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Dear Dr. Koppes,

Thank you for considering our manuscript ‘Temporal variability in detrital '°’Be concentrations in
large Himalayan catchments’. We are grateful to both reviewers for providing constructive and thought
provoking feedback which we believe has helped improve our initial submission.

We have made a number of notable changes and additions to our manuscript following the comments we
have received. Notably, we have clarified how our work differs from earlier studies including Niemi ef al.
(2005) and Yanites et al. (2009). Furthermore, we have included additional analysis considering the
effects of ‘non-steady state’ landscapes and the role of catchment or event buffering on our modelled
outlet '°’Be concentrations. We find that by including these two factors in our analysis, the difference in
1'Be-derived and volumetric sediment fluxes is much smaller which we discuss within the manuscript in
more detail.

Please find below detailed responses to the individual points raised by both reviewers, along with a
version of our manuscript highlighting changes we have made to each reviewer comment. We have
endeavoured to address all concerns raised by the reviewers. Any line numbers referred to within our

responses correspond to line numbers in this version of the manuscript.

Yours sincerely,

=Ffa

Elizabeth Dingle
Corresponding author

Reviewer 1 (Maarten Lupker):



Firstly, thank you for your comments on our manuscript. In response to your first general remark, we
believe that the main differences lie in the fact that the analysis we have carried out examines the effect of
the largest events in a catchment, rather than simulate how catchment-averaged concentrations vary in a
landscape that has been allowed to evolve towards steady state conditions. Furthermore, we are not trying
to compare or fit our analysis to actual data such as we see in the Niemi et al. (2005) paper. Instead, we
want to test how outlet concentrations vary in response to a large single event with variable
characteristics. This allows us to explore if there are there certain conditions under which deeper
landslides with lower CRN concentration sediment might have a greater impact. We also did not add a
power-law distribution of landslide area/depths or have a landscape evolution style model, which would
allow stochastic landslides to continually occur over the landscape until nuclide concentrations attain
some kind of ‘steady-state’. Instead we apply a background erosion rate (0.2-2 mm/yr) across the
landscape (which we assume to represent this steady state condition) and we add in an extreme event
(which generates numerous landslides) to see what impact this has. We use an average landslide depth for
this extreme event.

One could argue that this may be unrepresentative, given the power law distribution of landslide
size/depth vs frequency. But, at any one time it is unlikely that a single concentration sample would
integrate sediment from this full distribution of events. Instead, it seems more realistic that a catchment-
averaged sample is likely to integrate a proportion of that distribution. As such, we vary our average
landslide depth to represent the variation in the position of that window along the power law distribution.
We assume that the smaller and more frequent events (we could consider these the inter-seismic,
monsoon storm initiated landslides) are captured in the background erosion rate. The event we model is
the equivalent of adding in events from the high magnitude tail end of a power law distribution that might
record a seismic trigger.

Without jumping ahead too much to our responses to other comments, we have perhaps under-represented
a couple of important points; namely, the assumption that the landslide material is generated from a
landscape under steady-state conditions (i.e. with a fully developed concentration profile), and that
following a landslide, there is instantaneous delivery of this sediment to the fluvial network. By



incorporating these two factors into our modelling, we can produce additional results that are much more
comparable to the Niemi et al. (2005) and Yanites et al. (2009) papers which we feel strengthens this
manuscript.

Abstract: “We demonstrate that in certain systems.....it is possible to generate larger sediment fluxes....”

Yes, we agree that this is a strong assumption. This is why we have examined how varying the initial
surface concentration of landsliding changes the outlet concentration (see Figure 8 part c). On page 10
we state the assumptions we have made about this as well. We also feel that this better represents the fact
that landslides are more likely to occur in parts of the landscape with faster background erosion rates (e.g.
Binnie et al., 2007), and therefore, lower surface concentrations.

However, we agree in that we have perhaps over-looked this, and have run additional analyses to examine
how this might influence our results. An additional set of runs have been made using lower landslide
surface CRN production rates of 10 atoms/g/yr (rather than 35), such that sediment generated by the
landslides has a lower (depth-averaged) CRN concentration than initial model runs. The results of this can
be seen below.
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The absolute CRN concentrations we get here are much lower than the initial runs (maximum
concentration in Fig 8 is ~72,000 atoms/g where average landslide depths are 0.5m), which also helps
bring the volumetric and CRN-derived sediment fluxes to more comparable levels in the figure on the
right (more so where background erosion rates are higher). This also suggests that the effect of rare but
large magnitude events in systems which are more stable with lower background erosion rates will have a
greater effect on catchment-averaged CRN concentrations.



Yes, we think this is also something that is worthwhile examining. We have included an additional plot
showing what happens to the catchment outlet concentration when different proportions of the landslide
flux are delivered. We have explored what happens if 20,10,5 and 3% of the landslide generated sediment
is mixed into the catchment average, respectively. We examine only the first year, as would expect the
input of landslide material to decrease in subsequent years.
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In the figure on the left, we have reduced the landslide event surface production rate to 10 atoms/g/yr to
mimic regions with faster background erosion rate, and then used two catchment-wide background
erosion rates (for ‘non-event’ parts of the catchment) (0.6 and 2.0 mm/yr). What we see is that under
faster background erosion rates, the magnitude of landsliding event can be ‘lost’ in expected variability
(i.e. all values are within 100% of the highest concentration) if only 5% of the landslide material makes it
into the fluvial network. Under lower background erosion rates, to reduce all concentrations within
~100% of the largest concentration, a maximum of ~3% of the landslide material needs to be entrained).
If greater quantities of landslide material get into the network, the catchment-averaged concentrations
become much lower (i.e. beyond what you might expect within natural variability) with deeper
landsliding events. By incorporating this into our calculations, we see that the relationship between
volumetric and CRN-derived sediment fluxes is much more comparable (figure on the right).

This raises some interesting points. The valley fill estimate for the Ganga basin in Blothe and Korup
(2012) was pretty low in comparison to other Himalayan systems, and we see a fairly limited sand content
in modern gravel bars (~10%). It is possible that a lot of this sediment is being stored within the landslide
deposits themselves, and is only being mobilised and transported through the system by very high (and
probably very localised) discharge events (e.g. a monsoonal storm or GLOF). It looks as if the sediment
generated by these types of events is capable of driving significant change, but its impact is limited by the
ability of the fluvial system to mobilise it. One explanation is that during strong monsoon seasons or



discharge events, a greater proportion of low CRN concentration sediment is mobilised from
deposits/hillslopes as water stage rises and this could drive the variability we see at the mountain front.

Our additional analysis suggests that this pattern may not be as apparent as we first proposed. Our main
concern with the gauged fluxes is that they are unlikely to fully capture/truly represent what is being
transported during the big monsoonal storms, and they certainly don’t record what is being moved as
bedload. These 2-3 day events seem to be really key in moving sediment out of these systems and into the
Plain. These suspended sediment records are also pretty intermittent and patchy in space too, and can be
destroyed during large flows, so it’s difficult to quantify the uncertainty. Similarly, the CRN records
might not be incorporating shorter-term trends or changes.

Yes agreed. This has been changed to ‘variability’ and ‘uncertainty’, respectively.

CAIRN doesn’t explicitly produce an average production rate, you would need to average all of the
values in the production rasters for each sample. The 35 at/g/yr in table 2 is just an average value we have
used in the calculations.

Yes, changed.

This was to generate a range of different catchments with the maximum range of possible production
rates, yet maintain comparable drainage areas between some of the examples. The main purpose was to
essentially demonstrate that events could happen in different sub-catchments with very different CRN
production rates.



This is simply based on the landslide areas generated by the Chi-Chi and Gorkha earthquakes (~87-128
km?), and expressed as a fraction of the total Ganga catchment (which equates to ~115 km?). This is just
to reflect the area of landsliding which can realistically be generated by an extreme event, although we are
aware that this may be slightly on the high side, as would be unlikely that all of the landsliding would
occur within a single catchment.

Reference added

Thanks — changed!

Yes. This is an important reference we hadn’t seen.
L32 p3. We have added in a reference to Godard et al. (2012) concerning geomorphic process domains

L9-13 p13 . Changed the reference to Heimsath and McGlynn to look at ‘localised’ erosion and added the
following text:

‘An analysis of the evolution of detrital '’Be concentrations along the Marsyandi River suggested that low
concentration °Be inputs from glaciated tributaries dilute main stem '°Be concentrations (Godard et al.,
2012). In this instance, glacial erosion was averaged at ~5 mm/yr in the High and Tethyan Himalayan
portions of the Marsyandi catchment, suggesting that glacially derived sediments may complicate detrital
CRN concentrations and interpretation of catchment-averaged denudation rates.’

We did not explain this clearly. This is to mimic the effect of buffering of event concentrations, which we
know must happen across these systems. We have also removed this section from the manuscript now as
buffering is covered in more detail in the modelling work which is sufficient to help explain the Holocene
climate change.

Reviewer 2



Yes we agree that this is a challenge with these types of data and this is why we wanted to explore this
subject. In many cases, this is the only type of data we have available as there are very few long-term
sampling campaigns.

This is a worthy aspiration, and makes good sense. However, building a temporal record is limited by
having well preserved, dateable and sufficiently thick terrace deposits to ensure that the sample has been
sufficiently shielded since deposition. In fact, some of our initial sampling was aimed at this, but variable
quartz concentrations made analyses difficult. The data we have presented do offer a valuable insight
based on terraces preserved close to the mountain front along the Ganga River. We agree that this could
be the basis of a future and longer term monitoring campaign. The majority of samples are also below the
final major tributary confluence in the Ganga catchment (Alaknanda-Baghirati) so the spatial area these
samples represent should be fairly comparable when considered against the total size of the Ganga
catchment.

We agree that different denudation processes complicate this signal, which is what we try to explore in
the paper. What we are essentially trying to ask is ‘what does an average CRN concentration actually
represent in terms of sediment generation and transport?’ By plotting against age, we hope that it is
possible to appreciate the likely changing influence of glacial debris.

See above comment. The point is we measure CRN concentrations from samples, not denudation rates.
We calculate denudation rates based on a series of assumptions applied to these concentrations. This is
why we are sticking with concentrations, although have also considered denudation rates calculated using
the CAIRN method (Mudd et al., 2016) in Figure 6.

Agreed. Please see response to Reviewer 1.



Good idea, but no, our data are limited to a small spatial area close to the mountain front and therefore
integrate the majority of the Ganga catchment. Data further upstream are limited.

We feel the strength of this paper is the new dataset we have presented, and the modelling work is more
of an investigation/sensitivity analysis to explore possible explanations. Will modify to “Temporal
variability in detrital 10Be concentrations in a large Himalayan catchment”

Ok, changed.

We have clarified what we term as outlet at the end of the introduction and removed references
specifically to the Ganga outlet prior to this.

“Motivated by the results, we examine the impact of stochastic inputs of sediment from the upstream

mountain catchment on 10Be concentrations close to the mountain front (herein termed the Ganga
outlet).”

See above. We have also clarified this sentence to read ‘doubling of sediment delivery to the Bay of
Bengal between 11-7 ka’.

This sentence has been split into two.

“Based on this approach, catchment-averaged denudation rates can be calculated, and converted into
CRN-derived sediment fluxes which are typically averaged over hundred to thousand year timescales.
These timescales are a function of the landscape denudation rate (i.e. the time taken to erode to a depth
equivalent to the cosmic ray attenuation length in that landscape).”

Erosion changed to denudation

<100 km? (i.e. Yanites et al., 2009). This has been added to the sentence.



The Ganga-Brahmaputra is the only long-term record we have of sediment flux out of the Himalayan
mountains at 10*-10° yr timescales. This is vital in comparing sediment flux estimates (and therefore
erosion rate estimates) where we know that the majority of sediment generated within the mountains
bypasses the foreland basin and is delivered here. Understanding that there has been a big change in
sediment delivery to the delta during the early Holocene underpins much of this paper, as we would
expect to see this preserved in the ‘erosion’ record. Our results suggest that the variability in CRN
concentrations is sufficiently high to mask these kinds of large-scale climatic shifts which we see
preserved in the off-shore record.

Changed to “Sediment volumes in the Ganga-Brahmaputra delta imply that overall sediment flux from
these two major Himalayan river systems has halved due to the reduction in monsoon rainfall since the
early Holocene”

We thought it would be less confusing to keep all of this information for the following section (which is
the next paragraph as well).

Samples which are not taken from the modern river channel (i.e. are preserved in terraces or flood
deposits which we have independent OSL dates for).

Text changed to “...in both ancient (i.e. independently dated terrace and floodplain deposits) and modern
fluvial sediments...”

Other isotopes with shorter half-lives may begin to decay over the timescales we are interested in, which

1s another factor we would then have to correct for.

We have added in ‘sample information’ as a sub-heading.

We have added this text to clarify: “This study focuses on the portion of the Ganga catchment upstream of
the Himalayan mountain front, the most downstream extent of which we also term the catchment outlet.”

Done. P3 L21 is first use of the term so it is explained here.



We have added in sub-section headings of Sample collection, Sample preparation and Denudation rate
calculations.

Corrected the first instance to 1.36 x 10° years

Glacial cover was determined from the GLIMS database and fed into the CAIRN modelling as a raster.
Shielding factors are calculated in the CAIRN model/methodology (Mudd et al., 2016) — this is not
something to be explained in this manuscript as details are available in published material which is
referenced throughout this paragraph.

Much of the second paragraph from Results has now been moved into the discussion in a new subsection
called ‘CRN sample interpretation’.

The sample we have referred to as LUPKO09 (which has now been renamed BR924) refers to a sample
presented in Lupker et al. (2012) taken at the same location as our sample RAEM. We have one
additional sample further upstream (BGM) which is further upstream of the Alaknanda-Bhagirathi
confluence. As such it has been separated from the other samples in this section as does not integrate the
Bhagirathi drainage area. A sentence has been added to this effect in the first paragraph of the results
section.

The sample was taken from 500cm below the modern surface, but the individual event bed was measured
at ~50cm thick.



We had actually considered this in an earlier draft of the manuscript but felt it was clearer to separate the
numerical analysis from the CRN sampling. This was because the variability we observe in our samples
prompted the numerical analysis. The degree of variability in the CRN samples and their insensitivity to
Holocene climate was a finding in itself, so it was difficult to explain the numerical analysis without first
presenting the CRN sample results (if that makes sense!).

Yes, added.

Position of LUP09 (now BR924) has been added. Denudation rates are shown in Figure 6 as well — have
tried adding them onto this figure but over-clutters it.

Given that most of the samples fall within the variability of the modern samples (Fig. 6) it seems doubtful
it would present anything extra to the argument.

The graph shows the fraction of the entire volumetric sample which is finer than 1 mm. Reference has
been added to figure caption, and axis label updated to % sand (grain size < Imm).

Yes it’s simply the concentration at that depth represented as a fraction of the concentration at the surface
(which will be the maximum value —i.e. 100%).

We stated the grain size analysed in the methods section (250-500 um). The average shielding factor is an
average of the topographic and snow shielding factors generated in CAIRN, which is stated as a footnote
on the table. The repeated shielding factors have subsequently been corrected, and revised erosion rates
added to Table 1 and Figure 4 and 5 (although these changes are very small).



No these are not the same values. Scenario 1 and 2 are designed to simply highlight that a doubling of
volumetric sediment flux can be generated within background CRN variability, perhaps explaining why
no obvious change in CRN concentrations are documented at the Ganga mountain front through the
Holocene. We have subsequently removed the scenario 1 and 2 section as feel that the additional analysis
looking at buffering explains the Holocene climate story.
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Abstract. Accurately quantifying sediment fluxes in large rivers draining tectonically active landscapes is complicated by
the stochastic nature of sediment inputs. Cosmogenic '°Be concentrations measured in modern river sands have been used
to estimate 10-10* year sediment fluxes in these types of catchments, where upstream drainage areas are often in excess of
10,000 km?. It is commonly assumed that within large catchments, the effects of stochastic sediment inputs are buffered such
that '°Be concentrations at the catchment outlet are relatively stable in time. We present eighteen new '°Be concentrations of
modern river and dated Holocene terrace and floodplain deposits from the Ganga River near to the Himalayan mountain front
(or outlet). We demonstrate that '’Be concentrations measured in modern Ganga River sediments display a notable degree of
variability, with concentrations ranging between ~9,000-19,000 atoms g'!. We propose that this observed variability is driven
by two factors. Firstly, by the nature of stochastic inputs of sediment (e.g. the dominant erosional process, surface production
rates, depth of landsliding, degree of mixing) and, secondly, by the evacuation timescale of individual sediment deposits
which buffer their impact on catchment-averaged concentrations. Despite intensification of the Indian Summer Monsoon and
subsequent doubling of sediment delivery to the Bay of Bengal atbetween ~11-7 ka, we also find that Holocene sediment 10Be
concentrations documented at the Ganga outlet have remained within the errer-variability of modern river concentrations. We
demonstrate that in these-certain systems, sediment flux cannot be simply approximated by converting detrital concentration
into mean erosion rates and multiplying by catchment area as it is possible to generate considerably-larger volumetric sediment

fluxes whilst maintaining comparable average '°Be concentrations.

1 Introduction

The quantity of sediment exported from large mountainous catchments is a fundamental control on downstream river morpho-
logy (Sinha and Friend, 1994; Dade and Friend, 1998; Church, 2006; Allen et al., 2013), the advance and retreat of coastlines
(Syvitski et al., 2005) and the growth of deltas (Orton and Reading, 1993; Goodbred and Kuehl, 1999; Galy et al., 2007). How
sediment flux varies over thousand year times scales reflects changes in upstream landscape evolution which is set by climatic
and tectonic conditions in active orogenic settings (Whipple and Tucker, 2002). Quantification of sediment flux from large,

tectonically active catchments is challenged by the nature of the river channels (e.g. size and access), the stochastic nature of
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sediment inputs (Benda and Dunne, 1997; Kirchner et al., 2001), and highly variable water discharge regimes (e.g. Collins and
Walling, 2004; Singh et al., 2005; Gitto et al., 2017). Constraining sediment fluxes at intermediate timescales of 102-10* years
has been significantly improved through the development of detrital '’Be cosmogenic radionuclide (CRN) analysis (e.g. Brown
et al., 1995; Granger et al., 1996; Niedermann, 2002; Kirchner et al., 2001; Vance et al., 2003; Von Blanckenburg, 2005). The
concentration of '°Be recorded in quartz-rich river sediments is assumed to reflect the rate of upstream landscape lowering,
assuming steady-state denudation averaged over the entire upstream catchment. Based on this approach, catchment-averaged
denudation rates can be calculated, and converted into CRN-derived sediment fluxes which are typically averaged over hundred
to thousand year timescales (Kirchner et al., 2001; Lupker et al., 2012)where-these-. These timescales are a function of the
landscape erosion-denudation rate (i.e. the time taken to erode to a depth equivalent to the cosmic ray attenuation length in that
landscape) (Lal, 1991).

Sediment production, delivery and transport out of large mountain catchments is heavily influenced by stochastic inputs such
as hillslope mass wasting generated by earthquakes or intense storms, or glacial lake outburst floods (Benda and Dunne, 1997;
Hovius et al., 2000). In small catchments (< 100 km?) that are susceptible to such events, stochastic controls on sediment release
may significantly perturb the '°Be signal measured in sediment samples at the catchment outlet (Niemi et al., 2005; Yanites
et al., 2009; West et al., 2014). In particular, deep-seated landslides excavate sediment from depths greater than the attenuation
length of cosmic rays. This addition of '°Be-poor landslide material dilutes '°Be concentrations recorded in fluvial sediments
sampled at the catchment outlet (Niemi et al., 2005; West et al., 2014) resulting in an over-estimation of the long-term erosion
rate (Yanites et al., 2009). The timescales over which these stochastic inputs influence downstream 10Be concentrations is
related to the time taken to evacuate the sediment input from the impacted reach, and also depends on patterns of intermediate
sediment storage and release (recycling) upstream of the sampling locality (Granger et al., 1996; Yanites et al., 2009; Blothe
and Korup, 2013; Scherler et al., 2014; Schildgen et al., 2016). However, even in regions dominated by high rates of landslide
occurrence, it is commonly assumed that given sufficiently large catchment areas and sufficient sediment mixing, the imprint
of mass wasting processes on '’Be concentrations measured at the outlet should be negligible (Niemi et al., 2005; Yanites et al.,
2009).

The gross sediment flux from the Himalaya is the largest out of any mountain range on the planet and provides fertile soils
for ~10 % of the global population. The vast majority of this sediment flux is sequestered in the Indus and Ganga-Brahmaputra
delta and submarine fans (Lupker et al., 2011). Sediment volumes in the Ganga-Brahmaputra delta imply that overall sediment
flux from these two major Himalayan river systems has halved sinee-the-early Holocene,—which-has-been-linked-to-a-due to
the reduction in monsoon rainfall since this-time-the early Holocene (Goodbred and Kuehl, 2000; Fleitmann et al., 2007). Our
current understanding of how sediment flux from tributaries of the Ganga River into the Himalayan foreland basin varies is
primarily from suspended sediment and detrital '°Be concentration data collected over the last 20 years (Ghimire and Uprety,
1990; Jha et al., 1993; Sinha and Friend, 1994; Vance et al., 2003; Andermann et al., 2012; Lupker et al., 2012). Suspended
sediment data are generally based on a single daily measurement and are difficult to scale up spatially and temporally. Under
these circumstances, °Be concentrations in modern river sands can be used to generate sediment flux estimates with the

advantage of temporal and spatial averaging. However, substantial variations in '°Be concentrations from repeat river sand
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samples at the catchment outlets of major Himalayan rivers have been documented (Vance et al., 2003; Lupker et al., 2012).
Concentrations measured on the Ganga River close to the mountain front (near Rishikesh) vary from 9.2+1.0 to 19.5+4.1
x10° atoms g! over a 13 year time period based on three samples (Vance et al., 2003; Lupker et al., 2012); at the Kosi River
near Chatara, measurements vary between 26.7+3.4 to 54.442.9 x 103 atoms g! for three samples collected in August 2007
and November 2009, respectively (Lupker et al., 2012). Measurement errers-uncertainty on Ganga River samples record a 1o of
around 10-20 % of the measured concentration, whereas the measured variability from the repeat samples is >100 %. Similar
observations were made along main stem samples on the Yamuna River, where discrepancies of up to ~60 % between samples
were observed (Scherler et al., 2014, 2015). This degree of variability could suggest that stochastic controls on sediment release
may influence the '°Be signal, yet this is at odds with previous modelling and analysis of large catchments which has proposed
that catchments of this size should be buffered against variations in detrital '°Be concentrations induced by individual hillslope
events (Niemi et al., 2005).

Well preserved and dated river terraces (Srivastava et al., 2003, 2008; Sinha et al., 2010; Wasson et al., 2013) associated
with the Ganga River in the west Ganga Plain present a unique opportunity to test for variations in '’Be concentrations in both
ancient and-(i.e. independently dated terrace and floodplain deposits) and modern fluvial sediments at the Himalayan mountain
front. The half-life of '°Be (~+394-1.36 Myr) implies that any post-burial decay during the last 0.01 Myr is minimal and
can be accounted for, making it the ideal technique for this approach. We analyse eighteen samples of river sands from near
the outlet of the Ganga River as it crosses the mountain front. Samples are taken from modern river gravel bars, recent sand
deposits of the 2013 Alaknanda floods (Dobhal et al., 2013; Durga-Rao et al., 2014; Devrani et al., 2015), and dated terrace
and floodplain deposits ranging in age from ~200 to 23,500 years. Using these data, we evaluate the short-term variability
in '°Be concentrations and test for longer-term changes that are expected to reflect variations in the strength of the Indian
Summer Monsoon (ISM) (Sirocko et al., 1993; Gupta et al., 2005; Fleitmann et al., 2007; Clift et al., 2008; Dixit et al., 2014).
Motivated by the results, we examine the impact of stochastic inputs of sediment from the upstream mountain catchment on
10Be concentrations close to the mountain front (herein referred to as the Ganga outlet). We conclude by combining field
observations, data and numerical analyses results to synthesise potential drivers of CRN concentration variability in large

tectonically active catchments.

2 Study area and context

The Ganga River is a glacially-fed perennial river rising in the High Himalaya (Fig. 1). The Ganga has two major tributaries,
the Bhagirathi and Alaknanda, which join near the village of Devprayag. Further downstream, the Ganga flows through the
eastern end of the Dehra Dun, an intermontane valley in the Sub-Himalaya, prior to passing through the Mohand Anticline,

exiting the mountains at Haridwar before reaching the Ganga Plain (Fig. 1). This study focuses on the portion of the Ganga

catchment upstream of the Himalayan mountain front, the most downstream extent of which we also term the catchment outlet.
The Ganga catchment, like other Himalayan rivers such as the Marsyandi River in Nepal (Godard et al., 2012), is characterised
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by a number of broad geomorphic process domainss-whieh-. These process domains can be related to the spatial distribution of
tectonic structures, glacial cover, topographic relief and climatic influences which vary spatially-across the catchment (Fig. 2).

Upstream of the mountain front, down cutting by the Ganga River has left behind a series of strath terraces cut into Lesser
Himalayan or Siwalik rocks, and cut and fill terraces in Quaternary alluvial fan deposits (Sinha et al., 2010). A number of these
terraces have been dated using optically stimulated luminescence (OSL) to reveal terrace ages of up to ~14 ka (Sinha et al.,
2010). During the transition from the Late Pleistocene to the Holocene, an intensification of the ISM is observed in a number
of proxy records (Goodbred and Kuehl, 2000; Fleitmann et al., 2003; Dixit et al., 2014), which is believed to have driven a
period of intense fluvial incision across much of the Himalaya (Sinha et al., 2010; Dixit et al., 2014). Erosion of pre-Holocene
sedimentary records during this period of intensified monsoon is proposed as one mechanism to explain the notable absence of
older terraces (Pandey et al., 2014). Further changes in the intensity of the Indian-Summer-MonseonISM during the Holocene
have been inferred from marine sediments in the Bay of Bengal and Arabian Sea, and speleothems from Oman and China
(Denniston et al., 2000; Goodbred and Kuehl, 2000; Gupta et al., 2005; Clift et al., 2008; Dixit et al., 2014). Limited terrestrial
records from the Indian subcontinent (Dixit et al., 2014) suggest a period of intensified Indian-SummerMensoonISM during
the early Holocene in response to changes in summer insolation forcing, which is consistent with terrace formation driven by
enhanced fluvial incision during the early Holocene (Gupta et al., 2005; Srivastava et al., 2008; Sinha et al., 2010; Ray and
Srivastava, 2010). Mean sediment flux to the lower Ganga Plains during the period 11-7 ka is estimated to have increased by
over two fold (Goodbred and Kuehl, 2000; Sinha and Sarkar, 2009), which is in good agreement with stalagmite § 180 profiles
in Oman which indicate a rapid increase in Indian-Summer-Meonsoonr-ISM precipitation between ~10.6 and 9.2 ka (Fleitmann
et al., 2007). Arabian Sea records further indicate an earlier period of monsoon intensification at ~13 ka, representing the major
transition between the glacial and Holocene periods, although smaller magnitude changes in climate are observed even earlier
(Sirocko et al., 1993). These phases of incision during the early Holocene are punctuated by minor depositional events that form
sequences of fill terraces close to the mountain front. Slip on the underlying Himalayan Frontal Thrust (HFT) produces vertical
displacement rates of 4 to 6.9 mm yr' and may result in terrace abandonment (Sinha et al., 2010). During the mid-Holocene,
stalagmite records in Oman and Yemen suggest that the ISM has been gradually weakening since ~7.6 ka in response to a
progressive decrease in summer insolation (Fleitmann et al., 2007). Evidence presented by Gupta et al. (2005) suggests that the
ISM entered a more arid phase at ~5 ka, although a number of abrupt events punctuate the mid to late Holocene record. For
example, speleothem evidence from caves in central Nepal has suggested that between 2300-1500 yr BP there was a significant
drop in monsoon precipitation (Denniston et al., 2000; Fleitmann et al., 2007). In general however, the ISM appears to have

been relatively stable over the last 1.5-2 ka.
2.1 Sample information

A number of slack water and flood deposits in the Ganga valley record rapid sediment accumulation over the Ganga floodplain
during high flow events in the late Holocene (Wasson et al., 2013). Seven of these flood units have been dated between ~280
and 600 years old by OSL and calibrated with '“C ages from preserved charcoal fragments (Wasson et al., 2013). These

deposits are preserved in a slightly wider part of the bedrock gorge upstream of the mountain front, where flood waters would



10

15

20

25

30

have backed up as the river enters the narrower gorge immediately downstream. Additional deposits were studied by Wasson
et al. (2013) at Devprayag and Raiwala (Fig. 1) although they recorded small flood couplets as opposed to single flood event
deposits. Stacked sand-silt couplets representing phases of persistent flooding were also identified between 2,500-1,200 and
320-209 yr BP at Devprayag and were attributed to changes in the spatial extent of the ISM based on geochemical evidence
(Srivastava et al., 2008).

During 2013, heavy rainfall between the 15" and 17" June was centred over the Alaknanda and Bhagirati catchments and
generated significant flash flooding and numerous landslides, causing notable damage to the Kedarnath region in the Alaknanda
catchment (Fig. 1). A moraine dammed lake (Chorabari) had formed north west of the Kedarnath region in response to the
elevated levels of snow-melt runoff in the preceding month, which is also understood to have burst on the morning of 17%
June 2013, releasing water with a peak discharge estimated at 783 m? s*! into the Alaknanda valley (Durga-Rao et al., 2014).
Flash flooding is not an uncommon phenomenon in the Ganga basin; other large magnitude events were documented in 1894
and 1970 (Rana et al., 2013). Both of these flood events were attributed to the breaching of dams created by landslides on
the tributaries of the Alaknanda River, following unusually high rainfall events. Sediment deposited following the 2013 floods
upstream of Devprayag (Fig. 1) over-topped the 1970 flood sediment deposits (thought to be the largest flood during the last
600 years), suggesting that the 2013 flood water levels were the highest in the Alaknanada valley during at least the last 600
years (Rana et al., 2013; Wasson et al., 2013), and possibly since the Last Glacial Maximum (Devrani et al., 2015). The 2013
event also presents a rare opportunity to re-sample '°Be concentrations following an extreme flood event in the modern Ganga

River, to compare against pre-event concentrations as documented by Lupker et al. (2012).

3 Methods
3.1 Sample collection

Quartz-rich sand samples were taken from modern gravel bars (herein termed modern samples) and independently dated
terrace and floodplain deposits (Fig. 3). '°Be concentrations measured from floodplain samples are thought to accurately reflect
upstream basin-averaged denudation rates if sediment residence time in the floodplain is sufficiently short to avoid additional
10Be accumulation prior to burial (Gosse and Phillips, 2001; Lupker et al., 2012). In the instance of thick event beds (>2 m),
sediment at the base of each bed is assumed to have been rapidly buried to a depth greater than the penetration range of cosmic
rays, so will have remained shielded since burial and therefore should have accumulated minimal post-depositional '°Be. In
order to reduce the impact of 'Be accumulation after deposition of dated terraces, sediment samples were collected from
the base of thick beds (> 1 m) that record individual flood events either as overbank fines, or as channel braid bars (Wasson
et al., 2013). At least 2 kg of quartz-rich sand was sieved from the base of event beds. All samples were collected following
horizontal digging for ~1 m into steep cuts through the deposits to minimise post-burial CRN production. CRN concentrations
from terrace and floodplain samples were corrected for post-depositional '°Be accumulation by considering that the samples
had been exposed to cosmic radiation since deposition at the same depth as they were sampled from. For the slower, long-term

sedimentation rates of ~2 mm yr'! in the older early Holocene terraces, only samples from the base of very thick-bedded (>1-2
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m) gravels were used to minimise post-depositional effects, where it is assumed that samples would have been largely shielded
from further CRN production. Sample depths and post-depositional corrections are presented in Table 1. Sand was taken from
the base of several metre thick sand deposits (RFLO and DV2013) abandoned following the summer 2013 Alaknanda flood

event to evaluate the degree of mixing of sand during a single extreme event.
3.2 Sample preparation and analysis

Floodplain, terrace and modern river sand samples were first dried before sieving into a number of grain size fractions. The main
grain size fraction of interest in this study is 250-500 pm. Samples with sufficient material in the 250-500 pm fraction were
then passed through a horizontal Frantz to remove magnetic minerals. Samples were also supplemented with material from the
125-250 pm grain size fraction where there was insufficient material in the 250-500 pm fraction. Following this procedure,
samples were put through repeated dissolutions in aqua regia and diluted HF and HNOj3 solutions to remove mineral phases
other than quartz. Quartz samples were then etched with HF to remove between 30 and 50 % of their volume. The purity of the
clean quartz cores were then tested by ICP-OES. All the Al concentrations in the quartz cores were below 300 ppm. Between
7 and 30 g of quartz cores were dissolved in concentrated HF. Samples were spiked with c. 220 g of a °Be carrier produced in
the cosmogenic isotope analysis facility at the Scottish Universities Environmental Research Centre (SUERC) from phenakite
crystals. The 'Be carrier concentration is c. 9 x 107'¢ 1°Be/’Be. A procedural blank was prepared together with each group of
samples. Be was isolated from the solutions following routine column chemistry (Darvill et al., 2015). '°Be/’Be ratios of the
produced BeO targets were measured with the 5 MV Pelletron AMS at the SUERC (Xu et al., 2010). '°Be data were calibrated
against the National Institute of Standards and Technology standard reference material NIST SRM 4325. The activity of NIST
SRM 4325 corresponds to a nominal '°Be/’Be ratio of 2.79 x 107! for a '°Be half-life of 1.36 x 10° years. The processed blank
ratios ranged between 4 and 54 % of the sample '°Be/’Be ratios. The uncertainty of this correction is included in the stated

standard uncertainties.
3.3 Denudation rate calculations

Catchment-averaged denudation rates were calculated for each sample using the CAIRN method (Mudd et al., 2016), which
estimates production and shielding factors on a pixel-by-pixel basis, rather than a catchment-averaged shielding factor as in
more commonly used CRN analysis packages such as CRONUS (Balco et al., 2008). Snow shielding was determined for the
Ganga catchment using data downloaded from the Global Land Ice Measurements from Space (GLIMS) Glacier Database
(Armstrong et al., 2005); production rates beneath snow covered areas were assumed to be zero. The GLIMS data suggest that
~14 % of the Ganga catchment is glaciated (Fig. 1), which is ~12 % higher than estimates in Lupker et al. (2012) which were
produced prior to the completion of the GLIMS database in this region. The proportion of catchment glacier cover is likely to
have been notably higher during the early Holocene, and as such, production rates may have been lower when averaged over

the full catchment. We therefore consider the production and erosion rates calculated for ancient deposits as maximum values.
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4 Results

The '°Be concentrations of the two modern samples near the mountain front (GAPUB and RAEM) are 17.70 and +3:56-15.53
x10% at g'!, respectively. When combined with sample EUPKO9-BR924 from (Lupker et al., 2012) which was similarly col-

lected near the mountain front, an average concentration of 14.1 x 103 at ¢! is estimated for modern samples. The concentration

of modern sample BGM taken from further upstream of the Alaknanda-Bhagirathi confluence is 13.56 x 10° at g”! which is

comparable to the average modern concentration of samples close to the mountain front which integrates the full Bhagirathi
catchment. '°Be concentrations of the majority of samples, both from ancient terraces and recent flood deposits, largely fall

within the error of modern detrital samples (Fig. 4 and Table 1). Only three samples (BG1.8, DVDF and CDT4) display '°Be
concentrations considerably greater than the upper error bound (19.1 x 103 at g'') of modern river samples; the average con-
centrations of these terrace samples are in excess of 20 x 10° at g''. Only one sample, DVTT2, has an average concentration
(6.66 x10? at g'!) notably below the lower error bound of the modern samples (8.20 x10* at g'!). Samples taken from flood
deposits associated with the 2013 Alaknanda flood (DV2013 and RFLO) reveal concentrations of 16.06 and 12.85 x10° at g’!,
respectively, which fall well within the error of modern river sediment samples.

In a frequency-histogram of '°Be concentration data (Fig. 5a), the three samples with the highest concentrations (BG1.8,
DVDF and CDT4) produce a positively skewed distribution. These samples represent a fine grained ~300 year flood deposit
(Wasson et al., 2013), ~10,000 year old terrace fill (Srivastava et al., 2008) and ~11,000 year old terrace fill (Sinha et al.,
2010), respectively (See Appendix B for further sample details). With the removal of samples BG1.8 and CDT4 from the

frequency-histogram, the '°Be concentration data generate a near-normal distribution (Fig. 5a).

Results from CAIRN modelling of all concentrations suggest that catchment-averaged denudation rates for each sample
largely lie within the error of modern detrital samples (Fig. 5b). Based on the measured concentrations, these samples correspond
to integration timescales of ~500 years, representing the average time period when the erosion rate is considered to be constant,
based on the time needed to erode one mean attenuation path length (approximately 60 cm/erosion rate) (Lal, 1991)There does
not appear to be a spatial trend between '“Be concentration and upstream catchment area, even downstream of large tributary
confluences (Fig. 6). The impact of high CRN concentration samples on the frequency-histogram of erosion rates calculated
using CAIRN modelling is less apparent (Fig. 5b). but the distribution shows significant spread. Calculating sediment flux
estimates from a single erosion rate at the upper end of the distribution could result in sediment flux estimate being up to seven
times larger than one based on a sample at the lower end of the distribution.

5 Impact of stochastic inputs on CRN variability and sediment flux estimates
5.1 CRN sample interpretation

Possible explanations for the high concentration measurement at BG1.8 may include insufficient shielding since deposition,
resulting in '°Be enrichment of the deposit. Unlike other samples analysed here, the event bed associated with this sample

was only ~0.5 m thick so burial (and therefore complete shielding) was unlikely to be instantaneous. Whilst a number of
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additional samples were taken from this exposure to try and produce depth-concentration profiles, their grain size was too fine
for CRN analysis. However, the maximum CRN enrichment at the site during burial is likely to only be ~1650 atoms g! based
on local CRN production rates and sample depth, which is less than the measurement uncertainty. With respect to the two
terrace deposits (DVDF and CDT4), high concentrations could also have been produced if the samples were overwhelmed by
locally derived, high concentration hillslope sediment which was not well mixed. Samples with the largest CRN concentration
variability also seem to focus around 10-15 ka (Fig. 4), which may represent a period of post-glacial conditions where a
combination of low CRN concentration material (generated by glacial erosion) and high CRN concentration sediment (due to

lower precipitation rates and therefore slower erosion of non-glaciated landscapes) generated during the Last Glacial Maximum

may have been mobilised as the ISM intensified during the early Holocene.

5.2 Impact of landslides on CRN variability

A range of processes are likely to drive temporal variability in CRN concentrations in sand sampled close to the outlet of
large Himalayan catchments. The most obvious process is stochastic inputs generated by mass wasting of hillslopes, which
generate large quantities of sediment with relatively low CRN concentrations. Frequency-histograms presented in Figure 5
suggest that such stochastic processes may form part of the natural background variability, as low concentration values tend
not to skew the distributions. More samples would be needed to draw sa-a clearer picture on this. Below, we examine how
different erosional processes may drive the observed-types of temporal variability in CRN concentrations measured close to the

Ganga outlet. This is approached using a numerical analysis of catchment-averaged CRN concentrations derived under varying

background erosion rates, landslide area;-depthand-depth, surface CRN production rates —and degrees of event buffering (i.e.
varying proportions of ’event’ sediments are mixed into the fluvial network). Given the complexity of this type of landscape

(e.g. multiple geomorphic process domains, climatic variability), we do not attempt to mimic these processes and reproduce
measured concentrations —or erosion rates (e.g. Niemi et al., 2005). Neither do we use this analysis to determine the relative
contributions required from stochastic processes (e.g. area and depth of landsliding) to produce our observed concentrations.

Instead, this numerical analysis is used to explore the sensitivity of outlet CRN concentrations to a range of parameters and

scenarios that may drive variability. The analysis considers the impact of a single sediment generating event, as opposed to the
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evolution of catchment-averaged concentrations which occur in response to a distribution of landslides occuring over timescales
of hundreds to thousands of years across a landscape (e.g. Niemi et al., 2005; Yanites et al., 2009).

The relative '°Be contribution by landsliding can be approximated to first-order by calculating the volume of material gene-
rated by the event, and the average concentration of that material. The concentration of landslide material is strongly controlled
by the local surface CRN production rate and depth of the landslide. CRN production rates rapidly diminish in the upper
few metres of the Earth’s surface (kak199+-Stone;2000; Niedermann;2002)-(Lal, 1991; Stone, 2000; Niedermann, 2002)

following:

P(z) = Pyel 2% (1

where 7 is the depth below the surface (cm), A is the attenuation length (g cm™), p is rock density (g cm™), and Py is the
surface nuclide production rate (atoms g”' yr'!). At depths greater than ~2 m the CRN production rate (by spallation reactions)
is negligible, as is muon production, as atoms generated by muon interactions represents a small proportion relative to those
produced by spallation reactions in the upper 1-2 m of the Earth’s surface (e.g. Niedermann, 2002). Here, we calculate the
average concentration of landslide material by integrating the surface production rate within the upper 2 m; we find that the
depth-averaged production rate of the upper 2 m (P,) is ~30 % of P,. This was converted into a '°Be concentration (C) in

atoms g”! using:

_ (PaA)
C= et ap) @

from Niedermann (2002), where we assume that the CRN decay constant (\) is equal to 0 over the timescales we are
concerned with (<10° years) relative to the half-life of '’Be. We use p = 2.7 g cm™ and A = 160 g cm™. We also assume a
steady-state erosion-rate (¢) across the upstream catchment. For landslide depths of less than 2 m, the average concentration
was calculated based on the production rate integral specific to that depth. For simplicity, we initially assume that the rest of
the catchment is eroding uniformly at a background erosion rate, with a catchment average CRN production rate of 35 atoms
¢! yr'! which is comparable to the catchment-averaged production rate calculated for the Ganga catchment in CAIRN. The
concentrations calculated at the Ganga outlet also assume complete sediment mixing. The CRN concentration at the catchment

outlet (eyeni+uniform) s then calculated using:

( aunifnrm (ybuniform ) + ( aevml¢event )
Qevent+uniform = (3)
Quniform + Qevent

where @upiform and oupiform are the background sediment flux and 10Be concentration, respectively. Gepens and atppepny are the
event or landslide generated sediment flux and '“Be concentration, respectively. A series of sub-catchments were then se-
lected to examine the influence of spatial variability in surface production rates across the Ganga basin, to provide a realistic
range of values in the numerical analysis (Fig. 7). Average shielding factors (snow and topographic shielding) were first cal-

culated for each of these sub-catchments using the CAIRN method (Mudd et al., 2016), which were then used in the online
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CRONUS v2.3 calculator (Balco et al., 2008) to calculate production rates, using a constant production rate model with a
Lal/Stone scaling scheme for spallation (Fig. 7 and Table 2). The default landslide surface production rates were initially set
to the same as the catchment-average production rate. The landslide surface production rates were then varied based on re-

alistic production rates derived from sub-catchments across the Ganga catchment (Table 2). Earthquake-induced landsliding

datasets from the 1999 Chi-Chi (Taiwan) and 2015 Gorkha (Himalaya) earthquakes (Linand-Tung;2004;: Martha-et-al; 2017
Lin and Tung, 2004; Martha et al., 2017; Roback et al., 2018), state that the total landslide areas were ~128 and 96-87-90

km?, respectively. Areas of these sizes represent approximately 0.5 % of the Ganga catchment area. We therefore use the value
of 0.5 % as an approximation of the proportion of the hypothetical catchment to have been impacted by landsliding. In the ana-
lysis, the average depth of the landslides was varied from 0.5 to 5 m, the average background erosion rate from 0.2 to 2.0 mm
yr'!, and the average landslide surface production rate from 10 to 60 atoms g™' yr'!. We use an average landslide depth where in
reality, the depths of individual landslides occurring in response to an earthquake or intense storm are likely to fit a power-law
distribution (Hovius et al., 1997). However, at any point in time it is unlikely that the full power-law distribution of landslide

depths is sampled or integrated into the catchment wide signal, due to the recurrence interval and amount of time taken to

evacuate larger and deeper landshides—co-seismic landslides. Sediment generated by inter-seismic landsliding is assumed to
be represented in the background erosion rate imposed across the catchment, whilst the sediment generated by the landslide

event is assumed to reflect a large co-seismic event (i.e. the tail-end of landslide-frequency distribution). We also assume that

the CRN concentration profile in the upper 2 m of the landscape is in steady-state before landsliding. This assumption is more
important in slowly eroding landscapes, where it may take tens of thousands of years to reach secular equilibrium (Dunai,

2010). This may result in over-estimated landslide CRN concentrations in our analysis, if the CRN concentration profile is not

in equilibrium. Hewever;by-Similarly, landsliding is more likely to occur in parts of the landscape undergoing faster erosion
rates where above a certain hillslope gradient, erosion rate becomes less closely correlated (to hillslope gradient) as the main

mechanism of erosion changes from transport-limited to detatchment-limited processes (Binnie et al., 2007). It might therefore

be expected that these regions have initially lower CRN concentrations. By varying the landslide surface production rates in
our analysiswe-ean-, we indirectly assess the importance of such an-effecteffects.

We calculate ’volumetric sediment flux” by combining the flux derived from background erosion rates with the calculated
landslide flux, and compared these to sediment flux estimates derived from the '’Be concentration at the catchment outlet
(which we term the *’CRN-derived sediment flux’). For a catchment eroding at a uniform rate (e in mm yr!), the CRN-derived
sediment flux is the product of the erosion rate, catchment area (A in km?) and average rock density (p in kg m™).

In this analysis, we assume that sediment storage between the region affected by landslides and the outlet is small relative
to the total sediment flux of the catchment. Unlike the eastern and western Himalaya, the central Himalaya (which is largely
drained by tributaries of the Ganga River) is comparatively void of large valley fills (Blothe and Korup, 2013), which is likely to
limit large volumes of sediment storage and sediment residence times. Recent modelling has also suggested that approximately
50 % of coarse material generated by post-seismic landsliding is evacuated within 5 to 25 years (Croissant et al., 2017). In our
scenarios, we initially assume complete evacuation of material to the outlet within a year. Fhe-effeetof reducingthe-ameunt-of
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smaller proportions of the Supplementary-Material-for reference-howeverevent material are mixed into the fluvial network in

this first year (3, 5, 10 and 20% of the event sediment). The default and range of values tested for each parameter in the analysis
are shown in Table 3.

Based on the above calculations, our results suggest that increasing the average landslide depth results in a marked decrease
in outlet '°Be concentration, most notably between depths of 0.5-3 m (Fig. 8a). This can be explained through the exponential
decay in 'Be production rates in the upper 2 m of the landslide (Lal, 1991; Stone, 2000; Niedermann, 2002). This reduction
in concentration is greatest under lower background erosion rates. Increasing background erosion rates from 0.2-2.0 mm yr!
also reduces the effect of landsliding on outlet '°Be concentrations (Fig. 3b). Under lower background erosion rate, landslide
material represents a greater proportion of the total sediment flux, so the system has less capacity to buffer the landslide input
and the '°Be concentration is more sensitive to deeper landslides. We also find that outlet '°Be concentrations are sensitive to
the average landslide surface production rate. Where the average surface production rate of the landsliding is increased (e.g.
comparable to that expected in high altitude sub-catchments of the Ganga - see Table 2), predicted outlet '°Be concentrations
also increase relative to scenarios with otherwise identical parameter values (Fig. 8c). Interestingly, we also find that volume-
tric sediment flux estimates are consistently higher than CRN-derived fluxes (Fig. 8d). Increasing background erosion rates
increases both CRN-derived and volumetric sediment flux estimates, but increasing average landslide depth or landslide CRN

production rate can reduce CRN-derived sediment flux estimates to a much greater degree than volumetric flux estimates.

By reducing the landslide surface production rate to mimic the effects of faster erosion rates in regions more prone to
landsliding and landscapes without steady-state concentration profiles, the absolute range of outlet CRN concentration variability_
in notably reduced from a maximum of ~70,000 (in Fig. 8a) to 20,000 atoms g”! under the lowest background erosion rate
scenarios (Fig. 9a). This range of outlet CRN variability is more comparable to that observed at the Ganga outlet. Furthermore,
the difference in volumetric and CRN-derived sediment fluxes is also reduced (Fig. 9b). By reducing the proportion of event
sediment mixed into the fluvial network, similar reductions in the amount of CRN concentration variability generated at the
outlet are also observed (Fig. 10a). Under faster background erosion rates (2.0 mm yr'!, the variability generated by events of
all depths can be effectively masked by background variability where only 10% of the event sediment is mixed in (i.e. such that
the outlet concentration lies within 100% of the maximum value). Similarly, under lower background erosion rates of 0.6 mm

! the fraction of event sediment needed to generate variability within 100% of the highest concentration is slightly lower at
3%.

Our analysis generates variability in CRN concentrations that is considerably larger than what we document in the Ganga
catchment (Fig. 4), suggesting that buffering of stochastic inputs must occur (Croissant et al., 2017). The evacuation time of
fine-grained sediment (sand and finer) is likely to be fast relative to the coarse fraction, as the fine-grained fraction is annually
entrained and transported downstream during months impacted by the Indian-SummerMeonsoonlSM. This is supported by grain
size analysis (Dingle et al., 2016) along a number of exposed gravel bars within the Ganga catchment, which demonstrate that
the channel bed is comprised largely of grain sizes >1 mm, even beneath the surface armour layer. Typically, grain sizes <1
mm represent less than ~15 % of the grain size distribution (Fig. 11) which is also observed across other catchments of the

Ganga River. This suggests that there is relatively little in-channel storage (or mixing) of finer grained sediments relative to the
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large fluxes of these river systems, which on entering the Ganga Plain, are thought to be largely dominated (>90 %) by sand-
sized (and finer) sediments (Dingle et al., 2017). However, the majority of landslide deposits are likely to be made of coarser
material (Attal and Lavé, 2006; Attal et al., 2015) which will take longer to be evacuated or abraded into smaller and more
easily transportable grain sizes. Whilst landsliding may generate the quantities and '°Be concentrations of sediment required to
drive significant changes in concentration at the outlet, the evacuation timescales of these event sediments buffers their impact.
Evacuation of event deposits over decadal to centennial timescales will reduce the ratio of background to event sediment fluxes

(Croissant et al., 2017), and likely limit the impact on '°Be concentrations documented at the outlet.
5.3 Other potential sources of variability in CRN concentration

Whilst landsliding with different depths and from different parts of the Ganga catchment is likely to represent a key compo-
nent in CRN variability, a number of other factors may also contribute, which are discussed below. Firstly, spatially variable
distributions of quartz-rich lithologies across the Ganga catchment may lead to over and under-estimation of denudation rates
in specific lithological settings. However, potential variations in sediment quartz content have been assessed by Vance et al.
(2003) in the Ganga catchment, who concluded that the correction due to the dilution of quartz from sediments sourced from
carbonate-rich series in the catchment is of a similar magnitude (maximum of ~9 % change in erosion rate for sub-catchments
in the High Himalaya) to the production rate estimates and analytical errors. Recent studies have also highlighted the effect
of grain-size dependent '°Be enrichment, where coarser gravel-sized fractions have been documented to yield higher apparent
denudation rates than the medium sand-sized fraction which is typically sampled (Puchol et al., 2014; Schildgen et al., 2016;
Lukens et al., 2016) as a result of the process through which the different grain size fractions are generated (e.g. reworked
hillslope material, landsliding), or differing sediment source elevations. Similarly, downstream lags in '°Be denudation rate
spikes have been observed along the Tsangpo-Brahmaputra River in the eastern Himalayan syntax (Lupker et al., 2017), due to
the distance which sediment generated in the rapidly uplifting Namche Barwa-Gyala Peri massif must travel before being abra-
ded into the grain size fraction used for sampling. However, modern samples collected close to the Ganga outlet are not likely
to be influenced by either process, as the majority of sediment has already been abraded into sand by this point (Dingle et al.,
2017). Similarly, a number of the floodplain and terrace deposits sampled were entirely sand. Exceptions to this include terrace
deposits CDT3, CDT4, DVDF, DVMT2, DVTT2 and RLB, where sand samples were taken from poorly consolidated fluvial
deposits containing imbricated and well-rounded quartzite cobbles and pebbles. However, additional CRN samples were not
run on individual clasts in these deposits to determine whether the coarser fraction yielded higher apparent denudation rates.
Glacial lake outburst floods (GLOFs) are not uncommon across the Himalaya (e.g. Cenderelli and Wohl, 2003; Kattelmann,
2003), and have the potential to generate and mobilise large quantities of sediment. Geomorphic analysis following the 1977
and 1985 GLOFs in the Mount Everest region (Cenderelli and Wohl, 2003) suggested that much of the sediment eroded from
the upper 10-16 km of the GLOF route was unconsolidated sediment (glacial till, colluvium, glacio-fluvial terraces). Erosion
was typically found to be limited in valleys with resistant bedrock or consolidated side walls. Similarly, the availability of
unconsolidated material is also thought to be a key limiting factor in the volume of debris flows triggered following GLOFs,

which can limit the erosive potential of the flow (Breien et al., 2008). In the absence of existing studies which document
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10Be concentrations in proglacial lake sediments, we cannot infer how sediment released from the glacial lake may contribute
to downstream variations in '°Be concentration. Geomorphological evidence in reaches downstream of GLOFs suggests that
much of the sediment eroded by the flood is largely unconsolidated (glacially-influenced) material from relatively shallow
depths (<3 m; Cenderelli and Wohl, 2003) which is likely to have a complex exposure history. Given the relatively short length
of the reach impacted downstream of the GLOF (relative to the full length of a system such as the Ganga), and the likely
CRN enriched nature of surface deposits reworked by GLOFs, it seems unlikely that these types of events drive significant
change in outlet '°Be concentrations. This is supported by work in the Marsyandi River catchment in Nepal, which suggested

that localised erosion in the upper glaciated catchment is almost an order of magnitude lower than fluvial incision rates in the

upper Marsyandi River (Heimsath and McGlynn, 2008). An analysis of the evolution of detrital '°Be concentrations along the
Marsyandi River suggested that low concentration '“Be inputs from glaciated tributaries dilute main stem '“Be concentrations
(Godard et al., 2012). In this instance, glacial erosion was averaged at ~~5 mm yr'! in the High and Tethyan Himalayan portions
of the catchment, suggesting that glacially derived sediments may complicate detrital CRN concentrations and interpretation

of catchment-averaged denudation rates.
Extreme monsoonal storms, such as the one that generated the 2013 Alaknanda flooding, also have the potential to generate

CRN variability if hillslope runoff mobilises large quantities of unconsolidated sediment on valley sides and initiates mass-
wasting of hillslopes (Dobhal et al., 2013; Devrani et al., 2015). Sample DV2013 was collected from a thick sand unit at the
Ganga channel margins (~18 m above the modern channel) near Devprayag, known locally to have been deposited following
the 2013 Alaknanda flood. We find that the 'Be concentration of this deposit (16.06 x 103 at g'!) also lies within the error
of modern samples at the outlet. One interpretation is that the sediment generated by this event was sufficiently well mixed:
on reaching the Ganga outlet it had minimal impact on the outlet CRN concentration. Material mobilised by the Alaknanda
flooding was largely unconsolidated, surficial hillslope material (Dobhal et al., 2013). As such, the '°Be concentration of these
sediments will reflect their local production rate (~50 atoms g”' yr'!' - see Table 2) and background erosion rate. If erosion in
the Alaknanda valley is driven primarily by large storm and flood events, unconsolidated surface sediments could have been
accumulating '°Be since as early as the LGM (Devrani et al., 2015), with very low background erosion rates. As such, this type
of erosive event may have generated sediment with a higher than expected CRN concentration (given the depth of material
removed) as a result of this CRN-enriched surface layer.

Annual monsoonal storms may also contribute to the observed variability where storms tap into localised parts of the cat-
chment. The hillslope sediments and reworked deposits these storms mobilise could vary in '°Be concentration in the different
geomorphic process domains, as they will have variable CRN production rates (which is a function of elevation), background
erosion rates and deposit characteristics (e.g. deep-seated landslide). Background erosion rates in particular are likely to vary
dramatically across the Ganga catchment as a result of spatially variable rock uplift, lithology, rainfall and vegetation cover
(Vance et al., 2003; Anders et al., 2006; Bookhagen and Burbank, 2006). Earthquake-induced landsliding, GLOFs and extreme
storm events are all likely to generate large quantities of sediment with '°Be concentrations that would be sufficient to drive
significant change in the '’Be concentration recorded at the Ganga outlet. However, the impact that these processes have is

limited by the ability of the river to entrain and transport this sediment out of the catchment. The evacuation timescales of
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sediment generated by these processes will likely vary as a function of the frequency and magnitude of localised storm events
which mobilise mass-flow deposits from hillslopes into rivers sediment.

If this sediment is sourced close to the sampling location, it is also unlikely to be fully homogenised. The distance required
to fully mix localised hillslope or tributary inputs has been shown to be as much as several kilometres (Binnie et al., 2006),
which may induce variability in '’Be concentrations recorded at the outlet. In terms of modern river samples, a number of small
ephemeral streams drain directly in the main Ganga channel near the outlet. During the monsoon season when these channels
are active, sediment of differing '’Be concentrations will be transported to the main channel and may not be sufficiently mixed
on reaching the outlet sampling locations. High concentration samples documented close to the Ganga outlet could therefore
represent locally derived and poorly mixed sediments, which reflect the erosional processes specific to a small frontal region

of the catchment.
5.4 Suitability of CRN as a proxy for sediment flux in large catchments

Teunderstand-Our analysis of outlet CRN concentrations suggests that the observed doubling in sediment delivery to the Bengal

fan during the early Holocene -we explorewhether itis possible to-inerease volumetrie sedimentthecwhilstmaintaining 1B

seenarios—+may have been masked by the natural variability in palaeo-erosion rate or CRN concentration data preserved close
to the Himalayan mountain front. Whilst changes in the amount of sediment being delivered into the fluvial network may have

occurred, the natural variability in CRN concentrations delivered to the mountain front is sufficiently high that a doubling in
volumetric flux (and ' ' i '

of-inereased-menseonal-preeipitation-therefore catchment-averaged erosion rate) cannot be clearly identified using detrital
sampling.
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Our results suggest that, for '’Be concentrations within a natural degree of system variability, the volumetric sediment flux

could theoretically differ from that calculated directly from '°Be concentrations (Fig. 8d and Table 3). Similar outlet CRN
concentrations ear-could be derived from landscapes dominated by different erosional processes within large catchments. For
example, our analysis suggests that a ’fast eroding’ landscape experiencing a background erosion rate of 2.0 mm yr'! and 1
m deep landslides over 0.5 % of the catchment (e.g. a landscape dominated by shallow landsliding or debris flows) could
produce comparable outlet CRN concentrations to a ’slow eroding’ landscape experiencing 0.4 mm yr'' background erosion
and 5.0 m deep landslides over the same area (e.g. a landscape experiencing deep earthflows) (Fig. 12). The CRN-derived
sediment fluxes between these two landscapes may be comparable, but the volumetric flux from the landscape with lower
background erosion (and deeper landsliding) is considerably larger than from the landscape with higher background erosion
(and shallower landsliding). Halving the area affected by landsliding in only the lower background erosion scenario (with
deeper landsliding) still yields comparable CRN-derived fluxes (within 15 % of each other, rather than 6 %), but the volumetric
flux is double that generated under higher background erosion rates (with shallower landsliding over a larger area) . These types
’slow eroding’ landscapes which experience episodes of mass wasting are exemplified by arid parts of the northwest Himalaya,
which generally only experience high intensity rainstorms during abnormal monsoon years where the ISM can penetrate
north of the orographic barrier formed by the Higher Himalaya (Bookhagen et al., 2005) (Fig. 2). Similarly, slow moving
earthflows in parts of the Eel River catchment in California which is characterised by long and low-gradient hillslopes mobilise
huge quantities of sediment which contribute to the majority of the suspended sediment flux from the catchment (Mackey and
Roering, 2011). The two end-member models presented in Figure 12 suggest that under different geomorphic process domains,
comparable mean CRN concentrations can be produced through very-different CRN concentration populations.

CRN-derived sediment fluxes are based on an average landscape lowering rate, and thus fail to incorporate the effects
of spatially limited deeper inputs of sediment which are characterised by much lower CRN concentrations. Lower rates of
background erosion means that sediment eroded off the surface is enriched in CRN (as sediment residence times in the upper
1-2 m of the Earth’s surface are longer as a function of lower background erosion rates). This effectively averages out the
influence of lower concentration input from deeper inputs, and results in near identical CRN concentrations at the mountain
front to a system undergoing only a slightly faster (or more uniform) rate of background erosion. Thus, considerably different

volumetric fluxes can be obtained for the same CRN concentration. However our analysis has also shown that spatially variable

erosion rates and event buffering can alter this relationship, such that CRN-derived and volumetric sediment fluxes can be
comparable. Furthermore, under particular conditions it is possible to generate systems where the effects of large sediment
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enerating events are lost within the natural variability of the system. This may explain the absence of a '°Be concentration
signature of Holocene climate change.

6 Conclusions

We present CRN analysis from a variety of modern and Holocene sedimentary deposits in a large trans-Himalayan catchment
spanning more than 7000 m in relief, where sediment production is heavily influenced by stochastic inputs. We find a natural
degree of variability in '°Be concentrations documented in the modern channel and Holocene flood deposits preserved near

the catchment outlet. These concentrations appear insensitive to regional intensification of the Indian-Summer-MonseonlSM,

thought to have occurred ~11-7 ka. We

Me-suggest that the obser-

ved variability is driven by 1) the nature of the stochastic inputs of sediment (e.g. the type of hillslope process, surface CRN
production rates, degree of mixing), and 2) the evacuation timescales of these sediment deposits. Sediment deposits genera-
ted by processes such as earthquake-induced landsliding, GLOFs or storm events, are typically large in volume and low in
10Be concentration, but the time taken to mobilise this sediment out of the catchment limits its impact on catchment-averaged
concentrations. We suggest that in landscapes characterised by high topographic relief, spatially variable climate and multiple
geomorphic process domains, the use of '’Be concentrations to generate sediment flux estimates may not be truly represen-
tative, as comparable mean catchment CRN concentrations can be derived through dramatically different erosional processes.
For a given CRN concentration, volumetric sediment flux estimates may vary eenstderably-and under certain conditions, CRN

concentrations may under-estimate actual erosion rates and hence sediment flux.
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Figure 1. 30m Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Ganga catchment. Coordinates are pro-
jected in UTM Zone 44N. Glacier coverage as documented in the Global Land Ice Measurements from Space (GLIMS) database is also
shown in white. The red box represents the spatial area shown in more detail in Fig. 3. D.D refers to the Dehra Dun region which is delinea-

ted by the grey striped area.
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Figure 2. Broad distribution of geomorphic process domains across the Ganga catchment. The approximate positions of the Main Boundary
Thrust (MBT), Main Central Thrust (MCT) and South Tibetan Detachment Zone (STDZ) are shown by red dashed lines following Ray and
Srivastava (2010). Relative landslide density was determined by manual mapping of >400 landslides across the Ganga catchment using

GoogleEarth imagery, where landslides in glacially influenced parts of the catchment were excluded. ISM denotes the Indian Summer

Monsoon.
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Figure 3. Modern (red) and terrace/floodplain/flood (white) sample locations and names in the lower Ganga catchment. See Table 1 for full

description of samples.
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Figure 4. Measured modern river (red) and terrace or flood/floodplain (black) '°Be concentrations relative to their depositional age. Hori-
zontal error bars represent the published age error associated with the independently dated deposit, and vertical error bars represent error in

19Be concentrations determined in this study. Sample EUPKO9-BR924 from Lupker et al. (2012) is also included and labelled.
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Figure 5. (a) Frequency histogram of mean '°Be concentrations shown in Fig. 4. (b) Frequency histogram of mean erosion rates calculated

using the CAIRN method.
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Figure 6. Modern river (red) and terrace or flood/floodplain (black) catchment-averaged erosion rates with respect to distance downstream,
sample elevation (grey shaded region) and upstream catchment area (blue line). Vertical error bars represent error associated with the model-
led erosion rate and propagated '°Be concentration errors used to derive the erosion rate. The red shaded area represents erosion rates within

the error of modern samples. Outliers BG1.8 and CDT4 are labelled.
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Figure 8. (a) Variations in '°Be concentration predicted at the outlet in response to increasing landslide depth and as a function of back-
ground erosion rates (represented by coloured lines). (b) Outlet Be concentration as a function of background erosion rate (where all other
parameters are constant at default values - see Table 3), for a system undergoing no landsliding (red line - where erosion is driven purely by
background erosion) and another with 2 m deep landsliding over 0.5 % of the catchment area (black line). (c) Outlet '’Be concentration under
varying average landslide '°Be surface production rates (based on Table 2) and background erosion rates (coloured lines). The black vertical
line represents the whole Ganga catchment-averaged production rate of ~33 atoms g yr''. (d) Comparison of volumetric and CRN-derived
sediment fluxes from analysis in Figures 8a-c. The blue arrow labelled 1 shows the effect of decreasing background erosion rate, and the blue

arrow labelled 2 shows the effect of increasing landslide depth and/or landslide CRN production rate . The black dots in (a) and (d) represent

80000

70000

60000

50000

40000

30000

20000

10000 [~

(a) — 02mmyr!

0.4 mmyr 1
— 06mmyrt
— 0.8mm yr’1
— Lommyrt
1.5mm yr‘1

2.0 mmyr!

70000

60000

50000

40000

30000

20000

10000

5 10 15 20 25 30 35 40 45 50
Average landslide depth (m)
{C) — 0.2mmyr'1
L € — 05mm yr'1 H
)
E ® — 15mmyr?
e
3| ®

//

N

n

p!

0 Zb 30 40 5‘0 60 70

Average landslide production rate (atoms g™ yr?)

19 Be concentration at outlet (atoms g*)

120000 T T T
— With landsliding
o)
100000
80000 |
60000
40000 |
20000 TT—— ]
%.2 0.4 0.6 0.8 1.0 1.2 14
Average background catchment erosion (mm yr)
1800 T T T T T
(d) —1 .
1600 ° e o 1
o A o
— e o ©
Z100f o ° 3 ° :
x e o o °°
= 12001 % 1
= e o 0 °° 2
5 L]
Z1000f | 4 e 0@ N
5 L I
& 800 ¢ @@
9]
‘= [ )
2 600l F Y A ° i
E °
2 eo0°?® (8
S | .
S a00f e B
200 |
OO 160 ZC;O 360 460 560 660 700

scenarios A and B which are discussed in more detail later and in Fig. 12.
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Figure 9. Volumetrie sand (grain-sizes<}-mma) proportions Effect of lowering landslide surface production rate to 10 atoms g”! yr'! on outlet
CRN concentrations in sub-surface sedirment samples-along major tributaries response to varying landslide depths and catchment background
erosion rates. The overall range in outlet concentrations is notably lower than in Fig. 8a. (b) Comparison of volumetric and CRN-derived
sediment fluxes for the GangaRiversame model conditions, where marker colour corresponds to background erosion rate shown in part (a).
The difference in volumetric and CRN-derived fluxes is much less than scenarios shown in Fig. 8d. In scenarios with higher background
erosion rates, volumetric fluxes are only marginally higher than CRN-derived fluxes.
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Figure 10. (a) Effect of event buffering on outlet CRN concentrations, where smaller fractions (3, 5, 10 and 20%) of the event sediment

are mixed into the fluvial network based on two backeround erosion rates of 0.6 and 2.0 mm yr' shown in blue and red, respectively. The

event proportions are represented by the different dashed lines. The landslide surface production rate is set to 10 atoms g yr’, whilst the
rest of the catchment is set to 35 atoms g yr”. Under faster background erosion rates, the effect of larger landsliding events are more easily
buffered in outlet CRN concentrations. (b) Comparison of volumetric and CRN-derived sediment fluxes for event buffering scenarios. Under
these conditions, volumetric and CRN-derived sediment flux estimates are much more comparable. In landscapes with lower background

erosion, volumetric fluxes are still slightly larger with higher event inputs.
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Figure 11. Volumetric sand

from Dingle et al., 2016.
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Figure 12. Schematic of how comparable mean CRN concentrations in river sand can be derived under two different end-member erosion
scenarios with different volumetric sediment fluxes. In these instances, slow background erosion rates and deep landsliding (Model A) result
in comparable CRN concentrations to landscapes domianted by faster background erosion rates and shallow landsliding (Model B). If Model
A is set with a background erosion rate of 0.4 mm yr'! and 5 m deep landsliding over 0.5 % of the catchment, and Model B with 2 mm yr’!
background erosion rates and 1 m deep landsliding (over the same area), comparable CRN concentrations (see black dots marked on Fig.
8a) and CRN-derived sediment fluxes are generated, but volumetric sediment fluxes are over three times larger in Model A. This is due to
the relative enrichment of '°Be in the upper 2 m of the landscape with low background erosion rates, which when combined with low CRN
concentration material from depth, results in two distinct CRN concentration populations. Where erosion is generally more homogeneous

(Model B) and CRN concentrations are distributed more uniformly, comparable mean CRN concentrations are derived between the two

models. Both scenarios assume complete mixing of the event sediment, hence why these are considered end-member or extreme scenarios.
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Appendix A

The details and context of cosmogenic radionuclide samples used in this study are presented in Fig. Al - Fig. A16. Locations

can also be found in more detail in Fig. 3.
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Figure A1. BGM - Sieved from upper layer of modern gravel bar. 82 mm long penknife in base of pit.
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Figure A2. BG1.8 - Fine-grained sand deposit (~7 m in thickness) corresponding to sequence of palacoflood deposits from last ~600 years.

Sample taken 1.8 m from base of exposure which has been OSL dated at 225472 years Wasson et al. (2013).
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Figure A3. CDT3 - Sample from base of ~3.2 m thick fill of poorly sorted fluvial pebble and cobble conglomerate, suggesting it was
deposited during a single event. Approximately 26 m above the modern channel. OSL dated at 9,760 +1,040 years (Ray and Srivastava,
2010). 90 mm long penknife for scale.
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Figure A4. CDT4 - Sample from poorly sorted fluvial pebble and cobble conglomerate terrace fill deposited during a single event. Sample
~3 m below terrace surface and ~80 m above modern channel. OSL dated at 11,080 £1,960 years (Ray and Srivastava, 2010). 90 mm long

penknife for scale.
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Figure AS. DVDF - Terrace deposit ~95 m above modern channel. Sample taken from base of 4 m thick fluvial conglomerate layer. Capped
by more angular phylite/schist deposit (erosional contact) suggesting input of locally derived landslide/debris flow material. Unit OSL dated

at 10,00042,000 years (Ray and Srivastava, 2010). 90 mm long penknife for scale.
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Figure A6. DVMT2 - Terrace deposit ~77 m above modern channel. Poorly sorted and weakly consolidated fluvial pebble and cobble
conglomerate. Sample taken from base of 6.5 m unit. Unit OSL dated at 10,000£2,000 years (Ray and Srivastava, 2010).
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Figure A7. DVTT2 - Terrace deposit ~112 m above modern channel. Fluvially derived coarse cobble and sand (poorly sorted) conglomerate

interbedded within locally derived (Lesser Himalayan) phyllite deposits. 90 mm long penknife for scale.
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Figure A8. RFLO - Sand flood deposit associated with 2013 Alaknanda flooding. ~7 m above water level in October 2014.
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Figure A9. RAEM - Sieved from upper layer of modern gravel bar.
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Figure A10. RAE1/RAE2 - ~0.8 m thick sand and silt deposit above cobble bed. Capped by ~30-50 cm of soil. Samples taken from the
lower-most and middle units identified in P1 in Wasson et al. (2013) which are dated at 2.61+0.6 ka and 1.040.2 ka, respectively.
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Figure A11. NGM - Cross-bedded sand succession ~17 m above modern channel. Sample taken from base of 1.5 m thick cross-bedded sand

unit. Top of unit (S2) OSL dated at 7,200£2,000 years by Sinha et al. (2010).
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Figure A12. NGL - Cross-bedded medium-coarse sand unit ~10 m above modern channel. Base of unit (S1) OSL dated at 14,000+3,000
years by Sinha et al. (2010).
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Figure A13. NGT - 4 m high exposure of low angle cross-bedded sands, topped with finer silt and mud deposits. Corresponds to OSL sample
from this part of unit dated at 7,200£2,000 years by Sinha et al. (2010).
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Figure A14. LH - Cross-bedded sand exposure (4 m high). Sample taken 2.2 m from top of exposure. Corresponds to OSL sample from unit
dated at 23,5004-1,500 years by Verma (2016).
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Figure A15. RLB - ~42 m above modern channel on roadside cut. Poorly sorted, structureless fluvial conglomerate. Large, rounded boulders,

cobbles and sands (Ray and Srivastava, 2010). 90 mm long penknife for scale.
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Figure A16. DV2013 - Laminated sand deposit ~5 to 10 m thick formed in single event following the 2013 Alaknanda flooding.
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Table 1. CRN sample details, '°Be concentrations and modelled erosion rates. Full sample details are given in Appendix A.

Sample Locality Sampling date Lat. Lon. Basin area Mean basin Sample age Age reference Sample Average Sample depth Sample 'Be 10Be CAIRN-
(km?) clevation (m) (years) elevation (m, shielding (cm) concentration  concentration  derived erosion
from DEM) factor* (x10*atg") at time of rate (mm yr')
deposition
(x10*atg™")
BGM Bagwan - 06-Oct-2014 302255  78.6823 10,920 3,825 Modern n/a 498 0 13.57+1.40 13.56+1.40
modern 0:868-0.802. HHLETEO3E
030
BG1.8 Bagwan - 06-Oct-2014 302253 78.6812 10,920 3,825 217476 Wasson et al. 504 500 40.70+2.69 40.69+2.69
(errace (2013)- OSL 0-8680.862 0:570.53%0.10
DV2013  Devprayag - 05-0ct-2014  30.1499  78.6136 11,052 3,805 1 nfa 492 0.868 0 16.07+3.55 16.06+3.55  1.44+0.26
2013 flood
DVTT2  Devprayag - 05-0ct-2014 301508 78.6107 11,052 3,805 14,0004£2,000  Srivastava et al. 530 0.868 600 7.09:2.45 6.66+£2.45  348+1.02
terrace (2008) - OSL
DVMT2  Devprayag - 05-0ct-2014 301508  78.6153 11,052 3,805 10,000+2,000 Ray and 517 0.868 650 14.69+1.22 14274122 1.63£0.29
terrace Srivastava
(2010) - OSL
DVDF  Devprayag - 06-Oct-2014  30.1253  78.5905 18,716 3,870 10,000+2,000 Ray and 559 0.868 1,300 23.19+1.28 23.04£128  101£0.18
terrace Srivastava
(2010) - OSL
RLB Rishikesh - 03-0ct-2014  30.1305  78.3322 21,675 3,670 6,940650 Sinha et al. 393 300 15.61+1.27 14.524+1.27
terrace (2010) - OSL 08680879, +6014546029
026
RFLO Rishikesh - 03-0ct-2014 30,1328 78.3342 21,675 3,670 1 n/a 370 20 12.86+1.58 12.85+1.58
2013 flood 0-568-0.872 HHELO3EO33
RAEI Raewalla - 08-Oct-2014  30.0053  78.2195 23,030 3,580 2,600+500 Wasson et al. 308 0.877 100 17.51+1.04 14074131 1.52£0.27
terrace (2013) - OSL
RAE2 Raewalla - 08-0ct-2014  30.0053  78.2195 23,030 3,580 1,000200 Wasson et al. 308 0.877 80 20.76%1.09 19.08+1.28  1.12£0.20
terrace (2013) - OSL
RAEM  Raewalla- 08-Oct-2014 300054 78.2227 23,030 3,580 Modern n/a 303 0.885 0 15.53+1.07 15.5041.07  1.29+0.23
modern
CDT3  ChandiDevi-  03-Oct-2014  29.9461 78.1757 23221 3,560 9,760+1,040 Sinha et al. 309 0.877 320 14,19+ 111 12914112 1.66+0.30
terrace (2010) - OSL
CDT4  ChandiDevi-  03-Oct-2014  29.9398 78.1788 23221 3,560 11,080£1,960  Sinhactal. 389 0.877 1,000 49.724+8.96 49.65+896  0.43+0.08
terrace (2010) - OSL
GAPUB  Haridwar - 11-0ct-2014  29.9067 78.1635 23221 3,560 Modern n/a 271 0.886 0 17.70+1.42 17704142 1.12£0.20
modern
LH Landhaura - 07-0ct-2014  29.8105  77.9460 23941 3,510 23,500+1,500  Verma (2016) - 256 0.879 220 15.65+1.21 806131 2.60+£0.49
terrace OoSL
NGL  Nagal-terrace  07-Oct-2014  29.6698 78.1786 23941 3,510 14,000£3,000  Sinhaetal. 249 0.889 1260 19.07+1.13 1886+1.13  1.03£0.19
(2010) - OSL
NGM  Nagal-terrace  07-Oct-2014  29.6652  78.1850 23,941 3510 7,200+2,000 Sinha et al. 258 0.889 850 16.67+1.28 16494128 1.18+0.21
(2010) - OSL
NGL  Nagal-terrace  07-Oct-2014  29.6649  78.1859 23941 3510 7,20042,000 Sinha et al. 259 0.889 250 18.96%1.36 17274144 1.12£0.20
(2010) - OSL
Rishikesh - 11-Aug-2009  30.127 78330 21,690 3,150 Modern n/a 357 0 9.20£1.0 n/a
BopO9EE 0:865-0,879 2:522,08+0:45

0,

* Average shielding factor is the average of the combined shielding factors; topographic, snow and self-shielding values. These were calculated using a depth integrated approach (see Mudd et al., 2016).

*#* Details for this sample (BR924) are from Table 1 in Lupker et al. (2012). We have recalculated the erosion rate using the CAIRN method (Mudd et al., 2016).



Table 2. Catchment area, average elevation and average '°Be surface production rate for sub-catchments in the Ganga catchment

Catchment area (km?)

Catchment-average elevation (m)

Surface production rate (atoms g yr'!)

Sub-catchment 1
Sub-catchment 2
Sub-catchment 3
Sub-catchment 4
Sub-catchment 5
Sub-catchment 6
Sub-catchment 7
Sub-catchment 8*

Ganga (whole)

1,955
4,635
1,801
1,449
169
181
253

39
23,038

1,606
4,716
5,033
1,642
4,483
1,868
1,404
4,806
3,560

11.08
56.02
70.51
24.28
49.13
12.82
9.57

49.61
33.16

*This sub-catchment represents the area upstream of Kedarnath during the 2013 Alaknanda flooding

53



Table 3. Default and range of parameter values used in numerical analysis

Parameter Default value  Range of modelled values
Landslide depth (m) 2 05-50

Catchment area (km?) 23,000 -

% of catchment impacted by landsliding 0.5 -

Catchment-averaged surface production rate (atoms g! yr') 35 -

Background erosion rate (mm yr') 0.5 0.2-2.0

Landslide surface production rate (atoms g™ yr'!) 35 10-60

*This sub-catchment represents the area upstream of Kedarnath during the 2013 Alaknanda flooding
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