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[11 Several processes contribute to denudation in high-mountain environments. Of these,
glacial erosion is particularly difficult to constrain, despite its critical importance in the
evolution of many mountain ranges. In this study, we present a new data set of '’Be
concentrations in fluvial sediments sampled along the Marsyandi River and its main
tributaries in central Nepal. We interpret the '°Be concentrations as being significantly
impacted by glacially derived sediments along the Marsyandi River. Such additions
complicate conventional interpretations of '’Be-derived catchment-scale denudation rates.
Using a simple linear mass-conservation formulation, we invert our data set in order to
separate the different denudational contributions to the observed signal, as well as to
constrain their magnitude and spatial distribution. Our results suggest significant variations
in glacial erosion, both in space and magnitude, within the Marsyandi catchment.

Citation: Godard, V., D. W. Burbank, D. L. Bourlés, B. Bookhagen, R. Braucher, and G. B. Fisher (2012), Impact of glacial
erosion on '°Be concentrations in fluvial sediments of the Marsyandi catchment, central Nepal, J. Geophys. Res., 117, F03013,

doi:10.1029/2011JF002230.

1. Introduction

[2] The rates and processes of glacial erosion are commonly
poorly known, and yet they represent a key component of our
understanding of the role of glaciers as geomorphological
transport agents. The processes of erosion, transport, and
deposition acting in glacial landscapes have far-reaching
implications for the morphology and dynamics of mountain
ranges, as well as for the sediment-flux budget. Indeed, one of
the most provocative ideas that has emerged in the field of
geodynamics during the last 25 years is that tectonics, denu-
dation, and climate in actively deforming areas may be
strongly coupled [Molnar and England, 1990; Raymo and
Ruddiman, 1992; Avouac and Burov, 1996; Willett, 1999;
Thiede et al., 2004; Whipple and Meade, 2006; Godard et al.,
2009]. This proposed coupling has been the focus of numerous
numerical and field studies and, because glaciers have been
argued to be highly effective erosion agents [Hallet et al.,
1996; Koppes and Hallet, 2006; Foster et al., 2008], the
magnitude and role of glacial erosion has quickly moved to the
forefront of this field [Herman and Braun, 2006; Anderson
et al., 2006; Brocklehurst and Whipple, 2006; Tomkin, 2007;
Tomkin and Roe, 2007; Brocklehurst and Whipple, 2007,
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Berger et al, 2008; Egholm et al, 2009; Koppes and
Montgomery, 2009; Foster et al, 2010; Godard and
Burbank, 2011, Ward and Anderson, 2011]. Nonetheless,
our understanding of the glacial components of the landscape
still lags behind that of the widely studied fluvial domain, and
numerous debates persist concerning basic aspects of glacial
processes and behavior [Rahaman et al., 2009; Thomson et al.,
2010]. Among the gaps in our knowledge regarding the
dynamics of modern glaciers, one of the most critical is the
lack of simple, systematic, field-based methodologies for
the quantification of glacial erosion. This gap is particu-
larly noticeable in the context of the much wider success
in quantifying river incision and hillslope erosion [e.g.,
von Blanckenburg, 2005]. Here, we present a methodology
and associated results that try to fill this gap and quantify
spatially variable glacial erosion.

[3] The development of physically based and quantitative
models for glacial erosion processes [Boulton, 1979; Hallet,
1979; Boulton, 1996; Hallet, 1996] has paved the way for
the investigation of the influence of glaciers at the scale of
the whole landscape [Tomkin, 2007; Jamieson et al., 2008;
Herman and Braun, 2008; MacGregor et al., 2009; Egholm
et al., 2009]. On the other hand, small-scale field studies
have observed glacier-bed processes such as quarrying
[Anderson et al., 1982; Rea and Whalley, 1994; Cohen et al.,
2006]. Such studies provide invaluable insights about
instantaneous glacial morphogenetic activity, but their lim-
ited spatial extent does not permit reliable generalization to
an integrated estimate of the efficiency of glaciers at the
scale of the whole landscape. In contrast, several studies
have investigated the sediment budget of glacier-fed streams
or basins to derive large-scale estimates of glacial erosion.
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Figure 1. Location map for the Himalayas of central Nepal showing the main topographical, fluvial and
tectonic features. White areas represent modern glaciers [Armstrong et al., 2005]. MCT: Main Central
Thrust, MBT: Main Boundary Thrust, MFT: Main Frontal Thrust. Dark gray box indicates the position

of Figure 2.

These reconstructions, however, require very good preser-
vation of sediment records, which is not common in many
contexts [Small et al., 1984; Riihimaki et al., 2005; Staiger
et al., 2006; Koppes and Hallet, 2006; Dowdeswell et al.,
2010].

[4] The purpose of the work presented in this article is to
contribute to the development of tools and approaches that
allow the estimation of glacial erosion in mountainous
regions. We build on the growing number of studies ana-
lyzing catchment-scale denudation rates through concentra-
tions of cosmogenic nuclides in river sediments and derive
a simple mass-conservation approach to deconvolve the
respective contributions to denudation of the glacial and flu-
vial systems. Our study is focused on the Marsyandi catch-
ment in central Nepal, where previous investigations have
yielded a dense data set and offer robust and detailed docu-
mentation of climatic, geomorphological and tectonic pro-
cesses [Pratt et al., 2002; Harper and Humphrey, 2003; Searle
and Godin, 2003; Gabet et al., 2004a, 2004b; Pratt-Sitaula
et al., 2004; Brewer et al., 2006; Huntington et al., 2006;
Huntington and Hodges, 2006; Blythe et al., 2007; Craddock
et al, 2007, Garzanti et al, 2007; Pratt-Sitaula et al.,
2007; Whipp et al., 2007; Gabet et al., 2008, 2010].

2. Setting

[s] We present here selected features of the Himalayas of
central Nepal and the Marsyandi river to provide the back-
ground of our study (Figures 1 and 2). Further information
about the broader geological context of the area can be found
in Hodges [2000], Avouac [2003] and Yin [2006].

2.1. Geological, Morphological and Climatological
Context

[6] From the low-elevation Gangetic plain to the 5-km-
high Tibetan Plateau, the Himalaya stands as one of the
steepest topographic escarpments on Earth (Figure 1). The
most salient morphological feature of the range in central
Nepal is a major topographic break often referred to as the
physiographic transition (PT,) [Harrison et al., 1998;
Hodges et al., 2001; Wobus et al., 2003], which marks the
beginning of the high range front. In the Marsyandi area, this

transition also approximately corresponds to the geological
boundary between the Lesser and Greater Himalayas that is
associated with the crossing of the Main Central Thrust
(MCT). South of this transition, the Lesser Himalaya is
dominated by mostly Precambrian metasediments, the
average elevation ranges from 1 to 2 km, and the landscape
is characterized by moderate denudation (~1 mm/yr) [Lavé
and Avouac, 2001; Pratt-Sitaula et al., 2004; Bollinger
et al., 2004].

[7] In contrast, the average elevation starts to rise abruptly
north of the PT, when entering the crystalline units of the
Greater Himalaya that are actively uplifted above the crustal
ramp of the Main Himalayan Thrust [4vouac, 2003]. This
abrupt mountain front has a first-order impact on the
regional climate, the most notable of which is the develop-
ment of a strong orographic effect and intense precipitation
focused on the transition between the Lesser and Greater
Himalayas, with rainfall up to 4 m/yr [Bookhagen et al.,
2005; Bookhagen and Burbank, 2006; Andermann et al.,
2011; Bookhagen and Burbank, 2010]. Given both greater
rainfall and steeper slopes, denudation rates are significantly
higher in the Greater Himalaya (3—6 mm/yr) when compared
to those observed south of the transition [Lavé and Avouac,
2001; Blythe et al., 2007].

[8] Farther north, the Tethyan series are the dominant
lithologies, which comprise successions of Mesozoic and
Paleozoic sediments [Searle and Godin, 2003]. Marking the
southern edge of the Tibetan Plateau, this region lies in the
Himalayan rainshadow and is significantly drier. For example,
in the Marsyandi catchment, a five- to ten-fold difference in
monsoon precipitation exists between the wet southern front of
the range and the northernmost areas that lie within the rain-
shadow [Burbank et al., 2003; Craddock et al., 2007]. This
climatological contrast is reflected in the denudation rates that
decrease gradually northward to <1 mm/yr [Lavé and Avouac,
2001; Garzanti et al., 2007; Gabet et al., 2008]. It is suspected
that denudation in the high range is modulated in time by the
expansion and retreat of glaciers, following long-term climatic
fluctuations [Gabet et al., 2008].

[v] Another important climatic feature of the Himalayan
range is that precipitation is not distributed evenly across the
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Figure 2. Geological map of the Marsyandi catchment. See Figure 1 for broader location context. Geolog-

ical units are from Searle and Godin [2003]. White

areas represent modern glaciers [Armstrong et al.,

2005]. The thick blue line indicates the Marsyandi main trunk. The Khansar is actually the upper
Marsyandi. Green squares are locations of the samples from the Marsyandi main trunk. The main

sub-catchments used in this study are indicated by
pled at their confluence with the main trunk.

year, but is strongly concentrated during the monsoon season,
in particular in Nepal where more than 80% of the annual
precipitation occurs between the months of May and October
[Bookhagen, 2010; Bookhagen and Burbank, 2010].

2.2. Denudation of the Marsyandi Catchment

[10] The Marsyandi catchment is of particular interest for
the study of erosional processes in orogenic settings due to

darker shading. These sub-catchments were sam-

several geomorphological investigations over the past decade
that have helped delineate the spatiotemporal distribution of
denudation with a level of detail that is unmatched in any
similar environment (Figure 2). These earlier studies have, in
particular, improved our understanding of several important
processes pertaining to the interactions between precipitation
and denudation [Burbank et al., 2003; Gabet et al., 2004b,
2004a; Bookhagen and Burbank, 2006; Craddock et al.,
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2007], the nature of fluvial incision in actively uplifting
domains [Lavé and Avouac, 2001; Pratt-Sitaula et al., 2004],
the dynamics of sediment transport in mountain rivers over
several time-scales [Garzanti et al., 2007; Pratt-Sitaula et al.,
2007; Gabet et al., 2008], and the long-term denudation and
kinematics of orogenic wedges seen through thermo-
chronometry [Huntington and Hodges, 2006; Huntington
et al., 2006, Brewer et al, 2006; Blythe et al., 2007;
Whipp et al., 2007].

[11] One specific aspect of denudation that has received
less attention is the erosion associated with ice flow. Previ-
ous work in the Marsyandi catchment has delineated some
aspects of the past extension of glaciers, and in particular
ELA depression [Duncan et al., 1998; Harper and
Humphrey, 2003; Burbank et al., 2003; Pratt-Sitaula,
2005; Pratt-Sitaula et al., 2011], and locally estimated
rates of glacier headwall retreat [Heimsath and McGlynn,
2008]. Although glaciers still occupy a significant portion
of the catchment area (~15%), the fraction of total landscape
denudation that can be attributed to glacial erosion remains
largely unquantified in this region. The quantification of the
contribution of glacial erosion to the total denudation budget
is of particular interest in the Marsyandi area because some
recent results have suggested that denudation may have been
highly variable through time in the higher Himalaya. Mod-
ern denudation rates suggest that the wet southern flank of
the range is experiencing faster denudation than the northern
drier areas [Brewer et al., 2006, Garzanti et al., 2007; Gabet
et al., 2008]. Longer term estimates of denudation based on
fission track dates across the same area do not show a pro-
nounced north-south gradient in denudation [Burbank et al.,
2003; Blythe et al., 2007; Whipp et al., 2007], such that
exhumation appears to be largely decoupled from the pre-
cipitation pattern. In contrast, new U-Th/He ages in relief
transects suggest mean denudation rates at 10°—10° yr
timescales that are significantly lower in the rain shadow
than on the southern flank of the Greater Himalaya [Streit
et al., 2011]. Until the differences between the fission track
and U-Th/He dates are resolved, the possibility remains that
denudation was higher during glacial periods than during
interglacials in the northern dry part of the catchment. Such a
contrast could lead to long-term rates that are on par with
those seen farther south [Gabet et al., 2008].

3. Methods and Data

3.1.

[12] Over the last 15 years, the measurement of cosmo-
genic nuclide concentrations in river sands has been found
to be one of the most efficient ways to quantify catchment-
averaged denudation [Brown et al., 1995; Bierman and Steig,
1996; Granger et al., 1996; Schaller et al., 2001; Vance et al.,
2003; von Blanckenburg, 2005; Wittmann et al., 2007; Ouimet
et al., 2009; Godard et al., 2010; DiBiase et al., 2010].
If the size of the sampled catchment is large enough to ensure
an appropriate representation of the surface processes acting
over the integration timescale [Niemi et al., 2005; Yanites
et al., 2009], this method delivers information on denuda-
tion that is both spatially averaged over the catchment and
temporally averaged over the time required to erode to a
depth equivalent to the characteristic attenuation length of
cosmic rays (~60 cm in bedrock).

Cosmogenic Nuclides in River Sands

GODARD ET AL.: GLACIAL EROSION IN THE HIMALAYAS
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[13] It should be noted that in most situations the observed
'9Be concentration in river sediments is used to estimate an
average denudation rate for the catchment as a whole, which
can be compared with other basin-averaged observations,
such as relief, slope or precipitation, in order to test geo-
morphological models or concepts [e.g., Safran et al., 2005;
Ouimet et al., 2009; DiBiase et al., 2010; Bookhagen and
Strecker, 20123. Another way to use such data is to express
the observed '“Be concentration as the combined contribu-
tion of the different denudation processes occurring across
the landscape though a mass-conservation budget [Bierman
and Steig, 1996; Perg et al., 2003; Nichols et al., 2005;
Belmont et al., 2007). This approach requires explicit
hypotheses on the nature of surface processes acting inside
the catchment (i.e. proposing analytical formulations for
fluvial or hillslope denudation rates) in order to derive the
volume and concentration of sediments produced at every
point of the landscape. Such formulations allow predictions
to be made on '’Be concentrations that can then be com-
pared with observations to test the underlying hypotheses
and associated parameters [Gayer et al., 2008; Delunel et al.,
2010]. Our study relies on this type of approach to attempt to
retrieve information on the glacial processes occurring inside
the sampled catchments.

3.2. Sampling Strategy and Processing

[14] We measured the '°Be concentration in 27 samples
that were collected over two field seasons in 1997 (sampling
by Brewer et al. [2006] and processing in this study) and
2009. The sampling strategy was designed to allow a dense
along-stream coverage from the lower part of the Marsyandi
River near its confluence with the Trisuli to the upper part of
the catchment. Major tributaries were also sampled near their
confluence with the trunk stream. This dense spatial cover-
age allows us to obtain a high-resolution picture of the var-
iations of the '°Be concentrations in river sands across the
catchment. Furthermore, the joint analysis of samples col-
lected during two distinct field campaigns more than
10 years apart permits us to assess the time variability of the

Be concentration at similar positions along the river.
Extensive data presentation and details of the analytical
procedures are provided in the auxiliary material.'

3.3. Evolution of the '’Be Signal Across the Marsyandi
Catchment

[15] Striking variability is present in the '°Be concentra-
tion along the Marsyandi main trunk and its dominant
tributaries (Figure 3). Along the main channel, the general
tendency is that the samples from the highest (Tethyan) parts
of the catchment yield relatively higher '’Be concentrations
(~15,000 at/g), and concentrations progressively decrease
(down to ~7,000 at/g) as the river traverses, first, the Greater
Himalaya and then the northern half of the Lesser Himalaya.
Within the southern half of the Lesser Himalaya, cosmo-
genic radionuclide (CRN) concentrations reveal a secondary
increasing trend in the downstream direction.

[16] The distribution of '"Be concentrations from the
tributaries is less systematic than for samples from the main
trunk. Tributaries that drain the Greater Himalaya have

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JF002230.
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Figure 3. (a) Channel profile of the Marsyandi (dark gray) with corresponding contributing area (blue) and
basin-averaged production of '’Be (red). (b) Evolution of the '°Be signal along the Marsyandi river and its
main tributaries (light red and blue filled symbols respectively). Error bars are 10 uncertainties. Circles
and diamonds indicate whether the samples were collected in 2009 or 1997, respectively. The red solid and
dashed lines are connecting the samples from the lower reach of the Marsyandi, that were collected in
2009 or 1997, respectively. Note that the vertical scale changes above 30000 at/g and becomes logarithmic.
The thin gray curves indicate the theoretical evolution of the along-stream '°Be concentration under the
hypothesis that the entire Marsyandi catchment is eroding uniformly (1, 2, 3, 4 and 5 mm/yr) without taking

into account any shielding by glaciers.

relatively low concentrations, with the notable exception of
the Dona Khola (Figure 3). High variability is also present
for the tributaries that join the Marsyandi in its lower
reaches, with tributaries that drain exclusively the Lesser
Himalaya (Paudi and Chudi) showing the highest con-
centrations (Figure 3). We observe a relatively good
repeatability of the measured concentrations over the two
sampling campaigns for both the main trunk and tributaries
[Ruhl and Hodges, 2005]. For example, there is less than
15% relative variation between the two samples collected at
the outlet of the Darondi catchment. For samples from the
lower reach of the Marsyandi, where the sample density is
highest, data from the two periods delineate the same trend
as seen in Figure 3b.

3.4. Qualitative Interpretation of the Along-Stream
Pattern

[17] Several factors can potentially account for the evolu-
tion of the observed '’Be concentrations along the Mar-
syandi River. First, given the 5.5-km range in altitude that
encompasses >90% of the Marysandi catchment, nuclide
production rates are >20 times higher in the upper reaches of
the catchment compared to the lower reaches (Figure 4b).
Second, areas of rapid denudation have lower CRN

concentrations because bedrock resides for a shorter amount
of time in the high-productivity zone directly below the
eroding surface. Given these influences on nuclide con-
centrations, the high concentration observed in the north-
ernmost part of the catchment could be attributed to the
constructive combination of high production rates and rela-
tively slow denudation. Starting from this northernmost part
of the catchment and moving downstream, the significant
diminution in '°Be concentrations in the Marsyandi sands
may result from both lower productivity (due to lower alti-
tude) and faster denudation of Greater Himalayan rocks.
Finally, '’Be concentrations stabilize and even begin to
increase due to the addition of sediments derived from the
Lesser Himalaya lowlands that have low '°Be production
rates but also slow denudation, such as the landscapes
drained by the Chudi and Paudi rivers (Figure 2).

[18] Another potentially significant factor to consider is
the role of glaciers, because they both shield the bedrock
from nuclide production by cosmic rays and produce sedi-
ments through basal erosion of bedrock that have generally
very low CRN content. Because we suspect that glacially
derived sediments may significantly contribute to the spatial
trends of the '°Be concentration in our data set, we use
caution when discussing our results in terms of denudation
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(c) Mean precipitation

Figure 4. Available data sets over the Marsyandi catchment used as inputs to derive estimates of glacial
erosion. (a) Topography of the catchment and location of the sub-catchments considered in this study. (b)
Surface production rate for '°Be due to spallogenic contribution [Stone, 2000], corrected for topographic
shielding [Dunne et al., 1999] and snow cover with the snow water equivalent data of Bookhagen and
Burbank [2010] and the formulation of Gosse and Phillips [2001]. Both shieldings appear to have a
low impact on the effective production rates. Note that the production rates used in the calculations pre-
sented in this paper also account for the muonic contribution [Braucher et al., 2003, 2011] (see
auxiliary material for further information). (c) Average annual precipitation over the catchment
[Bookhagen and Burbank, 2010]. (d) Distribution of the main geomorphic domains considered in the mass
balance approach (equation (1) and see text for details). The upper part of the Dona catchment is separated
from the lower part by a pro-glacial lake which is trapping sediments (see auxiliary material). The glacial
hillslope domain is defined as all the areas of the landscape that are directly draining toward the glaciers.
(e) Spatially averaged specific stream power using precipitation-based discharge. (f') Topographic slope.

rates. In order to get an estimate of the influence of the
glacial sediment input on the '°Be concentrations, we start
from the null hypothesis that glacial erosion makes no con-
tribution to the sediment flux, and we calculate, for each
sample, an apparent denudation rate that takes only into
account the fluvial part of the landscape (i.e., we restrict the
calculation of the averaged production rate to the fluvial
domain, Figure 4d). We compare this apparent rate with the
corresponding catchment-averaged specific stream power
(Figure 5). The channel slope and accumulation area used in
specific stream-power calculations (Figure 4e) are obtained
from a 90-m resolution SRTM DEM. Discharge, Q, is
obtained from the mean annual precipitation and snowmelt
data of Bookhagen and Burbank [2010] (Figure 4c), channel
width, W, is scaled as WaQ™* [Burbank et al., 2003;
Craddock et al., 2007] and channel slope is calculated along
the steepest descent path. This scenario is equivalent to
making the assumption that the glaciers and hillslopes
connected to them (Figure 4d) are not contributing sedi-
ments. Using these assumptions, we observe that the

unglaciated tributaries (that we identify as catchments with
<10% of their area covered by ice) define a roughly linear
relationship between denudation rate and specific stream
power (gray diamonds, Figure 5a). Lesser Himalayan
catchments, such as the Paudi and the Chudi, with high '°Be
concentrations and low specific stream-power, define the
lower end of this trend. In contrast, the catchments that have
more glacial cover almost always plot above this trend (18
out of 19 catchments in Figure 5a) by showing higher
apparent denudation than what would be expected for a
given specific stream power, with the exception of the Dona
and Dordi catchments. We interpret these large positive
deviations as the direct manifestation of the dilution of the
'9Be signal by glacial sediment input, a dilution leading to a
higher apparent denudation rate for a given specific stream-
power value.

[19] In order to isolate the factors controlling this dilution,
we examine the amplitude of the deviation from the baseline
defined by the unglaciated catchments (residual in
Figures 5b—5e) as a function of parameters related to the
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Figure 5. (a) Apparent denudation rates as a function of average specific stream power in the fluvial
domain for basins corresponding to the samples presented in this study. For the purpose of this figure,
apparent denudation rates are computed from the '°Be concentration under the hypothesis that only the
fluvial domain (fluvial network and hillslopes connected to it) contributes sediments, and that, as a conse-
quence, no denudation occurs under the glaciers or on the hillslopes above them (see Figure 4d for the
delineation of the different domains). Similarly, the average specific fluvial stream power includes only
the fluvial parts of the landscape. The thick dark gray dashed line is a linear regression (R = 0.85) forced
through zero for the unglaciated catchments (dark diamonds for which the glaciated area is <10%), with
95% confidence envelope. The slope of the regression line is 4.8 10~ '* m*/J. The color code corresponds
to the along-stream distance to the confluence with the Trisuli, and indicates the relative position of the
samples inside the Marsyandi catchment and their distance from the headwaters. Numbers next to catch-
ments names are keyed to the inset. In order to analyze the possible causes for the deviation from the trend
defined by the unglaciated catchments, we plot the amplitude of this deviation as a function of different
parameters that can be related to the erosive efficiency of the glaciers. (b) Average slope of the glaciers
inside the basin, which can influence the ice flow velocity. (¢) Mean glacier elevation, which can influence
the mass balance. (d) Fraction of glaciated area in the catchment, which can be related to the total amount
of glacial erosion occurring inside the catchment. (e) Mean annual precipitation over the glaciers inside the

basin which can influence the mass balance.

geomorphological environment of those glaciers, such as
average slope (Figure 5b) or annual precipitation (Figure 5d).
A general increase of the residual with the fraction of glacial
cover (Figure 5e) is clear, as would be expected if glacial
erosion influences the CRN signal. We do not however
observe any significant trend or correlation in Figures 5b—5d,
an absence which points toward complex dynamics and
diverse spatial patterns of denudation. We suspect that the
combination of sediments with almost no '°Be from under-
neath the glaciers and sediments derived from the supra-
glacial hillslopes, with high production rates and variable
denudation, contributes to generate this complex pattern.

[20] We note that the linear or non-linear nature of the
dependency of erosion on landscape metrics such as stream
power or steepness index is actively debated [Kirby and
Whipple, 2001; Ouimet et al., 2009; DiBiase et al., 2010;
Bookhagen and Strecker, 2012]. Our limited data set of
unglaciated catchments suggests that a simple linear rela-
tionship provides an acceptable fit, but further discussion on
its physical meaning would require additional sampling of

such catchments. Stochastic inputs of low-dose sediments by
mass wasting could be an alternative explanation for the
S)parent dilution in our data, as it is clearly impacting the

Be concentration in studies investigating small catchments
[e.g., Norton et al., 2010]. However our t;rplcal catchment
size is 51gn1ﬁcantly above the 70-100 km~ value proposed
by Niemi et al. [2005] and Yanites et al. [2009], such that we
are quite confident that the contribution of processes such as
landsliding is effectively averaged in our signal.

[21] For tributary junctions involving catchments of com-
parable size, such as the Khansar and the Nar, it is possible to
assess the sediment mixing efficiency [Binnie et al., 2006].
The ratio of the apparent denudation rates (Figure 5) for these
two catchments is ~1.5, whereas simple sediment mixing
considerations based on the respective catchment areas and
the '°Be concentrations upstream and downstream of the
junction [Binnie et al., 2006] predict a ratio of ~1.1. This
difference might be interpreted as the manifestation of
imperfect mixing across this confluence, but in our case this
mismatch can also be related to the overestimation of the
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actual denudation in the Khansar catchment due to a larger,
but unaccounted for, contribution of sediments produced by
glaciers, with respect to the Nar. Farther downstream, when
reaching the lowlands, the '°Be concentration in the Mar-
syandi becomes less and less sensitive to contributions from
tributaries due to the high volume of sediments that are
already transiting along the main trunk.

4. Quantitative Assessment of the Distribution
and Intensity of Denudation

4.1. Outline of the Approach

[22] In this section, we attempt to go beyond the simple
qualitative considerations of the previous section and derive
a phys1ca11y based understandlng of the evolution of the

"“Be concentration in the Marsyandi catchment and, in
particular, the dilution associated with glacial erosion. We
want to emphasize that the primary purpose of our simple
mass-conservation budget goes beyond an effort to obtain
estimates for the different parameters controlling catchment-
scale denudation. Instead, our focus is to understand both
the amount of the observed variability in our data set that
can be explained by first-order representations of fluvial and
glacial erosion processes, as well as the magnitude of the
remaining unexplained signal.

[23] We consider that the total volumetric flux of quartz, F;
(dimension [L*/T7), transiting through a sampling point in the
fluvial network is a mix of three distinct contributions: (1) F
the flux from denudation in the fluvial domain, i.e.,the fluvial
network and hillslopes connected to it, (2) F,, the flux from
erosion underneath the glaciers, and (3) F, the flux from the
hillslopes above the glaciers (supra-glacial hillslopes, SGH):

Jez€d4 (1)

F, :Ff +Fg+th = /ﬁlzédA +//‘;IzédA —+
S g gh

The parameter £, is the concentration of the quartz fraction in
the corresponding sediments, A4 is area, and ¢ is the denudation
rate ([L/T]) associated with a number of processes that will be
subsequently specified. The subscripts f, g and gh refer to the
fluvial, glacial and supra-glacial hillslopes domains, respec-
tively. Note that, when constructing this sediment-flux budget,
we are assuming that all three domains are producing material
with similar grain size distributions, an assumption that will be
discussed subsequently. The average concentration of '°Be,
[loBe]an ([atoms/M]), in any sediment collected along the
network (which is what we measure in our samples) will be,

1
tJf+g+gh

fez¢['°Be]dA (2)

We distinguish between these three components because we
assume that they have distinct properties in terms of erosion
processes and accumulation of in-situ '°Be (Figure 4d). In
order to produce a formulation that is tractable, our mass bal-
ance has to rely on several simplifying assumptions for these
three contributions. We assume that glaciers are effectively
shielding the underlying bedrock from cosmic rays and the
sediments directly produced by glacial processes (glacial
domain, F,) have a zero concentration of '°Be. Second, we
assume that the '°Be concentration in quartz for sediments
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delivered by the other parts of the landscape (fluvial and gla-
cial hillslopes domains, Fy and Fyh) is related to the local
denudation rate with the following classical relationship
[von Blanckenburg, 2005],

PA
" e o

where P and A are the scaled production rates ([atoms/M/ T])
and attenuation length ([M/L?]), respectively. The PA term is
the summation of the spallogenic (Figure 4b) and muonic
contributions, and p is the material density ([M/L’]). We also
parameterize denudation acting on the fluvial part of the
landscape (rivers and hillslopes contributing directly to them)
by assuming that the pace of denudation of the threshold
hillslopes [Gabet et al., 2004b] above the fluvial channels is
controlled by river down-cutting and incision, such that spa-
tially averaged denudation is considered to be directly pro-
portional to some measure of river erosive power: in our case,
specific stream power, {2 (Figure 4e),

Fy = // foredAd = a // f2dA (4)

The parameter « is the proportionality factor relating specific
stream power to the denudation rate and is analogous to an
erodibility constant [Howard et al., 1994; Sklar and Dietrich,
2001; Tucker and Whipple, 2002; Lavé and Avouac, 2001;
Godard et al., 2010]. We assume that glacial erosion is con-
stant throughout the glaciated parts of the Marsyandi catchment
and that the supra-glacial hillslopes have their denudation rate
set to that of the glacier below them [Heimsath and McGlynn,
2008; O Farrell et al., 2009],

Foigh =

Jg+gh

JozedA = eg/ JozdA (5)

g+gh

Our goal is to solve for the parameters defining fluvial («) and
glacial (&,) erosion inside the catchment.

[24] On the basis of the point-counting data of Brewer et al.
[2006] and Garzanti et al. [2007], we consider that quartz
abundance in the sediments derived from the denudation of
the Tethyan Series, where carbonates dominate, is 1/5 of that
of the Lesser and Greater Himalayas (Figure 2).

4.2. A Two-Parameter Simple Linear Model

[25] As stated above, we assume that glacial erosion is
constant across the Marsyandi catchment, i.e., all glaciers are
eroding at the same rate independently of their position
within the range. We combine equations (1), (2) and (3) along
with the simplified formulations for denudation (equations (4)
and (5)), and derive the following relation that relates the
CRN concentration to the fluvial and glacial erosion rates,

A
1 nar ()

JozdAd =
! [mBe]an f+gh P

g+gh

a / f-QdA + €,
f

This equation can be rearranged as,

Jy fe2da 1

PA
: €g = - Soz—dA. (7)
jg+gh f;isz “ [loBe]avg' jg+g}1 ﬁIZdA !

f+eh P
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Figure 6. X and Y values (equation (8)) corresponding to
our data points. The underlying assumption is that glacial
erosion is constant over the whole Marsyandi catchment.
Dashed line is a least-squares regression (R = 0.28) through
this data set that allows us to constrain the erosion para-
meters used in the mass balance formulation: the erosion
efﬁ01ency coefficient and the average apparent glacial ero-
sion (v =4.1 £ 3.2 107" m*/J and £, = 4.9 £ 3 mm/yr,
respectively, 95% confidence intervals). Light yellow enve-
lope is 95% confidence interval on the regression line. Sym-
bol are colored according to the distance of the sampling
point to the confluence of the Marsyandi with the Trisuli
River, which provides a spatial reference frame for these
results.

This equation is key in our analysis because it indicates that
the parameters o and &,, i.e. the scaling factor (erodability)
relating fluvial erosion to stream power (equation (4)) and the
glacial erosion rate, respectively, are the slope and intercept
of a linear relationship aX + ¢, = ¥, where

- £.QdA 1 PA
Xzf'/ﬁli,andY: m Jaz—
fg+gh fqsz [ Be]avg' fg+g/1 fqsz f+gh p

(8)

The X and Y parameters are analogous to the basin-averaged
specific stream power and apparent denudation, respectively,
used in Figure 5, but are explicitly incorporating the contri-
bution of glacial erosion. For each sampling point for Wthh
we have measured a value for the concentration of '°Be
([loBe]avg), we can calculate X and Y using standard GIS
techniques, and thus, by direct linear regression, we can
derive estimates of the values of «v and &,.

[26] When applied to our data set, the calculation of vari-
ables X and Y (Figure 6) shows significant scatter but also
reveals an overall increase of Y values with X. As explained
above, under our working assumptions and simplifications,
the intercept of the regression line on this data set is an
estimation of the average value for the glacial erosion rate
over the catchment. This estimate is ~5 mm/yr in the case of
the Marsyandi (Figure 6). One reason for the large scatter is
most likely the failure to take into account the spatial vari-
ability of geomorphic processes and, in particular, of glacial
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erosion across the climatic gradients observed within the
Marsyandi catchment (Figure 4c). The scatter around the
regression line when using this simple formulation suggests
the utility of expanding this formalism in order to integrate
intra-catchment variations in the intensity of glacial erosion.

4.3. Spatial Variability in Glacial Erosion

[27] The Marsyandi catchment encompasses large glaci-
ated areas with striking contrasts in climatic and geomorphic
environments [Bookhagen and Burbank, 2006; Gabet et al.,
2004b]. The mass balance of these glaciers and, specifically,
the ice flux is expected to vary significantly between the
monsoon-drenched glacial systems of the south flank and
drier areas located inside the rainshadow, such as glaciers of
the Nar tributary [Harper and Humphrey, 2003; Pratt-
Sitaula, 2005; Bookhagen and Burbank, 2006]. Given the
apparent correlation between ice flux and glacial erosion
rates [e.g., Humphrey et al., 1986; Hallet, 1996], the
assumption that glacial erosion intensity is constant over the
whole catchment, as postulated in the previous section, is
difficult to support [Scherler et al., 2011a]. In this section,
we further develop the mass-conservation formalism by
allowing glacial erosion to vary in space. Such spatial vari-
ability is introduced in our approach by defining an average
glacial erosion rate at the sub-catchment scale, rather than
for the whole catchment, i.c., we consider glacial erosion to
be constant within each of the major tributary basins to the
Marsyandi (Figure 4a).

[28] We decompose the glacial and glacial-hillslope
domains of the previous section into a number of sub-
domains corresponding to the m major tributaries of the
Marsyandi (Figure 4a), such that the total flux of quartz out
of these domains as seen in the i-th sample is:

Fovgni = Z%// Z“'s/ i> )

(g+gh)
where Aj; is the area of the intersection between the catch-
ments of i-th sample and the j-th Marsyandi tributary,
weighted by the quartz abundance in the bedrock.

[29] This expression for the glacial and supra-glacial hill-
slopes flux can be used in equation (6), and, for m major
tributaries and n samples, this formulation can be cast in
matrix form as,

fqsz

’ ’ £,
A Ay A [ 10dA ol
. . Cg.j
A Aj A [, S04 ;
., : £,
A Ay Ay S04 gm
o [0}
1 [ _PA
tong | Je——dA
[10Be]l Jri N 14

1
— S - ——dA
18], )y, 7"

I CPA
[10B¢] / Jor——dA
nJfn P

(10)
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Figure 7. Results from the systematic exploration of parameter space for each parameter couple (glacial
erosion rates inside the glaciated catchments ¢, and erodibility of the Tethyan Series arrs), with color scale
corresponding to likelihood (equation (11)). Thin dashed green lines indicate the solutions obtained in
Figure 6. Thin white contours delineate the best 1% in all the simulations performed.

At this point, we can further refine the analysis by intro-
ducing distinct erodibility coefficients («) for each of the
three litho-tectonic packages of the Marsyandi catchment:
the Lesser Himalayas, Greater Himalayas and Tethyan
Series domains (Figure 2). Previous studies have demon-
strated that the properties of the Lesser and Greater Hima-
laya formations with respect to denudation do not appear to
be significantly different [Lavé and Avouac, 2001; Attal and
Lavé, 2006, Godard et al., 2006; Craddock et al., 2007] and
we already have an estimation of the value of this parameter
from the unglaciated catchments of Figure 5 (gray dia-
monds). Thus, in the following analysis, we will only con-
sider the erodibility of the Tethyan Series (azs) as a free
parameter and set that of the other units to the value we have
previously determined.

[30] On the basis of the linear system of equations defined
by equation (10), we can predict an expected '’Be concen-
tration at n sampling points for any combination of values of

m glacial erosion rates (&,) and the erosion efficiency
parameter (azs), and we can calculate a likelihood L
[Herman et al., 2010],

L= exp <_1 i []OBe]observed,i - []OBe]predicted,i ) ) (1 1)

n 7 ag;

This likelihood criterion is maximized to extract the best-
fitting values; this maximization is attained by randomly
exploring the parameter space (Figure 7).

4.4. Results

[31] Based on these analyses (equations (10) and (11)), we
observe that the maximum likelihood apparent glacial ero-
sion rates for the three northernmost catchments (Khansar,
Nar and Dudh) display relatively restricted distributions
(Figure 7), whereas for other parameters, such as the
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Figure 8. Comparison between the observed and predicted
“Be concentrations at our sampling points along the Mar-
syandi river and its main tributaries. Predicted concentra-
tions plotted here are calculated by taking the mean value
of the predicted concentrations from the 1% best fitting sets
of parameters (Figure 7).

erodibility constant of the Tethyan Series (ars: Figure 7
(right)) or the apparent glacial erosion rates over the catch-
ments farther downstream (Dona, Nyadi and Dordi), the
values appear significantly more dispersed. These latter three
downstream catchments join the Marsyandi in its middle
reach, at a point where the fluvial sediment load is high and
the contributions from individual catchments are likely to be
strongly diluted: an unavoidable condition that will limit their
impact on the '°Be content in the main trunk and, hence, on
the obtained solution. As a consequence, the range of
acceptable values for their apparent glacial erosion rates will
be broader and the final resolution weaker. In terms of esti-
mating the erodibility of the Tethyan Series, it should be
noted that these formations have a low quartz content
[Brewer et al., 2006], which limits the impact of variations in
their rate of denudation on the total volume of Tethyan-
derived quartz that transits through the Marsyandi. This low
quartz abundance is a primary cause for the poor resolution
on the a7y parameter. For the three upper catchments, we
note that the predicted apparent glacial erosion ranges in the
Dudh and Khansar catchments are significantly higher (4—-10
and <10 mm/yr, respectively) than what is observed in the
more northerly Nar catchment (<2 mm/yr) that lies within the
rainshadow.

[32] We also note the existence of a negative correlation
between the erodibility of the Tethyan series and the
apparent glacial erosion rate in the Khansar catchment,
which drains almost exclusively Tethyan sediments. This
relation suggests that the concentration in '°Be of the sedi-
ments coming out of this catchment is highly sensitive to
changes in the erodibility of these formations such that a
decrease in agg leads to increased concentrations that can be
compensated for by a dilution from increased glacial
erosion.

[33] We can use the estimates of the denudation para-
meters derived from our optimization (Figure 7) to calculate
predicted values of the '°Be concentration at our sampling
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points along the Marsyandi and its main tributaries
(Figure 8). We note that for several tributaries the predicted
concentration is significantly lower than what is actually
observed, as for example, in the Chudi and Dona. This
variability cannot be explained by our simple mixing model
and points to more complex processes, such as the contri-
bution of sediments derived from Quaternary terraces or
moraines.

[34] Due to several significant simplifications that are
discussed below, however, we emphasize that these results
are only semi-quantitative estimates for the magnitude of
glacial erosion. For example, we propose that, based on our
inversion results (Figure 7), the average apparent glacial
erosion rate within the Nar catchment is <2 mm/yr, whereas
it is likely to be higher in the adjacent Dudh catchment (4—
10 mm/yr). Such results have the merits of providing an
order-of-magnitude estimate and a spatial distribution for
these processes that can be discussed in terms of variations
of the geomorphological environment of these catchments
(Figures 4c—4f). Any attempts to refine the glacial erosion
rates to a resolution of 1 mm/yr or less is clearly inappro-
priate with these data. We emphasize that glacial-flow
velocities can vary highly at small spatial scales and can
potentially result in different erosion rates [Scherler et al.,
2011b].

5. Discussion

5.1. Simplifying Assumptions in the Inversion
Approach

[35] The simple mass balance model that we employ in this
article relies on several assumptions and simplifications that
require critical examination. Whereas our primary aim is to
provide a comprehensive framework for the main trends and
patterns in our data, inevitably, significant variance exist that
cannot be explained by our simple approach and points to the
contribution of additional factors and processes.We have
partitioned the Marsyandi area into three distinct process-
oriented domains (fluvial, glacial, and supra-glacial hill-
slopes) (Figure 4d). This distinction has a functional signifi-
cance, but it provides a highly simplified view of denudation
acting within the catchment. The scaling of denudation with
specific stream power or a similar metric in the so-called
fluvial domain is common practice and has been broadly
validated in several previous studies [Lavé and Avouac,
2001; Kirby et al., 2003; Safran et al., 2005; Craddock
et al., 2007; Godard et al., 2010; Siame et al., 2011;
Abbiihl et al., 2011; Bookhagen and Strecker, 2012]. On
the other hand, denudation processes acting under glaciers
and connected hillslopes are far more difficult to parameter-
ize, which is why we limit ourselves to a far-field perspective
by only defining an average denudation rate acting over these
domains.

[36] Superficial Quaternary deposits that occur within the
Marsyandi catchment [Lavé and Avouac, 2001; Weidinger,
2006; Attal and Lave, 2006; Pratt-Sitaula et al., 2007] could
add a relatively highly '°Be dosed CRN contribution to the
sediments transiting into the fluvial network. Possible candi-
dates are, for example, the Late Quaternary moraines present
in the Khansar, Dudh and Dona sub-catchments [Pratt-
Sitaula, 2005; Zech et al., 2009], landslides such as those
present in the upper Marsyandi valley [Weidinger, 2006],
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alluvial and debris flow formations that are well exposed in
terraces along the Marsyandi valley [Pratt-Sitaula et al.,
2004], or extensive supra-glacial debris. All these contribu-
tions will cause deviations from the simple mass balance
proposed here, which is assuming steady state in terms of
sediment flux and no temporary storage of sediments inside
the catchment. They may exoplain some data outliers such as
the high concentration in '°Be of some Lesser Himalayan
catchments, such as the Paudi or Chudi (Figure 3). If signifi-
cant contributions have come from such more highly dosed
sediments, the apparent glacial erosion rates derived here
should be considered minimum values.

[37] Another important problem associated with our pro-
posed approach is the assumption that the sediments pro-
duced by the different processes acting inside the catchment
share a common grain-size distribution. This assumption
should be considered with caution when dealing with con-
tributions from both glaciated and unglaciated areas. In par-
ticular, one could argue that supra-glacial hillslopes deliver
coarser sediments than sub-glacial processes and that their
contribution would be underrepresented in the 250—-1000 ym
sediment size that we analyze here. Such an omission would
result in an underestimation of the contribution of these
hillslopes to the sediment flux. Under the assumption that
glacial hillslope denudation rates are set equal to those
imposed by the erosion directly under glaciers, the missing
hillslope contribution will induce glacial erosion rates to be
underestimated.

[38] As with every study using CRN in river sands to infer
denudation at catchment scales, one needs to be sure that the
different processes acting in the landscape are effectively
integrated in space and time to deliver a reliable estimate of
denudation. The catchments that we analyze are large
enough to perform this integration of the stochastic hillslope
processes such as landsliding [Yanites et al., 2009]. Simi-
larly, we also note that some recently deglaciated surfaces
are likely to be out of equilibrium with the denudation pace
imposed by the fluvial network, but we are assuming that
this only affects small portions of the total landscape that are
not going to significantly affect our sediment budget.

[39] As stated previously, we also find that catchments that
have low glacial coverage or join the main trunk significantly
downstream of the headwaters of the Marsyandi, such as the
Dona, Nyadi or Dordi (Figure 4a), have relatively poorly
defined apparent glacial erosion rates (Figure 7) when com-
pared to other catchments. Because these catchments either
lie in the lower reaches of the Marsyandi watershed or are
relatively small, they ultimately have a limited impact on
the magnitude and nature of the sediment flux at the
point where they join the Marsyandi [Gabet et al., 2008].
Their modest impact limits our ability to decipher their
erosion pattern based on the inversion of the '’Be signal.
Because such progressive downstream dilution and loss
of information is an important constraint on the applica-
bility of this approach, the topological and geomorpho-
logical properties of any candidate catchment deserve careful
evaluation.

5.2. Sensitivity Analysis

[40] In order to assess the potential implications of the
limitations mentioned in the previous section, we perform a
series of tests and sensitivity analyses for the multiparameter
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inversion. We first investigate the influence of random var-
iations in our data set on the structure of the solutions that
we obtained. For that purpose, we randomly resample every
data point using a normal distribution whose parameters are
the measured concentration as mean and the analytical 1o
uncertainty as standard deviation. Then we run the inversion
using this new synthetic data set. After five repetitions of
this randomization and inversion (Figure 9a), the resultant
solutions in each case are very similar to the initial results
from Figure 7. This observation suggests that our results are
robust and are largely unaffected by the uncertainties in the
observations.

[41] We also investigate the influence of the quartz content
in the Tethyan Series by decreasing it from 20% in the initial
inversion (Figure 7) down to 10% (Figure 9b). The resultant
ranges of parameters are unaffected by this change, which is
consistent with the moderate influence of the sediment flux
out of the Tethyan Series, as we suggested above.

[42] A possible issue with sediment derived from the
supra-glacial hillslopes (SGH) is that they can be transported
by glaciers as a debris cover where they can accumulate a
significant amount of '°Be during this transport. Glacial
surface velocities derived from image-cross correlation
suggests that this debris would have a residence time of 50 to
150 years on the steep Himalayan glaciers, depending on
glacial size and location where debris entered the glacial
system [Scherler et al., 2011a]. This duration also reflects
the glacial response time. Such an effect is difficult to
incorporate explicitly into our formalism, but in order to
study its possible magnitude, we double or triple the CRN
production rate on the supra-glacial hillslopes to account for
an additional dosing of the corresponding sediments during
their transport on a glacier surface. We note that this expo-
sition may occur mostly below the ELA, as the debris are
usually covered by snow above the ELA. As in the previous
series of tests, we observe no significant modification to the
overall pattern for most of the parameters (Figure 9b), except
in the Dudh catchment where the apparent glacial erosion
rate accelerates in order to increase the dilution by subglacial
sediment and to compensate for the additional amount of
'Be from supra-glacial hillslopes sediments.

[43] As mentioned in the previous section, a significant
limitation of our approach is that different parts of the
landscape produce sediments with different size distribu-
tions, which can bias the mass conservation budget that we
try to set up. We can, for example, postulate that the supra-
glacial hillslopes are delivering relatively coarser sediments
that will be underrepresented in the analyzed fraction with
respect to the actual contribution of these hillslopes when
considering the total eroded material volume. To assess the
influence of such bias, we modify our formalism by cutting
the flux of sediments from the supra-glacial hillslopes in half
or completely in our budget. We observe that most para-
meters are unaffected in their ranges by this reduction
(Figure 9c), with the exception of the apparent glacial ero-
sion rate for the Dudh catchment, which displays a signifi-
cant increase to the 10—20 mm/yr range when the sediment
flux from the supra-glacial hillslopes is completely shut
down. Of all the studied catchments, the Dudh catchment
has the highest areal proportion of supra-glacial hillslopes
(Figure 4d): a factor that is likely to be the main reason for
such sensitivity. Similar questions can be asked about the
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Figure 9. Sensitivity analysis for the inversion presented on Figure 7. For reference, thick dark gray con-
tours delineate the best 1% of the simulations presented on Figure 7. (a) Light red contours are results for
sensitivity tests where the data set is randomly resampled assuming a normal distribution for each sample
with mean and standard deviation based on measured '°Be concentration and the 1o uncertainty. Five dif-
ferent tests are plotted each with its own resampling of the data set. (b) Blue contours: the quartz abun-
dance in the Tethyan series is assumed to be 10% instead of 20% as in Figure 7. Green contours: The
19Be production on the supra- glamal hlllslopes (SGH) is multiplied by a factor 2. This doubling is intended
to test the influence of additional '’Be accumulation during the transport of these sediments as supra-
glacial debris cover. Red contours: same as previous test, but production on the supra-glacial hillslopes
is multiplied by a factor 3. (c) Blue contours: only 50% of the sediments produced on the supra-glacial
hillslopes are effectively incorporated in the sediment budget. This reduction is done to test the sensi-
tivity of the inversion to differences in the size distribution of the sediments produced by different
parts of the landscape. Green contours: same as previous test but sediment flux from the supra-glacial
hillslopes completely removed from the budget. Red contours: erosion on the supra-glacial hillslopes

increased by 50%. Yellow contours: sediment flux

size distribution of the contribution from the hillslopes of the
fluvial parts of the landscape which are also likely to deliver
coarser sediments than the glaciers. We test the implications
of a 50% decrease in the flux from the sediment from the
fluvial domain (Figure 9c). It should be noted that such
modulation consists in removing a part of the volume of
sediments in our budget, but does not change the '°Be con-
centration of the sediments from the fluvial landscape. For
that reason, this modification has no impact on the misfit
between observed and predicted concentrations (equation (11))
for unglaciated catchments and only limited influence for
large catchments with relatively low glacial cover, such as
the lower reach of the Marsyandi. As for the previous tests on
the flux of from supra-glacial hillslopes, only the Dudh dis-
plays a significant increase in its glacial erosion rate. Other
changes in the parameters are within the range the variability
of the solution associated with the uncertainties on the data as
illustrated by Figure 9a.

[44] Another important assumption of our analysis is that
we consider the erosion rates under the glacier and on the

from the fluvial domain cut by 50%.

supra-glacial hillslopes to be equal. It can be proposed that,
under changing climate conditions, the retreat of glaciers
induces a debutressing and enhanced denudation on the
supra-glacial hillslopes. To test the impact of such scenario
we increase the denudation of the supra-glacial hillslopes by
50% with respect to the glacial erosion rate (Figure 9c). We
observe a slight decrease of the range of values for some of
the apparent glacial erosion rates, which balance the increase
in the sediment flux from the supra-glacial hillslopes.

5.3. Comparison With Other Estimates for Denudation
in the Himalayas of Central Nepal

[45] We interpret our data as reflecting a significant con-
tribution of glacially derived sediment that lowers the '°Be
signal downstream and renders impracticable the usual der-
ivation of reliable basin-wide denudation rates from CRN
concentrations in river sediments (Figure 5).

[46] The order of magnitude of our apparent glacial ero-
sion rates in the Greater Himalaya is higher than the indirect
estimates of Heimsath and McGlynn [2008] on the Milarepa
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Figure 10. (a) Topography and precipitation [Burbank
et al., 2003] projected along a N18 trending cross section
perpendicular to the strike of the range. The different envel-
opes for topography correspond to the extrema and +1o
ranges. (b) Erosion estimates in the Marsyandi catchment.
Red line is the spatially averaged denudation along the previ-
ous cross section including the contributions of the fluvial
and glacial domains, based on our analysis of detrital CRN
concentrations. Dashed red line is the average denudation
when the contribution of rapid glacial erosion in the Dudh
catchment is excluded. Denudation in the fluvial domain is
derived from calculated specific stream power (Figure 4e)
and the erosion efficiency parameter « that was determined
for the Lesser and Greater Himalayas (Figure 5) and the Teth-
yan series (Figure 7). Background data are the average fluvial
incision profile across the range derived from shear stress cal-
culation [Lavé and Avouac, 2001], erosion estimates from
downstream compositional changes of river sediments
[Garzanti et al., 2007] and modern sediment fluxes [Gabet
et al., 2008].

glacier on the northern flank of the Annapurnas (0.46 +
0.16 mm/y of vertical lowering of the headwalls). This pre-
vious study examined a single small glaciated catchment,
whereas our study investigates glacial erosion over the whole
Marsyandi in a manner that is likely to smooth any localized
short-wavelength variability in the intensity of glacial pro-
cesses. As noted by Heimsath and McGlynn [2008], the rel-
atively low glacial rates documented by them are an order of
magnitude lower than rates of fluvial incision documented in
some adjacent locations along the Marsyandi River [Pratt
et al., 2002; Pratt-Sitaula et al., 2004], a contrast that led
them to conclude that, at least in some parts of the catchment,
glaciers are not able to keep pace with fluvial downcutting.
This contrast can also be related to the difference in opera-
tional time-scales for glacial and fluvial erosion processes
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[Seong et al., 2009; Ward and Anderson, 2011]. This
apparent inequality contrasts with our study, in which
calculated ranges for apparent glacial erosion rates are
approximately the same order of magnitude as denudation
in the fluvially controlled areas. We also note that the
order of magnitude of our estimates for glacial erosion are
similar to what has been estimated in some other alpine gla-
cial settings in active orogens [Hallet et al., 1996; Koppes
and Montgomery, 2009].

[47] For the three northernmost catchments, we also
observe that glacial erosion in the Nar, which is the driest of
all Marsyandi sub-catchments (Figure 4c) is lower than in
the adjacent Khansar and Dudh, which receive significantly
more monsoon precipitation. This difference between the
glacial erosion rates over these catchments supports the
contention that climatic control on the mass balance and
velocity of the glaciers is reflected in their erosional activity.

[48] Gabet et al. [2008] investigated basin-wide denuda-
tion rates for the upper Marsyandi catchment based on
gauging of stream sediments, yielding estimates consistent
with our findings in both magnitude and spatial distribution
(Figure 10b) when we exclude the high glacial erosion
rates of the Dudh catchment (Figure 4d). We note that our
estimates for glacial erosion are slightly higher than Gabet
et al’s [2008], but that they are also more spatially
restricted because they apply only to the currently glaciated
area; these regions never exceed 25% for any sub-catchment
of the Marsyandi. Further explanations for apparent dis-
crepancies in rates could derive from the differences in the
integration timescale of the two different approaches (decadal
versus hundreds to thousands of years) [Kirchner et al.,
2001]. We also acknowledge unquantified biases associ-
ated, in particular, with the possible under-representation of
infrequent large-magnitude denudation and transport events
in the sediment gauging record, which in the case of the study
of Gabet et al. [2008] is on average 3 years.

[49] Based on the analysis of river profiles and mineral-
ogical spectra of sediments, Lavé and Avouac [2001], Brewer
et al. [2006] and Garzanti et al. [2007] have also provided
constraints concerning the pattern and intensity of denuda-
tion in the Marsyandi area. The spatial distribution that they
deduce shows a similar partitioning of low denudation in the
slowly uplifting, but wetter lower part and dry, upper part of
the catchment. In between, faster denudation prevails in the
wet, actively uplifting topographic front of the Himalayas
(Figure 10b). The magnitude of denudation that we docu-
ment is consistent with the lower bound of these studies, and
it appears that the intensity we propose for denudation is in
between their estimates and the results of Gabet et al. [2008].
Again, we stress that these studies and ours relied on different
methods that have their unique time-frame of integration,
which may lead to the observed spread in the absolute rates,
despite similar spatial patterns.

6. Conclusion

[s0] Although quantification of rates of glacial erosion is
integral to understanding processes and rates of landscape
evolution in glaciated mountains, successful quantification is
still difficult. Detrital cosmogenic nuclide concentrations
offer the potential to delineate millennial glacial erosion
rates, in such settings.
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[51] Along the Marsyandi River and its main tributaries in
central Nepal, we have documented the evolution of the
detrital '°Be signal; a signal which reflects both the spatial
variability of denudation in this catchment and dilution
attributable to glacial erosion. For most sites, such mixed
contributions make the direct derivation of basin-averaged
denudation rates difficult and indicate the need to explore
alternative approaches to analyze comprehensively data of
this nature. We use a linear mixing model based on the
conservation of '°Be across the catchment to deconvolve the
observed signal into contributions from different geomor-
phic realms and to put constraints on the magnitude and
spatial distribution of the several denudational processes
acting within the catchment. Of particular interest are the
estimates for glacial erosion, averaging about 5 mm/yr in the
High Himalaya and Tethyan realm: areas for which previous
estimates were sparse and poorly constrained.

[52] Further testing of the methodology described here is
clearly necessary. Systematic sampling and analysis in
regions with homogeneous rock types and precipitation, but
encompassing catchments with a diversity of modern glacial
cover, supra-glacial debris, sliding velocities, and supra-
glacial hillslopes may serve to advance efforts to use cos-
mogenic concentrations to derive reliable erosion rates in a
particularly unpromising environment: the subglacial realm
where cosmogenic production is close to zero.
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