. All topographic properties derived from the 90 m CGIAR SRTM DEM [Jarvis et al., 2008]. Rainfall is based on
the 5 km TRMM 2B31 product [Bookhagen and Burbank, 2010].

bValues calculated using least squares regression of the chi-transformed stream network [Perron and Royden, 2013; Royden and Perron, 2013].
“Values calculated using standard channel concavity of = 0.45.

dyalues calculated using standard concavity of =045 and flow accumulation grid weighted by mean annual rainfall from TRMM (Tropical Rainfall

Measurement Mission) product 2B31.

Values calculated using flow accumulation grid weighted by mean annual rainfall from TRMM (Tropical Rainfall Measurement Mission) product 2B31.

3.5. The '°Be Mass Balance Calculations

Standard TCN denudation rate calculation assumes that a fluvial sand sample is a uniform representative sample
of the entire upstream area. Models of downstream sediment transport typically assume that particles <2 mm
diameter are kept in suspension in high-energy mountain rivers [e.g., Sklar et al, 2006; Chatanantavet et al,
2010], further suggesting that a detrital sand sample would be uniformly sourced from the upstream area. We
test this assumption by comparing 1%Be concentrations from main stem Arun samples from upstream regions
on the border with Tibet to '°Be concentrations from the confluence of the Arun, Sun Kosi, and Tamor. We per-
formed a simple mass balance calculation to determine if the changes in '°Be concentration can be achieved
under the assumption of uniform upstream sediment sourcing by solving for (1) variable mass flux from the
southern flanks of the Himalaya and (2) variable '°Be concentration in the southern flanks of the Himalaya:

+ AreayMFxConc.y

“Tibet 2
MF @)

ArearipetMFriperConc
Area

Conc.confluence =

Confluence Confluence

where “Tibet” represents the area upstream of northernmost sample, “Confluence” represents the area
upstream of the southernmost sample before the Sapt Kosi confluence, “H” denotes the Himalaya between
the border with Tibet and the Sapt Kosi confluence, “Conc.” is measured '°Be concentration in the detrital
sample, and MF represents the mass flux (g cm™2yr~"). To solve for mass flux, we assume that the mean '°Be
concentration from Arun tributaries is representative of the '°Be concentration of the Himalaya in the region.
To solve for variable '°Be concentration, we assume that MFy = MFconfiuence — MFribet-

4, Results
4.1. Topography and Climate

In general, elevation and topographic steepness metrics (e.g., hillslope angle, local relief, and channel steepness)
increase from south to north across the Arun Valley (Figure 3 and Table 1). Mean hillslope angle across the study
area ranges from <5° in the alluvial plain to >30° in the Higher Himalaya (Figure 3b); 3 km radius relief similarly
increases from <100 m in the alluvial plain to ~1 km in the LH, then sharply increases at the topographic transi-
tion zone into the HH, where it exceeds 2 km (Figure 3c). Discrete increases in hillslope angle and local relief are
observed at both the LH and HH orographic barriers. Sampled catchments are located in the Lesser and Higher
Himalaya where hillslope angle and relief are moderate to high. In sampled fluvial tributaries, mean hillslope
angles range from 18° to 35° 3 km relief ranges from 876 m to 2261 m (Figure 3 and Table 1).

Channel concavity derived from y analysis of the main stem Arun in our study area indicates a generally graded
river profile with a concavity of 0.451 until the first large knickpoint in southern Tibet (Figure 2). The channel
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TRMM-Based ksn, 0=0.20
Normalized Channel Steepness (ksn) 10 5 0 10

0 HIGH N

7o
0.17 m®4 69.3 m%4 Kilometers

Glacial Present Glacial Interpreted Previous
Extent: Extent (GLIMS) Glacial Extent

Figure 4. TRMM-weighted ks, (6 =0.20). Theta values are derived from
the mean tributary channel concavity values from y analysis. Values of
ks were calculated using the 90 m SRTM DEM for every pixel in the stream
network, then averaged over 1 km long stream segments. All kg, calcula-
tions follow a similar pattern as shown, with relatively low ks, values in the
LH, a steep increase in the topographic transition zone, and a continuation
of high kg, values in the HH. Present-day glacial extent based on the
GLIMS Glacier Database and the authors’ interpretation of previous glacial
extent is shown in blue. Normalized channel steepness values are low in
these regions corresponding to glacial valley morphology.

concavity of tributary streams decreases
steadily from 0.57 in the south to 0.02
in the north (Table 1 and Figure 3f), indi-
cating more uniformly steep channels
approaching Tibet; tributary channel con-
cavity calculated from TRMM-weighted
flow accumulation does not significantly
differ from the nonweighted concavity
values at the 95% confidence level.
Unlike hillslope angle and relief, no dis-
crete break in concavity values is ob-
served at the topographic transition zone.

Normalized channel steepness is low
throughout the Lesser Himalaya in the
main stem Arun and tributary channels
but increases rapidly at the topographic
transition zone (Figure 4). Throughout
the Higher Himalaya, ks, remains high;
low values in the upper reaches of some
tributaries correspond to glacial valley
morphology. Catchment-mean values
of kg, for fully fluvial sample tributaries
range from 87 m®? to 342 m®®, normal-
ized by §=0.45; for =0.23 catchment-
mean kg, values range from 2.78 m®46
to 11.34m% (Table 1). Minimum and
maximum ki, values correspond to small
tributaries (<20 km?) that lie entirely in the
LHC and HHC units, respectively. TRMM-
weighted flow accumulation results in
higher ks, values throughout the HH and
LH, ranging from 109 m®° to 602 m®°
normalized by #=0.45 and 1.92m%* to
9.17m%* normalized by 6=0.20 (see
Table S1 in the supporting information).
TRMM-weighted ki, has a strong, positive
linear correlation with unweighted kg,
(R*=0.88, 0.97 for standard reference
concavity (#=0.45) and y-determined
channel concavity, respectively).

Mean annual rainfall follows a steep,
two-tiered gradient (cf. section 2.1),

increasing from ~2myr ™" in the alluvial plain to >3myr ' at the front of the LH/Siwaliks, then decreases
rapidly to <2myr~" in the rain shadow of the LH orographic barrier; rainfall steadily increases over the next
40 km approaching the HH orographic barrier to a peak of ~4 myr™', then decreases into Tibet (Figure 3d).
Within our sampled catchments, catchment-mean annual rainfall ranges from 1.03m yr’1 (ARU-11-22)
directly north of the LH orographic barrier to 422 myr™" in the Higher Himalaya (ARU-12-06).

TRMM-weighted SSP follows a similar pattern to mean annual precipitation (Figure 3e), with peaks of
~500Wm 2 at the LH and HH orographic barriers and variably high values (200-500 W m~2) throughout
the HH. A sixfold range of catchment-mean SSP values is observed in sampled tributaries, with catchment-mean
SSP ranging from 104Wm™2 in the Lesser Himalaya to 620 W m ™2 (Table 1) at the topographic transition

zone, where rainfall and channel slopes are high.
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Figure 5. The 98¢ concentration from main stem Arun (yellow triangle), Sun Kosi and Tamor Rivers (purple triangle), fluvial
tributaries (white circle), glaciated tributaries (blue diamond), and landslide-impacted tributaries (green square). Lithology
along the Arun River from Grujic et al. [2011]. Mean elevation is shown in black with minimum/maximum elevation in
shaded gray, taken from a 75 km swath along the Arun Valley. Glaciated regions of the Higher Himalaya are shaded blue.
A region of marked landsliding is shown as gray hatch. Note the increasing 1%8e concentration south of the Tibetan Plateau
through the HHC and the decreasing 1%e concentration in the LH, which we associated with downstream fining of
material derived from the Tibetan Plateau.

4.2. The "°Be Concentration in River-Sediment Samples

Sample "°Be concentrations are recorded in Table 2 and Figure 5. We observe two main signals in main stem
Arun "°Be concentration: (1) a high '°Be concentration in the north of the study area and (2) a low '°Be con-
centration in the lower reaches of the Arun and Sapt Kosi. Downstream '°Be concentrations in the main stem
Arun are similar to '°Be concentrations from tributaries in the Higher and Lesser Himalaya, as well as low '°Be
concentrations observed from the Sun Kosi and Tamor Rivers. Tributary '°Be concentrations are an order of
magnitude lower than the northern, high '°Be main stem Arun samples and show a northward decrease from
the LH to HH. Within the tributaries, the lowest '°Be concentrations are observed within the transition to the
Higher Himalaya and in presently glaciated catchments.

4.3. The '°Be Catchment-Mean Denudation Rates

4.3.1. Main Stem Arun, Sun Kosi, Tamor, and Sapt Kosi

Catchment-mean denudation rates in the main stem Arun decrease from the confluence of the Arun, Tamor,
and Sun Kosi Rivers (0.75 +0.06 mmyr~ ' at ARU-11-26) northward to the border with Tibet (0.24 +0.02 mmyr';
n=4) (Figure 6a and Table 2). Near their confluence with the Arun, the Sun Kosi and Tamor have denudation
rates of 0.82+0.06 mmyr~ ' and 1.39+0.11 mmyr~', respectively. The Sapt Kosi, measured in the alluvial plain,
records a denudation rate of 0.91+0.07 mmyr~". This marks a fivefold decrease in main stem denudation rates
across the Arun/Sapt Kosi River from the alluvial plain to Tibet. Similarly, the relatively high denudation rates in
the Sun Kosi and Tamor Rivers that drain the southern flanks of the Himalaya are 5 to 7 times greater than in the
upper reaches of the Arun.
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Figure 6. TCN catchment-mean denudation rates for (a) the main stem Arun, Sun Kosi, Tamor, and Sapt Kosi, showing northward decrease in apparent denudation
rate, and (b) sampled tributaries to the Arun, showing northward increase in the Himalaya. Denudation rates are shown alongside the river network (blue), elevation
(hillshade), and the major knickzones in the main stem Arun (star). All denudation rates are shown in mm yr71. Glaciated tributaries are outlined in white ((a) ARU-12-11,
(b) ARU-11-15, and (c) ARU-11-14). Landslide-impacted tributaries outlined in green ((d) ARU-12-09, (e) ARU-12-19A, (f) ARU-11-11, (g) BBRSO01, and (h) ARU-11-10).

4.3.2. Tributary Catchments

The highly dynamic orogenic environment of the Himalaya includes several nonfluvial processes (e.g., landslid-
ing and glaciation) that complicate the interpretation of TCN-derived denudation rates [e.g., Brown et al., 1995;
Niemi et al., 2005; Yanites et al., 2009; Godard et al., 2012]. To avoid these complications, we first present denuda-
tion rates from fluvial tributaries that do not show evidence of recent landsliding or glaciation, then describe
results from glacial and landslide-impacted catchments. Fluvial tributaries show an order-of-magnitude north-
ward increase in catchment-mean denudation rates from the Lesser to Higher Himalaya (Figure 6b and Table 2).
Denudation rates in the LH are low to moderate (<0.5mmyr~') and vary over a relatively narrow range
(~0.2-0.5mmyr~") (n=10). Denudation rates increase in the topographic transition zone (~0.5-0.8 mmyr~")
(n=3) and are highest in the Higher Himalaya (1.44 mmyr~" in ARU-12-08), then appear to decrease further into
the orogen (e.g, 047 mmyr~' in ARU-12-13) (n = 3). Higher denudation rates in the topographic transition zone
and the Higher Himalaya, however, may be mainly driven by glacial and hillslope processes.

Glaciers occupy some tributary valleys in the Higher Himalaya (Figure 6) and have the potential to alter TCN
denudation rates. We observe high denudation rates in the heavily glaciated Barun Valley (ARU-12-11, 1.48
£011Tmmyr "), as well as in two less glaciated valleys directly south of the Barun (ARU-11-14, 136
+£0.10mmyr~'; ARU-11-15, 0.94 £ 0.07 mmyr~ ). However, there are fundamental problems interpreting denu-
dation rates from these valleys: (1) shielding of bedrock from cosmogenic rays by glacial ice, (2) the assumption of
steady state erosion through time [Bierman and Steig, 1996], and (3) the assumption that each area in the basin
contributes sediment in proportion to long-term erosion rates. The dynamics of glacial erosion and sediment
delivery are complicated and poorly understood and are likely not steady through time. All of these processes
may result in an overestimation of true denudation rates [Godard et al., 2012; Glotzbach et al., 2013]. The applica-
tion of an ice-shielding grid to the denudation rate calculation accounts for glacial shielding of sediment in the
detrital sample, thus producing more reliable denudation rate estimates. However, we note that we cannot
account for possible nonsteady state or proportionate denudation through time and therefore consider denuda-
tion rates from glacial catchments as apparent denudation rates that may differ from temporal averages.

Landsliding is common throughout the steep-slope terrain of the Himalaya [e.g., Bookhagen et al., 2005a;
Dahal and Hasegawa, 2008]. Because landslides frequently erode material from below the absorption depth
of cosmogenic nuclides, they have the potential to dilute the '°Be signal within a detrital sample. If the catch-
ment is sufficiently large and well-mixed, TCN concentrations from landslide-dominated catchments can still
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provide reliable denudation rates [Niemi et al., 2005; Yanites et al,, 2009]. However, small, poorly mixed catch-
ments or samples collected shortly after recent landslide events may result in calculated denudation rates that
do not reflect the time-averaged denudation rate [Yanites et al., 2009]. To quantify the potential impact of
landsliding on our samples, we mapped visible landslide scars in all sampled tributary catchments using
high-resolution imagery from Google Earth (see data repository Figure S1 in the supporting information for
further information) [Fisher et al., 2012]. While small landslides are ubiquitous in the study area, we observed five
catchments with a pronounced amount of landsliding as a percentage of total catchment area: three small
catchments (<10km?) in the topographic transition zone (ARU-11-10, ARU-11-11, and BBRS01) and one small
catchment (~10km?) and one medium-sized catchment (~100 km?) in the Higher Himalaya (ARU-12-09 and
ARU-12-19A, respectively). In each catchment, the landslide area is markedly higher than the 0.001% of total
catchment area proposed by Yanites et al. [2009] that will still produce a reliable denudation rate. BBRSO1,
ARU-12-09, and ARU-12-19A have anomalously high apparent denudation rates (4-10mmyr~"), and the five
landslide-affected tributaries represent the lowest observed '°Be concentrations in our study area. Due to
the likely recent delivery of material from below the '°Be absorption depth from landslides in these samples,
measured '°Be concentrations may not be representative of the temporal average. We therefore consider
the calculated denudation rates as maximum apparent denudation rates.

A more complex picture of denudation across the Arun Valley emerges when we consider the entire set of denu-
dation rates, incorporating glacial and landslide-impacted apparent denudation rates. We observe largely fluvial
denudation through the Lesser Himalaya, with low to moderate rates that do not vary considerably (0.2-
0.5 mmyr~"). In the topographic transition zone, fluvial denudation rates increase (0.5-0.8 mmyr~") concurrent
with an increase in landsliding, with apparent denudation rates of ~5 mmyr~". This marks the changeover to
an erosion regime that is more variable in both rates and processes. Significant landsliding continues at the front
of the Higher Himalaya (ARU-12-09 and ARU-12-19A) with maximum denudation rates in excess of 10mmyr~".
Glaciation additionally begins to play a role in the Higher Himalaya, maintaining denudation rates similar to the
highest fluvial denudation rates (~0.9-1.5 mm yr™"). Fluvial denudation rates, meanwhile, appear to decrease into
the Higher Himalaya away from the high-relief, high-rainfall frontal zone (e.g., ARU-12-13).

5. Discussion

The '°Be TCN samples from the Arun Valley record a pronounced northward increase in denudation rates
across the Himalaya in tributary catchments and a fourfold decrease in main stem denudation rates from
the lower reaches of the Arun to the upper reaches bordering Tibet. In a dynamic environment such as the
Himalaya, several factors can influence %Be concentrations (e.g., nonuniform sediment sourcing and transi-
ent sediment storage) [Bierman and Steig, 1996; Granger et al., 1996; von Blanckenburg, 2005]. However, we
did not find evidence of major impacts from potentially variable sediment sourcing or transiently stored sedi-
ments on our measured '°Be concentrations and calculated denudation rates (see Text S1 in the supporting
information for details of the analyses performed). Below, we further discuss the interpretation of 10Be
concentrations and denudation rate calculation.

5.1. Downstream Evolution of Main Stem '°Be Concentration

In order to better understand the impact of regional factors on denudation rates, we first consider measured
'%Be concentrations directly (Table 2 and Figure 5). For the following discussion, we interpret the two distinct
groupings of '°Be concentrations discussed in section 4.2 as (1) the Tibetan signal, comprising high '°Be con-
centrations measured in the upper reaches of the main stem Arun, and (2) the Himalayan signal, comprising
low "°Be concentrations measured in tributaries to the Arun, the Sun Kosi, and Tamor and from the down-
stream sections of the main stem Arun.

5.1.1. Downstream Fining

One of the most prominent features of the '°Be concentrations is the pronounced downstream reduction
of '°Be in the main stem Arun (Figure 5). This order-of-magnitude difference must be the result of either
(1) a large sediment flux from the Himalaya able to sufficiently dilute the '°Be signal from Tibet to the levels
recorded at the Sapt Kosi confluence or (2) significant sediment storage within the Himalayan section of the
valley. Comparing the '°Be concentration in ARU-11-13 (high '°Be) and ARU-11-26 (low '°Be), we solve the
mass balance problem presented in equation (2) as
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Areapgy-—11-13MFpry—11-13CONC.ARU—11-13 + AreayMFLConc.y
Conc.aru-11-26 = (3)
Areanry-11-26MFaru-11-26

where H denotes the Himalaya between Tibet and the Sapt Kosi confluence and MF represents the mass flux
(g cm_zyr_1) (Tables 1 and 2 and Figure 7). To solve for mass flux, we assume that the mean '°Be
concentration from Arun tributaries (2.56x 10*+4.6x10% at g~'; n=20) is representative of the '°Be
concentration of the entire Himalayan section of the valley. However, using this '°Be concentration,
the resulting mass flux for the southern flanks of the Himalaya is negative (—0.12gcm~2 yr~ "), indicating
sediment storage in a region where no significant modern sediment storage is observed (see Text S1). As
such, it is impossible to reconcile the '°Be concentration measured at ARU-11-26 with a positive mass flux
from the Himalaya under these assumptions. Similarly, if we define the Himalayan mass flux as
MFy =MFy6 — MF;3 (0.159cm’2 yr”), the calculated '°Be concentration is likewise negative, a physical
impossibility unless the system is undergoing either sedimentation or sediment loss through grain fining. We
therefore assume that the collected sample cannot be a uniform representation of the upstream area.
Instead, we suggest that downstream sediment fining continues for particles <2 mm, resulting in the Tibetan
sediment passing through our 250-750 um sample sieve. This effect is identifiable in the Arun due to the
large difference in '°Be production rate between the high-altitude, low-relief Tibetan region (high '°Be
production) and the relatively low-altitude, high-relief Himalaya (low '°Be production; Figure 7). However,
similar problems could remain undetected in sufficiently large watersheds with uniform or near-uniform 10Be
production rates, such as the Sun Kosi or Tamor or large watersheds in other orogens.

The exclusion of upstream sediment grains from the analyzed samples results in estimated denudation rates
that do not reflect the entire upstream area. We therefore interpret the calculated “high” denudation rates
from the main stem Arun (e.g., ARU-11-26, 0.75 mm yr_1) as primarily reflecting the denudation rate of the
southern flanks of the Himalaya and not the Tibetan section of the watershed, resulting in an overestimation
of the true denudation rate for the watershed. This finding calls into question the use of large watersheds or
distal sampling sites to characterize regional denudation rates, particularly in the Himalaya and in trans-
Himalayan rivers. Recent studies have highlighted differences in '°Be concentrations in different grain size
fractions from detrital sand samples [McPhillips et al., 2014; Puchol et al., 2014]. While the motivation for these
analyses has been primarily to quantify the impact of landslide processes and focus on larger grain and
cobble sizes, measuring '°Be concentration from various grain size fractions, including those <200 um,
may also mitigate the problems downstream fining poses for denudation rate estimation.

5.1.2. Climate-Driven Dilution of '°Be Concentration

The northernmost main stem sample, ARU-12-15, has a noticeably lower '°Be concentration than nearby
samples from the northern main stem Arun, resulting in a local southward increase in '°Be concentration
before the more drastic decrease near the topographic transition zone. This southward increase of '°Be is
restricted to the glaciated portion of the Higher Himalaya (Figure 5). Glaciated catchments measure among
the lowest '°Be concentrations in the Arun Valley. North of our study area, extensive glaciation exists on the
northern flank of the HH. Specifically, a large and heavily glaciated tributary that drains the northern slopes of
the Sagarmatha/Everest massif joins the Arun approximately 10 km north of the sampling point of ARU-12-15.
This nearby influx of highly shielded sediment may locally dilute the '°Be concentration measured at ARU-12-15
before it is measured again over 40 km downstream. A modeled '°Be concentration for ARU-12-15 assuming an
erosion rate of 0.2mm yr_1 (approximate denudation rate from nearby main stem samples ARU-11-01,
ARU-11-13, and ARU-11-16; Figure 6 and Table 2) and the mean upstream production rate is nearly 1.5 times
the measured value (2.09x10° at g~' modeled as opposed to 1.41x10° at g~' measured in ARU-12-15),
suggesting that a large, local influx of low '°Be sediment is responsible for the '°Be concentration measured
at ARU-12-15. We also observe a relatively low '°Be concentration (and therefore higher apparent denudation
rate) in the Tamor compared to the main stem Arun or the Sun Kosi. Glaciers occupy a larger area of the Tamor
Basin (~15%) compared to these other large rivers (~5-7%), and the higher degree of glaciation in the Tamor
may be the cause of lower '°Be concentrations and higher apparent denudation rates.

In addition to local dilution from glacial input, we observe one main stem sample in the northern section of the
study area (ARU-12-03) with a low '°Be ratio where we would expect to measure a high '°Be signal from Tibet.
This sample was taken less than 2 km downstream of a medium-sized tributary with large, recent landslides
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(ARU-12-19A) that are likely to have diluted
the '°Be concentration of the main stem
sample (ARU-12-19A has the lowest mea-
sured '°Be concentration in our data set).
Landsliding predates the 2012 field season
when samples ARU-12-03 and ARU-12-19A
were collected. The timing of the large land-
slides in ARU-12-19A is not easily constrained
with high-resolution imagery due to high
cloud cover and poor image resolution, but
some landslide scars are visible as early as
2009. A nearby sample collected in 2011
(ARU-11-16) does not show the low '°Be con-
centration derived from the landslide. This

Tibet
(High 1°Be)

Sun Kosi
(Low 1°Be)

Production Rate
atoms g yr-!

(Low '°Be) 1 (Low 19Be) may be due to the timing of the landslides
or to different sediment sourcing in the river

- . . 10 . system during and after the monsoon season
Figure 7. Schematic of main stem ~Be concentration mass balance
calculations on map showing 10 production rates. Observed 108e le.g., Lupker et al, 2012].
concentrations at main stem Arun and other major river sand sample ; 4o ;

¢ ! ! 13l 5 M€ It is notable that landslide-impacted tribu-

locations are shown as circles (high observed "“Be, ~10” atomsg™ ')
or stars (low observed 10Be, ~10% atoms 971). The Tibet, Himalaya (H),
and confluence locations used in the mass balance calculation are

taries are focused at the front of the
Higher Himalaya where elevation, rainfall,

highlighted; Himalayan section of the catchment shown in hatch. and relief rapidly increase from the Lesser
Higher 1%8e production rates (atoms/(g yr) in Tibet compared to the Himalaya. While relief and elevation remain
Himalaya results in a distinct signal that allows for the detection of high throughout the Higher Himalaya, rain-

downstream fining from Tibet to the confluence of the Sapt Kosi. fall decreases northward toward the high

topography. Landslide-impacted tributaries
are focused in a zone where both relief and rainfall peak, showing the importance of focused rainfall in trig-
gering mass movements (Figure 5).

5.2. Denudation Gradient Across the Arun Valley

In general, denudation rates in tributaries to the Arun increase from south to north coincident with the
increase of topographic metrics such as hillslope angle, kg, and local relief (Figure 3 and Table 3). Due to
the tectonic window, nearly all sampled basins are composed of both LHC and HHC units and no major litho-
logic boundaries are crossed by the main stem Arun in our study area (Figure 1d). Although the percentage of
HHC rocks increases northward as the Arun Tectonic Window narrows and denudation rates increase, no
relationship is observed between catchment-mean denudation rates and lithology (see Figure S2).

The across-strike pattern of northward increasing denudation rates we observe is similar to those reported by
Godard et al. [2014] and Scherler et al. [2014]. In both studies, denudation rates in the Lesser Himalaya are
reported between ~0.1 and 0.5 mmyr~" and increase rapidly at the transition to the Higher Himalaya, where
denudation rates exceed 1 mmyr™". The similar pattern between the Arun Valley and the results of studies
where denudation rates are fit to tectonic drivers suggests that, at first order, a similar process drives the rates
and pattern of denudation in the Arun Valley. We note, however, that the highest rates of denudation
(>2mmyr ") reported by Godard et al. [2014] and Scherler et al. [2014] are derived from regions with high
rainfall rates and high local relief, similar to where we found the highest incidence of landslide-impacted
catchments in the Arun, and may be overestimations of true denudation rate.

Previous studies have suggested a nonlinear relationship between topographic metrics (e.g., slope and k)
and denudation rates, such that for a given topographic metric, [topographic metricl®~denudation rate, with
power law values ranging from b =1 to b =4 [Safran et al., 2005; Ouimet et al., 2009; DiBiase et al., 2010; DiBiase
and Whipple, 2011; Bookhagen and Strecker, 2012; Fisher et al., 2013; Scherler et al., 2014]. We observe the high-
est correlation between denudation rate and y-determined kg, (R* =0.66 for area-weighted k., R>=0.67 for
TRMM-weighted k,,, compared to R?=0.54, 0.57 for area- and TRMM-weighted for the standard k,, normal-
ized by #=0.45). The power law relationship between k,, and denudation rate in our data set ranges from
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b=1.33 — 1.96, similar to studies in other active tec-
tonic environments (Figure 8, and references
therein). Fluvial incision models [e.g., Whipple and
Tucker, 1999; Snyder et al., 2003; Sklar and Dietrich,
2004; Lague et al.,, 2005] predict a monotonic rela-
tionship between channel slope and rock uplift at
steady state, and numerous studies have shown
positive correlations between ks, and rock uplift
[e.g., Snyder et al., 2000; Kirby and Whipple, 2001;
DiBiase et al., 2010]. The large knickpoints in the
main stem Arun upstream of our study area
(Figure 2) and several perched low-relief surfaces
(see section 5.3 below), however, cast doubt on
the assumption that the Arun is in landscape equi-
librium. Localized high ks, values have also been
shown to correlate with areas where the river is
adjusting to a transient perturbation. When this is
the case, high k;, values will follow knickzones as
they propagate through the channel network as it
adjusts to the perturbation (e.g, base-level drop
and change in uplift rates) [e.g., Wobus et al,, 2006].
Such a perturbation can be climatic or tectonic; how-
ever, several studies along strike have found evi-
dence for relatively high uplift rates in the Higher
Himalaya with respect to the Lesser Himalaya [e.g.,
Lavé and Avouac, 2001; Godard et al., 2004; Herman
et al, 2010; Coutand et al., 2014]. We therefore associ-
ate high kg, and corresponding high denudation
rates with locally high uplift rates.

Although we observe a moderately strong correla-
tion between denudation rates and ki, our denuda-
tion rates correlate poorly with many other standard
topographic and climatic metrics (Table 3). We were
not able to constrain several factors of the fluvial
network, such as channel width, depth, and geome-
try. Recent studies have highlighted the importance
of channel width and geometry in the stream power
model and in erosional proxies, such as specific
stream power [Fisher et al., 2013]. In our SSP calcula-
tions, we scaled channel width to discharge follow-
ing a power law relationship [Knighton, 1999;
Whipple, 2004; Craddock et al., 2007]. This approach
results in channel width increasing nonlinearly as
upstream area increases. However, the low concav-
ity values we derived from y analysis of the fluvial
network indicate that many channels in the Arun
continue to have steep channels gradients in their
lower reaches and thus narrow channel widths
[Yanites et al., 2010; Fisher et al., 2012]. Discharge
scaling is therefore likely an inaccurate estimate of
channel width in this environment and may explain
why SSP poorly describes denudation rates in the
Arun compared to other orogens [e.g., Bookhagen
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Figure 8. Power law relationship of the standard area-weighted ks, (0 =0.45,
R = 0.54) and denudation rates, shown with 95% confidence interval in
shaded gray compared to published relationships from Bookhagen and Strecker
[2012], Ouimet et al. [2009], Safran et al. [2005], and Scherler et al. [2014]. The
observed power law exponent b (from the relationship y = ax”) for the Arun is
b=1.96 (95% confidence interval; upper and lower bounds b=0.33, 1.19).

and Strecker, 2012]. Similar scaling
issues may exist in other regions with
steep channels and low concavity.

5.3. Percentile Regression of
Catchment Characteristics and
Denudation Rates

In dynamic landscapes, topography
and topographic metrics within a catch-
ment may not always follow a normal
or Gaussian distribution. Such skewed
or multimodal catchment distributions
can result in mean or median values
that are not the best representatives of
the data population. Lilliefors tests sug-
gested a nonnormal distribution of ele-
vation, hillslope gradient, 1km local
relief, and mean annual rainfall in all
sampled catchments at a 95% confi-
dence level. On the other hand, ks,
values do not show evidence of non-
normal distributions in some basins;
however, this result may be an artifact

of sample size, as a smaller sample is less likely to reject the null hypothesis of normal distribution. Similarly,
we found a systematic positive skew (right-tail) in the distribution of hillslope gradient and &, (see Table S2).

Figure 9 shows an example of how such nonnormal distributions may arise within a catchment as the result
of transient topography. Relatively small areas of perched, low-relief topography were observed throughout
the study area. Here a low-relief area in the upper reaches of the catchment (Figure 9¢) results in a bimodal
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Figure 9. Example catchment demonstrating nonnormal topographic distribution (ARU-11-23). (a) The 1 km relief map of the catchment, paired with 90th percentile
of kg, located at the foot of the transient surface. (b) Our interpretation of the relief map, with perched, low-relief surface shown in blue. (c) Google Earth view of
low-relief topography. Histograms of topographic metrics: (d) elevation (m asl), (€) 1 km relief (m), and (f) ks (m0'46), shown with approximate normal distribution
(black line) and percentile values (dashed lines).
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Figure 10. Regression results between various catchment-mean topo-
graphic and climatic metrics and denudation rates based on percentiles
of catchment metrics and denudation rates, showing the variable good-
ness of fit depending on which catchment value is used. Normalized
channel steepness values calculated using channel concavity from y
analysis, showing the moderately strong correlation between kg, and
denud