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Abstract

The effect of punctuated mass-wasting events on longer-term erosion rates is not

fully understood, and yet it is key to quantifying sediment generation, source-to-sink

dynamics, and landscape evolution in active orogens. The measurement of terrestrial

cosmogenic nuclides (TCNs) in river sediments is a common method for determining

basin-averaged erosion rates over centennial to millennial timescales and is often

used to compare erosional processes between catchments. However, these compari-

sons often overlook the role of landsliding rates and their spatial distribution in the

measurement and potential variability of TCN signals. While it is widely accepted

that basin-scale perturbations should temporarily dilute TCN concentrations as

landsliding mobilizes new, low-concentration material, the impact of the catastrophic

release of hillslope sediment caused by a single event on TCN signatures has not yet

been systematically investigated. In this modelling study, we use a catchment in cen-

tral Nepal to build upon previous modelling efforts to consider how TCNs are

recorded in landscapes with varying erosion rates, landsliding rates, and spatial distri-

bution of landslides. We then use the 25 April 2015 Mw 7.8 Gorkha earthquake,

Nepal, as a case study to investigate how perturbations like earthquakes are

recorded in TCN time series and transferred to and ultimately archived in the sedi-

mentary record. We find that the likelihood of a perturbation being measured by

TCN dilution is based on a multitude of factors, including background erosion rates,

long-term landsliding rates, and the connectivity of newly released material to the

fluvial system. Especially in landscapes like the central Himalaya with high back-

ground erosion and landsliding rates, changes in detrital TCN concentrations are not

a reliable indicator of an upstream perturbation, nor should we expect a clear dilution

signal following a major event. Our modelling results emphasize that TCN dilution is

not a universal characteristic of high-magnitude landslide-triggering events.

K E Y W O R D S
10Be, cosmogenic, erosion rate, Himalaya, landslide

1 | INTRODUCTION

In mountainous landscapes, landslides are one of the most efficient

pathways of erosion, releasing large volumes of sediment, organic

material, and fresh bedrock that is then available for subsequent

mobilization by hillslope and fluvial processes (Hovius et al.,1997;

Larsen & Montgomery, 2012; Marc et al., 2019). In high-relief,

tectonically active landscapes, landslides occur regularly due to a vari-

ety of factors, including precipitation, lateral river channel migration,

or basic hillslope instability. In some locations, combinations of high-

relief and orographic rainfall can spatially concentrate landsliding from

year to year. Furthermore, extreme events like earthquakes, typhoons,

storms, wildfires, and volcanic eruptions can trigger large quantities of

spatially and temporally clustered landslides beyond what is
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considered ‘ typical’ for a given year. These perturbations, therefore,

have the potential to drastically increase erosion and sediment export

in a single event and may dominate the long-term erosion budget of

mountain ranges (Howarth et al.,2012; Parker et al.,2011).

In most cases, landscapes are not monitored over long enough

time periods and/or with adequate resolution to directly measure

changes in local erosion rates generated by such extreme events. This

lack of data is due to the relatively infrequent recurrence of large-

scale perturbations on human timescales, in conjunction with histori-

cal records being too short to generate adequate baseline observa-

tions. This limitation requires using alternative methods for measuring

the relative effects of perturbations on long- and short-term erosion

rates. One of the most promising approaches to assessing the role of

landslides in the erosion budget of an orogen is time series sampling

of detrital terrestrial cosmogenic nuclides (TCNs) in fluvial sediments.

Sampling of TCNs is widely used in determining catchment-wide ero-

sion rates integrated over centennial to millennial timescales and is,

therefore, capable of capturing the effects of change in erosion rates

at an integrated basin scale, assuming certain conditions about the

style of erosion and fluvial mixing are met (Bierman & Steig,1996;

Granger et al.,1996).

TCNs are produced in the upper metres of the Earth’s surface

through the interactions of secondary cosmic rays with a target min-

eral, and their production decreases exponentially within the first few

metres of the Earth’s terrestrial surface (Lal, 1991; Lal &

Peters,1967). However, these methods assume constant surface low-

ering in steady-state conditions and typically ignore the role of land-

slides and other forms of mass wasting in both the apparent erosion

rate and the concentration of nuclides in a given sample. Because

landslides mobilize deeper material than background surface erosion

(e.g. creep, slopewash, vegetation, animal movements, etc.), a change

in the style of erosion should be detectable in river sediments as con-

centrations are expected to decrease with increasing input from

landslides.

This effect has been documented in previous studies following

the M w 7.9 Wenchuan earthquake, where repeated time sampling of

river sands showed a dilution in the cosmogenic10Be in the years

immediately following the event (Wang et al., 2017; West et al., 2014)

in response to intense coseismic landsliding. Chen et al. (2020) also

report an increase in 10Be-derived erosion rates in basins affected by

Typhoon Morakot a few years after the storm caused significant

landsliding in Taiwan. In Puerto Rico, Grande et al. (2021) document a

dilution immediately following Hurricane Maria in a smaller sub-basin

but no clear change in the signal of its larger encompassing basin.

More recent work continues to explore the effects of perturbations

on measurements of TCNs, though time-dependent studies of TCNs

bracketing a perturbation are still limited (Foster & Anderson,2016;

Kober et al.,2012). The relationship between background erosion rate

and event magnitude is likely an important consideration in the

response of TCN concentrations, but this relationship has not yet

been explored in detail. Therefore, it is unclear if 10Be dilution is a

generalizable signature of widespread event-triggered landsliding. Fur-

ther, and perhaps more importantly, we do not know precisely what

factors control the dilution of TCN concentrations or whether the

dilution factor can ultimately be used to understand the magnitude of

the perturbation.

To better understand the circumstances in which extreme events

are recorded by detrital TCN signals, we use a modelling approach to

F I G U R E 1 A shaded relief map of the central Himalaya. The specific study catchment is outlined for reference, and the locations of mapped
coseismic landslides are indicated in red (Roback et al.,2017) [Color figure can be viewed atwileyonlinelibrary.com]

2326 SCHIDEET AL.



investigate the effects of annual landsliding on TCN concentrations

and basin-averaged erosion rates at times without any major pertur-

bations. We build upon previous modelling efforts by Niemi

et al. (2005) and Yanites et al. (2009) to further consider how a pertur-

bation might transiently dilute detrital 10Be concentrations that are

later transferred to and recorded in the sedimentary record. We

model measured concentrations of TCNs in river sediments from

basins, assuming a range of erosion scenarios with prescribed rates of

landsliding, to understand how a catchment’s geomorphological char-

acteristics might impact its response to a larger-scale event. We can

then look at the relative effect of a perturbation on short-term mod-

elled TCN measurements and longer-term sediment export. The cen-

tral Himalaya provides a unique setting for this study, with nearly

7 km of vertical relief over a 70 km distance, resulting in a large cos-

mogenic nuclide production rate gradient that we leverage to explore

the relationship between landslide location and modelled TCN con-

centrations. We then use the 2015 Mw 7.9 Gorkha earthquake as a

representative perturbation of erosion processes in a tectonically

active region like the Himalaya. This modelling approach allows us to

predict whether or not we should expect a systematic dilution in TCN

concentrations following a perturbation in other landscapes.

2 | SAMPLE CATCHMENT

Our modelling study uses a northern portion of the Bhote Koshi drain-

age basin located in the central Himalaya of Nepal as a test case

(Figure 1). Crossing both large elevation and precipitation gradients,

the Bhote Koshi catchment provides an excellent location for investi-

gating the effects of various erosional processes on cosmogenic

nuclide production and interpretation. In addition, the region saw sig-

nificant coseismic rockfall and landsliding during the 2015 Gorkha

earthquake. There are currently no published TCN data from this spe-

cific catchment, but based on nearby suspended sediment measure-

ments by Andermann et al. (2012) and regional measurements of10Be

by Lupker et al. (2012), erosion rates likely range between 0.1 and

2.1 mm/yr; thus we assume a rate of 1 mm/yr as a baseline for this

catchment. We also explore a range of other erosion rates throughout

the modelling study but generally default to 1 mm/yr because it has

been shown to be consistent for the central Himalaya.

The outlet of the test basin is in the village of Hindi (N:

27.906077, E: 085.920602), just below the Nepal–China border and

around 20 km upstream of the confluence with the Indravati, which

both ultimately drain eastward, meeting the Ganga along the Himala-

yan front. The catchment is approximately 2000 km2, with elevations

that range from 1300 m to around 8000 m and an average slope of

23.3� . To the north is the dry, high-elevation Tibetan Plateau, while

the southern portion is heavily affected by the seasonal monsoon.

With mean annual rainfall reaching up to 4 m/yr in some places, mon-

soonal landsliding is widespread in the south, while the slopes to the

north are relatively stable under drier climates (Bookhagen &

Burbank, 2006; Burbank et al., 2003). Based on coseismic landslide

mapping and volume estimations, this catchment alone saw� 1 cm of

surface lowering when the earthquake-triggered landslide erosion that

occurred during the 2015 event is averaged over the entire catchment

(Roback et al.,2017).

3 | METHODS

The model used in this study is built on the framework of the

landscape-TCN model (CosmoLand) originally developed by Yanites

et al. (2009) that is summarized below. We made several updates to

CosmoLand for our study. The most relevant changes for the work

conducted here are: (1) the use of a digital elevation model (DEM) to

establish the modelled landscape that allows for the definition of

smaller sub-catchments within this larger drainage area; (2) application

of the updated TCN production rate calculations of Balco (2017) that

better account for the contribution of muon production; (3) the use of

precipitation and slope data to weight landslide placement in areas

with a greater risk of slope failure; and (4) application of the empirical

landslide area–volume scaling from Larsen et al. (2010). In general, we

adapt CosmoLand from Yanites et al. (2009) for use on a known

catchment whose TCN surface concentrations are updated on a cell-

by-cell basis according to spatially dependent production rates

(e.g. altitude-dependent production). This modification allows us to

model the types of signals and perturbations we would reasonably

expect to find in the field and later incorporate the coseismic landslide

inventory in a spatially realistic way.

A model schematic (Figure2) illustrates a simplified overview of

the model setup. First, a DEM of the catchment area is used to deter-

mine TCN production rates at each cell. In this case, we use void-filled

SRTM data with a horizontal pixel resolution of 30 m (Farr

et al., 2007). We then prescribe a total catchment erosion rate, speci-

fying the relative contributions of erosion through steady surface low-

ering, which we refer to as ‘background erosion’ and landsliding. For

each time step, the model first removes the material generated

through background erosion then proceeds to generate and place

landslides until the total volume of eroded material reaches a pre-

scribed basin-averaged erosion rate. For example, if the total pre-

scribed erosion rate is 1 mm/yr with only 5% of that from background

erosion, the model would first remove 0.05 mm of material uniformly

F I G U R E 2 A simplified workflow of the
landscape model
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across the entire catchment surface before producing landslides

whose volume equated to ca. 0.95 mm of erosion when averaged

across the entire catchment. We can then calculate the total mass and

number of 10Be atoms removed from the catchment and update the

surface concentrations of TCNs based on the depth of the eroded

material, allowing the process to repeat for a set number of years.

Throughout the rest of the study, we prescribe total erosion rates that

range from 0.2 to 2 mm/yr, and vary contributions from background

erosion and landslides at intervals of 5, 50, and 95%. Details of the

model parameters and variables are outlined in Table1 and in subse-

quent sections.

3.1 | Landslide characteristics

Landslide frequency–area distributions are commonly modelled with

double-Pareto or inverse gamma functions (Malamud et al.,2004;

Stark & Hovius, 2001). In either case, these distributions converge

towards a negative power-law distribution above a moderate landslide

size (� 103 m2). In our modelling, we are limited by the DEM’s grid res-

olution (900 m2) and can only model landslides at or above this thresh-

old. Excluding the smallest landslides may introduce a bias to lower

modelled TCN concentrations as it comparatively favours deeper land-

slides. However, for our modelled parameters, the majority of the sed-

iment volume is produced by landslides larger than the DEM

resolution, limiting this bias. We therefore use a negative power-law

approximation to determine modelled landslide area–frequency distri-

butions utilizing the expression f Að Þ ¼KA� � , where f Að Þis the fre-

quency or number of landslides of a given areaA, and K and � are the

power-law scaling constant and exponent, respectively.

For this analysis, the power-law scaling constant determines the

landslide rate, and the power-law exponent the size distribution of

landslides (Table1). Landslides mapped by Roback et al. (2017) follow-

ing the 2015 Gorkha earthquake are best represented by a cumulative

power-law exponent (� ) of 1.5. We use this value in all modelling sce-

narios after confirming that slight changes to this exponent will not

have drastic effects on the longer-term median output concentrations

(FigureA1). Regional monsoonal landslides are widespread and mobi-

lize the majority of annual erosion between June and September,

though because they are regularly recurring and part of longer-term

landscape dynamics, they are not considered as extreme events in

their own right. These monsoonal landslides follow a similar

frequency–area distribution with a � value of 1.4, confirming that this

distribution is not unique to those caused by the Gorkha earthquake

(Marc et al., 2019). It is worth noting that the non-cumulative proba-

bility density power-law exponent ( � + 1) is also commonly reported

for landslide frequency–area relationships in the literature, which in

this case would be 2.5 (Malamud et al.,2004; Tanyaşet al., 2017).

At each time step, the model generates a randomized list of land-

slide areas based on this landslide frequency–area scaling (Gallen

et al., 2015; Guzzetti et al., 2002; Malamud et al., 2004; Marc

et al., 2019). A surface area is then selected from the list, and the

model searches randomly within the basin until identifying a suitable

location for the landslide based on the landslide placement parame-

ters described in detail in the following section. The landslide volume

v is calculated using the expressionv ¼� A� , where � and � are the

empirically determined power-law constant and exponent, respec-

tively, that relate landslide area to landslide volume (e.g. Guzzetti

et al., 2009; Larsen et al., 2010). Here, we use � ¼1:36 and � ¼

10� 0:59 based on mixed soil and bedrock inventories for the Himalaya,

compiled by Larsen et al. (2010) (Table1). Next, the mean landslide

depth is calculated (volume/area), assuming a rectangle-shaped fail-

ure. The landslide depth is, therefore, the same in each pixel, an

approximation that simplifies the computation. We can then deter-

mine the mass of sediment and atoms of10Be removed from each cell

within the landslide area. The generation of landslides continues until

the model achieves the sediment volume to reach the prescribed ero-

sion rate from landsliding for the given time step. The surface concen-

tration of nuclides is updated based on the local production rate and

the depth of material removed.

3.2 | Landslide placement and failure index

We test the model using three different scenarios of non-event land-

slide placement within the catchment. In the first scenario, landslides

can occur anywhere and are placed randomly throughout the entire

catchment to simulate a Poisson process (Yanites et al.,2009). In the

second scenario, landslides are preferentially initiated on unstable

slopes using a calculated failure index (FI), which is analogous to the

inverse of the factor of safety (the ratio of material strength to an

applied load). In this study, theFI is a value between 0 and 1, where

0 indicates a theoretically stable cell and 1 indicates very unstable or

likely to fail as a landslide. Using Equation1, we calculate an FI for

each cell in the DEM (Moon et al.,2015):

FI¼
tanS
tanS0

�
1

1 � � w
� s

ð1Þ

where S is the slope of the cell determined from the input DEM in

degrees,S0 is the threshold slope, � w (kg/m3) is the density of water,

T A B L E 1 Parameters used in the modelling analysis

Parameter Value

Model time 2 � 105 years

Total erosion rate 0.2–2 mm/yr

Background erosion rate (Eb) 5, 50, and 95% of total
erosion rate

DEM cell size (b) 30 m

Attenuation of TCN production curve
for neutrons (� n)

160 g/cm 2

TCN decay rate (� ) 4.62 � 10� 7 yr� 1

Material density (� s) 2.7 g/cm3

Minimum landslide size 900 m2 (same as resolution)

Basin size 1.92� 109 m2

Landslide volume–area scaling volume= � A� , � = 10� 0.59,
� = 1.36

Landslide frequency–area scaling frequency= KA(� � ),
K = 39 817, � = 1.5

Model time steps (� t) 1 year

Threshold slopeS0 35�

Soil transmissivity 1000 m2/yr
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and � s (kg/m3) is the density of sediment. The third scenario builds on

this by considering both local slope and precipitation, as described in

Equation 2:

FI¼
tanS
tanS0

�
1

1 � W � w
� s

ð2Þ

where W is a unitless wetness factor calculated in Equation3, relating

the hydraulic flux to the soil saturation in any given location

(Montgomery & Dietrich, 1994):

W ¼
PA

bTsinS
ð3Þ

To assign a value ofW for each cell, we use a gridded map of Tropical

Rainfall Measurement Mission (TRMM)-derived mean annual precipi-

tation data with a 5 km horizontal resolution (Bookhagen &

Burbank,2006). In Equation (4),P (m/yr) is the mean annual precipita-

tion, A (m2) is the upstream drainage area,b (m) is the cell size, and

T is saturated soil transmissivity, which we set at 1000 m2/yr based

on stochastic landslide evolution modelling by Moon et al. (2015).

For scenarios 1 and 2, to place landslides throughout the land-

scape, in each model timestep, theFI value of each cell is compared to

a random value between 0 and 1, and only those whoseFI values are

greater than the random values are designated as failure cells, where a

landslide can be initiated. During the landslide generation phase of

each time step, landslides are only able to occur in these designated

failure cells. This method gives priority to those more unstable cells

while still allowing landslides to occur, albeit at a much lower rate, in

more stable areas. In this way, landslide placement is determined

probabilistically across the basin.

3.3 | Terrestrial cosmogenic nuclides

The use of TCNs has become increasingly popular in the fields of Qua-

ternary geology and geomorphology in the last couple of decades

(Granger et al.,2013). In-situ 10Be is the most commonly used nuclide

to study weathering and erosion rates, as its half-life (1.39 My) pro-

vides an appropriate timescale for investigating late Quaternary land-

scape dynamics. Through two pathways, spallation and muon-induced

spallation or capture,10Be is produced from oxygen in quartz, the rate

of production decreasing with depth below the Earth’s surface

(Lal,1991). Sampling fluvial sediments can thus be useful for calculat-

ing catchment-averaged erosion rates, assuming that the contributing

basins are eroding uniformly, both spatially and temporally (Granger

et al., 1996; von Blanckenburg,2005).

Previously, the contribution of muon interactions to surface TCN

production rates and corresponding erosion rate calculations was

ignored for simplicity. However, the relative contribution of muon

production to the surface nuclide concentration increases with ero-

sion rate, so that the addition of muon production becomes necessary

in rapidly eroding landscapes. Multiple muon production parametriza-

tions are available (Balco,2017; Braucher et al., 2013; Heisinger

et al., 2002a,b). For our model, we use an approximation to muon pro-

duction proposed by Balco (2017). Balco (2017) shows that using a

pre-calculated grid that relates the effective e-folding length for muon

production (� eff,mu [g/cm2]) with atmospheric pressure (hPa) and back-

ground erosion rate (mm/yr) is a simple approach to a more complex

calculation without losing significant accuracy. The apparent attenua-

tion length � eff,mu is calculated for each cell in the input DEM based

on elevation and the prescribed erosion rate of the basin.

The model begins by assigning a surface nuclide concentration

based on neutron (Cn) and muon (Cmu) production to each cell based

on the local TCN production rates (Pn and Pmu, respectively) and the

prescribed background erosion rate (Eb) using the equations

Cn ¼
Pn

� þ � Eb
^ n

ð4:1Þ

Cmu ¼
Pmu

� þ � Eb
^ eff,mu

ð4:2Þ

where � is the TCN decay rate (Chmeleff et al.,2010; Korschinek

et al., 2010) and � is the material density, here taken as 2.7 g/cm3.

The number of atoms removed from each cell following a year’s worth

of erosion can then be calculated for neutrons and muons separately

using the following equations:

Nn ¼aCn ^ n 1 � e� D�
^ n

� �
ð5:1Þ

Nmu ¼aCmu ^ eff,mu 1 � e
� D�

^ eff,mu

� �
ð5:2Þ

where Nn and Nmu are the number of 10Be atoms produced by neutrons

and muons, respectively, removed from the cell,a is the surface area of

the cell, andD is the depth of material removed from each cell, including

both landsliding and background erosion. We then sum the number of

removed atoms of 10Be through both spallation and muon capture and

divide by the total eroded mass to give the concentration at the catch-

ment outlet. Before moving on to the next time step, surface concentra-

tions are updated for each cell based on the amount of material

removed due to landsliding and background erosion using the equations

Cn ¼Cn e� D�
^ n ð6:1Þ

Cmu ¼Cmu e
� D�

^ mu,eff ð6:2Þ

and further adjusted for decay and production that occur during each

time step:

Cn ¼ Cn þ Pn� tð Þð Þe� � � t ð7:1Þ

Cmu ¼ Cmu þ Pmu� tð Þð Þe� � � t ð7:2Þ

where � t is the time step (in our case 1 year).

3.4 | Assumptions

One of the major assumptions in this model experiment is the com-

plete connectivity of all portions of the catchment to the outlet. The
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assumption implies that there is no aspect of storage in the basin and

that all eroded material makes it to the theoretical sampling point

every year. We make this simplifying assumption but recognize that,

in reality, detrital samples are not a perfect mix of upstream material.

Sediment mixing and hillslope storage are important factors in control-

ling the quantity and source of material in a detrital sample and there-

fore need to be fully constrained in order to understand their

potential buffering effect on TCN variability (Yanites et al., 2009).

Because little is known about transient sediment storage dynamics in

the study area, we attempt to account for variable amounts of con-

nectivity, and the associated reduction in sediment transport time,

using a trailing-window average of 500 years (a timescale consistent

with previous findings of residence times of valley fills in the Himala-

yan system; Blöthe & Korup,2013). This simple approach is useful for

understanding how the modelled signal might be dampened when

mixed with sediment from previous years. It does not account for

nuclide production or decay during storage, but they would otherwise

be negligible compared to the concentrations generated by

landsliding.

Another important point is that the model is sensitive to the pre-

scription of landslide area–frequency and volume–area relationships.

Additionally, landslide depth and the shape of each landslide scar were

simplified for the purposes of this study. While beyond the scope of

this study, future work could explore the impacts of such scaling rela-

tionships and landslide morphology on TCN signatures.

3.5 | Sub-catchments

Another consideration when looking at long-term fluctuations in TCN

concentrations is the size of the sampled catchment. Previous studies

report that the use of cosmogenic nuclides for determining basin-

averaged erosion rates is only effective when the catchment is large

enough to integrate enough surface processes to accurately represent

the longer-term trends of the region (Grande et al., 2021; Neilson

et al., 2017; Niemi et al., 2005; Yanites et al.,2009). Sampling smaller

sub-basins may only reflect a recent event and not the broader-scale

effect of a single basin with many landslides. Even sampling along the

same river channel can yield variable measured erosion rates as the

upstream catchment area changes and integrates more diverse sur-

face processes. This is particularly true when considering the spatially

variable erosion rates (e.g. due to changes in rock uplift rate or oro-

graphic precipitation).

To further investigate how catchment size can affect the TCN sig-

nal and corresponding basin-averaged erosion rates, we analyze the

effects of landsliding and erosion at sub-catchment scales when the

prescribed parameters are applied to the larger catchment. Using

10 points spaced every � 9 km along the Bhote Koshi trunk river, we

define nested sub-catchments, which range in size from 42 to

2000 km2, to explore any along-channel changes in a theoretical river

sediment sample. In addition, we divide the entire catchment into

28 tributary basins ranging from 10 to 388 km2 that each connect to

the main channel of the Bhote Koshi. We use the parameters

described above that best represent the catchment (1 mm/yr erosion

rate, 95% of erosion from landsliding, landslide placement based on

local slope and precipitation). After the model has finished, we can

use the spatial extent of both the nested sub-catchments and

tributary basins to see how the prescription of erosion and landsliding

rates in the full Bhote Koshi sample catchment are partitioned at a

smaller scale. This analysis allows us to explore how local processes

within a single tributary may affect the TCN signal in the main channel

and ultimately be recorded in the long-term record.

4 | RESULTS

4.1 | Prescribed landslide characteristics

The landslide frequency–area power-law exponent (� ) is important in

determining the sensitivity of a landscape to the maximum landslide

size and how the total landslide volume is distributed across landslide

sizes. The exact controls on this parameter are not precisely known,

but modelling studies indicate it is largely determined by local topo-

graphic boundary conditions, such as hillslope relief (Gallen

et al., 2015; Jeandet et al.,2019). For landscapes with lower� values,

larger landslides dominate the total landsliding volume and are thus

more sensitive to the maximum landslide size. As the� value increases

and surpasses the volume–area scaling power-law exponent� (in this

case 1.36), the convexity of the relationship between landslide area

and total landslide volume changes, with smaller landslides becoming

more important in the total erosion budget and thus less sensitive to

the largest landslides (Figure3).

As previously discussed, we use a� value of 1.5 in this model

based on local landslide inventories, but we still must constrain the

minimum and maximum possible landslide surface areas in order to

use the landslide frequency–area power-law scaling. For the minimum

value, we use the resolution of the DEM (900 m2). Setting a maximum

value is more complex, as large landslides are thought to strongly con-

trol long-term sediment flux and thus the concentrations of cosmo-

genic nuclides in river sediment (cf. Marc et al.,2019).

F I G U R E 3 The � value used to represent the landslide
frequency–area relationship in a landscape determines the relative
importance of various landslide sizes to the total volume of landslide
material. The typical range of� values for coseismic landsliding events
is highlighted in grey, showing the potential variance in landslide size
distributions based on local conditions (Tanyas¸ et al., 2017) [Color
figure can be viewed at wileyonlinelibrary.com]
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We tested the response of the model to the imposed maximum

landslide size and found that a change in the maximum area between

105 and 109 m2 had no significant effect on the longer-term output

concentrations with � = 1.5 (Figure A2). However, it is difficult to

capture all of the complexities associated with sediment storage and

physical changes to the landscape following such large failures. We

proceed using 107 m2 as the maximum landslide area, as it still allows

the frequency–area distribution to include very large failures but limits

the affected area to a size within the Bhote Koshi catchment.

4.2 | Landslide location

We take advantage of the Bhote Koshi’s steep relief and

corresponding gradient in TCN production rates to explore the

relationship between landslide location and measured concentrations

of cosmogenic nuclides. We test this using three different scenarios

of landslide placement within the catchment: (1) random placement of

landslides across the landscape; (2) landslides placed preferentially on

steeper slopes; and (3) placement based on both slope and mean

annual precipitation data, as outlined in Equations (1-3) and with

parameters listed in Table1 for reference (Figure4).

In the first random placement scenario, eroded material is sou-

rced equally across the entire catchment with a lower chance of

landsliding recurrence in the same location and thus includes a

narrower range of nuclide concentrations. Using only slope to deter-

mine landslide location begins to focus landsliding in certain areas

of the catchment, generating lower concentration material as slides

repeatedly occur on some of the same slopes before nuclide pro-

duction can return to steady state. The final scenario, using both

F I G U R E 4 (a–c) Calculated erosion rates for modelling results from 28 sub-basins within the study area with a prescribed total erosion rate
of 1 mm/yr and 95% of that erosion from landsliding (UTM grid zone 45 N) [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 5 A comparison of landslide placement methods in the model when using a total prescribed erosion rate of 1 mm/yr with 95% of
erosion sourced from landslides. Though all scenarios produce relatively similar mean output10Be concentrations, using precipitation and slope
data to weight landslide placement is the most realistic and also results in a wider distribution of potential measurements due to a different
distribution of surface concentrations across the landscape (Marc et al.,2019). (a) Boxplots of modelled output concentrations. (b) Changes in
surface 10Be concentrations across the sample catchment compared to the distribution of surface elevations in the same region. (c) Differences in
annual precipitation and slope across the same catchment [Color figure can be viewed atwileyonlinelibrary.com]
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precipitation and slope, brings additional focusing of landslides in

the southern portion of the catchment (Figure 4c). This further

increases the chance of landsliding recurrence and the export of

much lower concentration material from these landslide-prone

regions. The model results show that despite these differences in

landslide placement, the median concentration of nuclides in the

sediment from the entire basin is relatively consistent; however,

when the landslides are concentrated in a specific region, variance

in concentrations increases (Figure5a).

This same result is also seen when comparing the catchment-

wide surface concentrations following each scenario (Figure 5).

When landslide placement is weighted using both slope and precipi-

tation, erosion is more focused in the southern, wetter portion of

the catchment. The relative decrease of landsliding in the northern

areas of the catchment results in an increase in the surface concen-

trations of nuclides at higher elevations as the drier slopes become

stable over longer time periods. The majority of the catchment is

between 4000 and 6000 m above sea level (a.s.l.), and the greatest

differences in surface concentrations are found in areas between

4000 and 7000 m a.s.l. For example, at surfaces around 5000 m a.s.l.,

the median TCN concentration is over two times greater following the

slope and precipitation-dependent landsliding than the scenario with

randomly placed landslides (Figure5b). Despite the modelled output

concentrations remaining relatively similar for different landslide

locations within the catchment, we use the precipitation and

slope-dependent landslide placement in subsequent simulations as it

best reflects the observed patterns of monsoonal landsliding, which

define the longer-term, background conditions seen in this region

(Marc et al.,2019).

4.3 | Types of erosion

Changes in the relative contribution of erosion due to ‘background

erosion’ and landsliding, while maintaining the total erosion rate con-

stant, also change the signal of nuclide concentrations over time. As a

refresher, by background erosion we mean spatially uniform, steady

erosion of the entire land surface, where landsliding describes spatially

stochastic erosion via the methods described earlier. We explore this

relationship by testing three different scenarios of relative landsliding

contribution to the catchment-wide erosion with a prescribed rate of

1 mm/yr. The first scenario is dominated by background erosion, with

only 5% of the erosion (i.e. � 0.05 mm/yr out of the 1 mm/yr total)

sourced from landsliding; in the second scenario, half of the erosion is

sourced from landslides (50%); and in the final model run, nearly all

(95%) of the erosion is due to landsliding (Figure6). The upper limits

of the modelled 10Be concentrations are set by the background ero-

sion rate (0.05, 0.5, and 0.95 mm/yr, respectively), which is kept con-

stant at every time step, removing higher-concentration surface

material than that removed through landsliding (Figure6).

We find that increased landsliding also increases the variability in

the concentration of nuclides in eroded material but that there is still

stochasticity in the signal even with very minimal amounts of landslid-

ing. This variability in the output nuclide concentration also increases

as the total prescribed erosion rate of the catchment decreases

(Figure7). In subsequent modelling of the Bhote Koshi catchment, we

apply the third scenario, with a total erosion rate of 1 mm/yr and 95%

of that erosion sourced from landsliding (i.e. � 0.95 mm/yr is from

landsliding and 0.05 mm/yr from steady, uniform background erosion),

as previous work reports landsliding as the dominant form of erosion

F I G U R E 6 Modelling results of TCN concentrations in the sample catchment with varying contributions from landsliding and with total
erosion rates of 0.2, 1, and 2 mm/yr, respectively. Both the relative contribution of different types of erosion and the total erosion rate affect the
variability and distribution of output TCN concentrations in the catchment. The greatest variability can be seen at lower erosion rates and in the
landscapes dominated by landsliding and very low background erosion. The output TCN concentrations become more stochastic with increasing
contributions from landsliding. When landsliding is held at only 5% of total erosion, the model produces very few landslides and is therefore more
constrained by the prescribed rate of background erosion [Color figure can be viewed atwileyonlinelibrary.com]
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in the Himalaya (Burbank et al.,1996; Gabet et al., 2004; Gallo &

Lavé, 2014; Morin et al., 2018; Shroder, 1998; Shroder &

Bishop,1998).

5 | DISCUSSION

After determining the optimal and most realistic parameters for

modelling erosion, landsliding, and TCN production in the Bhote Koshi

catchment, we consider the model outputs in the context of predicted

field measurements and their application to other regions. While a

true landscape is far too complex to be accurately represented in a

computer model, the trends in long-term TCN concentrations can pro-

vide general insight into if and how we might expect a perturbation to

be recorded in a field study.

5.1 | Volumetric versus cosmogenic erosion

In our model, erosion is prescribed as a volume—each year, the model

attempts to match the prescribed erosion rate by removing the

corresponding volume of material through a combination of surficial

erosion and landsliding. When basin-averaged erosion rates are calcu-

lated in the field, they are estimated based on concentrations of cos-

mogenic nuclides in fluvial sediment. Comparing the volumetric and

cosmogenic-derived erosion rates in the model highlights the limita-

tions of measurements at the catchment scale in basins with high ero-

sion rates (Figure8). Using the output modelled TCN concentration,

we calculated the cosmogenic-derived erosion rates for the catch-

ment over 5000 years, comparing these values to the volumetric ero-

sion from the same years. We find that the calculated cosmogenic

nuclide erosion rate tends to overpredict the volumetric erosion in

model years when the erosion is less than the prescribed rate (in this

case, 1 mm/yr), even by up to � 50% in some cases. In general, it is

not until after the volumetric rate surpasses the prescribed erosion

rate that TCNs are more likely to underpredict the volumetric rate.

Despite this, we do see a greater density of the modelled data plotting

along the 1:1 line, indicating that these instances of inaccurately cal-

culated erosion rates are not the norm (Figure8b). However, at higher

erosion rates, the range of calculated cosmogenic rates begins to

steadily increase as additional eroded sediment is sourced from large

landslides. So, sampling river sediment during a time of unusually high

erosion will yield less precise calculated erosion rates, especially when

landsliding dominates annual catchment erosion. This finding suggests

that not all landscapes will record the same changes in TCN concen-

trations in response to a perturbation. Landsliding and long-term ero-

sion rates play an essential role in determining the precision of

calculated rates and fluctuations in measurements over short

timescales.

5.2 | Catchment size

Using the modelling results of TCN concentrations from the Bhote

Koshi and its sub-catchments, we calculate the corresponding erosion

rates within the larger basin to better understand how these types of

signals could be recorded in a sampling campaign, keeping in mind the

erosion rate for the entire catchment is held constant at 1 mm/yr

(Figure 9). The model results show that the calculated cosmogenic

erosion rates in the nested sub-catchments steadily decrease, moving

upstream as the main channel no longer integrates the areas of dense

landsliding that are focused in the southern portions of the catchment

(Figure 9). We see the same trend in the calculated erosion rates of

the 28 tributary basins, with a general decrease in erosion rate in the

northern basins where there is less precipitation and slopes are more

F I G U R E 7 The variance of modelled10Be concentrations at the
basin outlet (Figure1) increases as the prescribed erosion rate is
reduced, regardless of the contribution of landsliding to total erosion.
Mean absolute deviation is calculated as the average distance of the
yearly modelled10Be concentration from the long-term mean [Color
figure can be viewed at wileyonlinelibrary.com]

F I G U R E 8 (a) Volumetric erosion rates versus erosion rates
calculated based on10Be concentrations for the model step (1 year).
We compare the modelled volume of eroded material to the basin-
averaged erosion rate, which is calculated using the modelled10Be
concentration for this same eroded material. Here, we vary the
landsliding rate while holding the prescribed total erosion rate at
1 mm/yr. (b) A probability density estimate shows that the results are
most densely focused at a relationship of 1:1 and that years when the
volumetric and calculated cosmogenic rates are not equal exist but
are not as likely [Color figure can be viewed atwileyonlinelibrary.com]
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