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Key Points:

• Significant volumes of sediment produced by the 2008 Mw7.9 Wenchuan
earthquake remain on the hillslope 10 years after the event.

• Debris flows rather than fluvially driven erosion are the key process in
transporting sediment from the hillslope into the main river.

• The decrease in debris flows frequency in the decade since 2008 is coinci-
dent with an order of magnitude reduction in sediment export.

Abstract

Large earthquakes cause rapid denudation of hillslopes by triggering thousands
of coseismic landslides. The sediment produced by these landslides is initially
mobilised out of the landscape as a cascade of unknown magnitude. This cas-
cade dramatically enhances local erosion rates before rapidly returning to pre-
earthquake levels. Identifying the individual processes of this cascade and es-
timating the volume of sediment they mobilise is crucial to determining the
timescales over which earthquakes can influence hazards and sedimentary sys-
tems. Here we present a fully constrained sediment budget of the first decade
after the 2008 Mw7.9 Wenchuan earthquake. With this budget we identify the
key erosion processes within the post seismic sediment cascade and constrain
estimates of the volume of sediment removed from the landscape. With these
estimates we find that over 90% of the coseismically generated sediment remain-
ing on the hillslope 10 years after the earthquake. Despite the large volumes
of sediment on the hillslope, we observe an order of magnitude decrease in the
erosion rate of the epicentral area. Debris flows are the key erosional mecha-
nism of the coseismically generated sediment as erosion rates are correlated with
debris flow frequency. Erosion rates likely remain elevated for several decades
however, the rapid stabilisation of the sediment following the earthquake sug-
gests large volumes of coseismically generated sediment can remain in orogens
for hundreds or thousands of years. In the most tectonically active regions,
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the long residence times of coseismically generated sediment could significantly
reduce bedrock incision rates in channels altering long term erosion rates.

Plain Language Summary

Earthquakes produce large volumes of sediment by triggering landslides in moun-
tain ranges. Immediately after an earthquake there is an order of magnitude
increase in erosion rates, however this period of enhanced erosion is short lived.
Understanding the mechanisms which control the timespan of the elevated ero-
sion rates and the rates at which they move sediment is vital for determining
the continuing impact the earthquake has on the landscape. Using satellite im-
agery to map and track the movement of sediment after the 2008 Wenchuan
earthquake we show that more than 90% of the sediment produced by the earth-
quake remains on the hillslope a decade after the earthquake. Debris flows
initiating in the landslide deposits are responsible for most of the erosion during
this time. The frequency of these flows decreases rapidly after the earthquake
reducing the overall erosion rates close to normal levels. The remaining sedi-
ment could reside in the orogen for hundreds or thousands of years indicating
that it could have a significant impact on long term erosion rates and landscape
evolution.

1 Introduction

Large, continental earthquakes can produce thousands of coseismic landslides
mobilising several cubic kilometres of sediment from the hillslope (Keefer 2002;
Malamud et al. 2004). Coseismic landsliding is likely to be a key erosional pro-
cess in these regions, potentially accounting for over 50% of long term erosion
rates (Li et al. 2014; Marc et al. 2016b; Marc et al. 2016a; Li et al. 2017).
Understanding how earthquakes affect the evolution of landscapes requires a
consideration of both the direct impact of the landslides on hillslopes and how
the erosion or storage of the sediment impacts the evolution of the channel net-
work (Egholm et al. 2013; Campforts et al. 2020). Coseismic landslides reduce
the relief of steep hillslopes and can alter the size of drainage basins via erosion
of basin ridges (Schmidt and Montgomery 1995; Dahlquist et al. 2018). While
the landslide deposits contribute to debris flow generation (Fan et al. 2019b)
and provide tools or cover for abrading/protecting the bedrock channels (Tur-
owski and Rickenmann 2009; Yanites et al. 2010; Egholm et al. 2013) altering
the evolution of upland rivers. Long term storage of the coseismically generated
sediment can dampen the isostatic response of an earthquake (Densmore et al.
2012) or reduce the bedrock erosion of future earthquakes (Li et al. 2014; Marc
et al. 2016b; Stolle et al. 2019; Francis et al. 2020). Therefore, to fully incor-
porate earthquakes into models of long-term landscape we must understand the
processes and timescales by which coseismically generated sediment is exported
from orogens. Key to this aim is fully understanding and quantifying the ero-
sional processes of the coseismically generated processes following earthquakes.

Following large earthquakes it is typical (though not always (Tolorza et al.
2019)) to see an order of magnitude increase in sediment discharge in orogen
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draining rivers (Pain and Bowler 1973; Hovius et al. 2000; Dadson et al. 2004;
Hovius et al. 2011; Wang et al. 2015). However, this period of elevated erosion
is generally short lived, typically less than a decade, resulting in significant, but
unquantified, volumes of sediment remaining in the orogen after sediment dis-
charges have returned to previous levels. As many coseismic landslides occur in
bedrock much of the sediment within their deposits is too coarse to be trans-
ported by suspension resulting in aggradation of channels for decades after an
earthquake (Pearce and Watson 1986; Koi et al. 2008; Vanmaercke et al. 2017).
This coarse sediment must be transported by bedload processes and is likely to
remain in the landscape for hundreds of years. Empirical estimates of bedload
transport estimate that the sediment from the 1999 Chi Chi earthquake in Tai-
wan could take 250-600 years to be fully evacuated from the landscape (Yanites
et al. 2010). Detailed dating and mapping of the Pokhara region in Nepal also
suggests river system can rework sediment from large earthquakes for several
hundred years (Schwanghart et al. 2016; Stolle et al. 2017; Stolle et al. 2019).

Alongside the residence time of sediment in the fluvial system, we must also con-
sider possible storage of sediment on the hillslope. Small landslide deposits can
be deposited on the hillslope far from the river or deposited in channels which
lack the discharge to consistently erode them (Pearce and Watson 1986; Li et
al. 2016; Roback et al. 2018). Landslides disconnected from the channel net-
work cannot be actively reworked by undercutting and therefore must be eroded
into the channel network by diffusive processes or stochastically by debris flows,
which could significantly increase their residence times (Vanmaercke et al. 2014;
Zhang and Zhang 2017; Fan et al. 2019b). Attempting to include connectivity
in dynamic models of sediment transport is difficult due to the rates and initia-
tion mechanisms of these processes being unknown in many locations. However,
simple statistical numerical modelling suggests that unconnected landslide de-
posits could extend the period of time impacted by the earthquake by hundreds
or thousands of years (Croissant et al. 2019; Francis et al. 2020).

Satellite imagery with high spatial and temporal resolution allows for the mon-
itoring of large areas of mountain ranges. These can be used to generate multi-
temporal landslide inventories after major earthquakes to understand the spatio-
temporal evolution of post seismic mass wasting processes (Marc et al. 2015;
Tang et al. 2016; Zhang and Zhang 2017; Kincey et al. 2021). Multi-temporal
inventories can provide a link between long term sedimentary (Stolle et al. 2019)
and short term suspended sediment discharge records (Lin et al. 2008) by help-
ing to identify the key sediment transport processes. Here we use a multitem-
poral landslide inventory of the 2008 Mw 7.9 Wenchuan earthquake to generate
the first sediment budget of a large earthquake. We use this sediment budget to
determine the key sediment transport processes in the post seismic landscape
and to pose questions about the long-term evolution of the epicentral area.

1.2 The Longmen Shan and the 2008 Mw7.9 Wenchuan earthquake
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Figure 1. A) The surface rupture of the earthquake in red with the landslides in
black. Note the highest densities of landslides area found close to the ruptures.
The inset shows the location of the earthquake on the eastern margin of the
Tibetan Plateau and the edge of the Sichuan Basin. The catchments highlighted
in white are the catchments studied in this paper. B) The studied catchments
with the Min Jiang running north to south through the middle of the image. The
coseismic mass movements are mapped in red while the post seismic (between
2008 and 2011) movements are in yellow.

On the 12th May 2008 the country of Wenchuan in the Chinese province of
Sichuan was shaken by a magnitude Mw7.9 earthquake. The earthquake oc-
curred along the Longmen Shan thrust zone, which separates the Longmen
Shan mountain range from the Sichuan Basin, and ruptured 2 major faults for
over a hundred kilometres (Figure 1) (Liu-Zeng et al. 2009; Densmore et al.
2010). The earthquake triggered more than 60,000 landslides across an area of
35,000 km2 (Huang and Fan 2013; Li et al. 2014) making it one of the most
erosive earthquakes on record (Marc et al. 2016a). Coseismic landsliding is
found in the greatest densities close to the traces of the ruptured faults with
areal densities of up to 9.6% (Dai et al. 2011). Areas around the fault zone
have weaker rock strength than expected of fresh bedrock (Gallen et al. 2015)
and higher denudation rates than the rest of the landscape, suggesting frequent
earthquakes have conditioned the area resulting in rapid erosion rates (Li et al.
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2017).

The Longmen Shan is one of the steepest mountain ranges in the world, the
frontal range rapidly increases in elevation from 500 – 4000m over distances
of just 50km (Kirby and Ouimet 2011). The mountain range is the eastern
margin of the Tibetan Plateau and as a result is an area of complex tectonic and
geodynamic activity (Burchfiel et al. 2008; Royden et al. 2008; Hubbard and
Shaw 2009). The high mountain peaks are dissected by deeply incised valleys
and gorges of the rivers draining the mountain range (Densmore et al. 2007;
Kirby and Ouimet 2011). The Min Jiang, the major river draining the epicentral
area, is bordered with several layers of terraces which record the long term uplift
and incision of the area (Godard et al. 2010). The main trunk of the river has
a characteristic width of 100m while many of the tributary catchments which
drain into the river in the epicentral region of the earthquake are significantly
smaller (Figure 2A). Rainfall is highly variable across the mountain range with
the highest annual precipitation (800 – 1200mm) found right on the mountain
front (Guo et al. 2016). Rainfall and river discharge also vary temporally, the
monsoon season between May and October is responsible for the majority of
the rainfall and discharge (Wang et al. 2015). Mass movements are common
in the Longmen Shan due to the steep hillslopes and high frequency of intense
rain storms in the mountain range (Ouimet et al. 2007; Ouimet et al. 2009).

Following the earthquake coseismic landslide sediment immediately began to
be remobilised and reworked by the fluvial system. Suspended sediment dis-
charges in the Min Jiang, and other rivers, increased by an order of magnitude
(Wang et al. 2015), while the concentrations of cosmogenic 10Be in detrital
sediment dramatically declined (West et al. 2014; Wang et al. 2017). On av-
erage these records show that sediment transport has or is returning rapidly to
pre-earthquake levels in the years since. However, there is significant variation
in this pattern which is primarily linked to the landslide density in individual
catchments. Catchments with higher landslide densities and more frequent large
rainstorms tend to produce larger and longer lasting increases in sediment dis-
charge (Wang et al. 2015; Wang et al. 2017). These increases seem to be
unaffected by the volume of sediment connected to channel network. Around
40% of the total coseismic landslide sediment volume is connected to the channel
network but suspended sediment discharge remains high even in locations with
low connectivity (Li et al. 2016). The lack of a correlation between suspended
sediment discharge and connectivity could be an indicator of the high mobility
of fine sediment immediately after the earthquake.

The most striking indicator of the earthquake significantly impacting the sedi-
ment transport rates of the area is the occurrence of huge (mobilising >106 m3 of
sediment) debris flows (Tang et al. 2012). These are some of the largest debris
flows ever observed and have occurred with frequencies rarely seen elsewhere
(Korup 2012). The debris flows occurred in the smaller tributary catchments
of the Min Jiang where high landslide densities are common and significant
aggradation of the channel bed is observed (Zhang and Zhang 2017) (Figure
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2b). These large debris flows are the single largest part of the stochastic sedi-
ment cascades (Bennett et al. 2014; Zhang and Zhang 2017). Understanding
these events in the context of other smaller processes in a sediment budget is
important to determine the likely future of the area.

Figure 2. A) Drone image of a subcatchment of the Min Jiang, taken in
October 2019. The main sediment storage types are highlighted as well as
the visible signs of sediment transport. B) A conceptual cartoon of the Min
Jiang following the earthquake. The main sediment transport processes are
represented along with their sources and sinks.

2 Materials and Methods

2.1 Study area and structure of the sediment budget

Our sediment budget covers the reach of the Min Jiang between the towns of
Yingxu, close to the epicentre of the earthquake, and Wenchuan town (Figure
1). The study focused on the 28 catchments which discharge directly into the
main trunk of the Min Jiang (Figure 1B). We mapped the coseismic and post-
seismic landslides between 2008 and 2018 to estimate the volume of sediment
that moved from the hillslope into the Min Jiang during this period. Using the
multitemporal inventories we identified the key sediment transfers and stores
within our study area.

2.2 Multitemporal landslide inventory

The multitemporal landslide inventory is the basis of our sediment budget as it
constrains the volume of sediment generated during our study period and the
transfer of sediment from the hillslope to the channel network. This inventory
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is an adapted version of the inventory described in Fan et al. (2019b), here we
will briefly describe the methodology used to generate this inventory and the
key alterations we made.

The inventory is derived from orthorectified satellite (and some aerial) imagery
of 6 different years after the earthquake (Table S1). The 2011 image provided
coverage of the entire area in high resolution and hence was chosen as the geo-
referencing base for the study. Each image was orthorectified using the Pix4D
software before detailed checks were employed to ensure there were no major
rectifying errors between the inventories (Williams et al. 2018). In each image
we visually mapped any new mass movements along with any remobilisation
within the mass movements mapped in a previous image. Mass movements
were mapped as polygons which covered the entire area of the mass movement,
no effort was made to separate the source and deposition areas. New mass move-
ments were identified by the stripping of vegetation from the hillslope which do
not intersect with any previous mass movements. Remobilisation was mapped
by identifying changes within previously mapped mass movements (Figure S1).
These changes could be the formation of rill networks, debris flows or landslide
scars, or the clear movement of boulders. Any mass movement which intersected
with a previously mapped mass movement was classified as a remobilisation due
its final volume likely including entrained previously deposited sediment. This
classification system differs from the ‘activity level’ used in original inventory
where landslides are classified by the area of the polygon not covered by vege-
tation (Tang et al. 2016; Fan et al. 2019c). Our mapping scheme allowed us to
directly map the area of the remobilisation which we then used as the base of
our sediment budget.

Within this mapping scheme we classified two processes in each epoch; land-
slides and debris flows using the definitions of Fan et al. (2018) (Figure S1).
This classification was determined visually based upon the shape of the mapped
polygons. Debris flows polygons are long and thin possibly with visible leeves
while landslides are wide with no channelisation visible. We also classified remo-
bilisation using a similar scheme, however as less data exists for these processes,
we used more generalised terms. Remobilisation polygons which are long and
thin were classified as channelised remobilisation (debris flows). Remobilisation
polygons without any clear channelisation were defined as unchannelised, these
can be formed by shallow landsliding within a previous deposit or may be pro-
duced by a dense, impossible to resolve from the imagery, rill network (Figure
1).

2.3 Literature review derived processes and volumes

Alongside the processes identified in the multitemporal landslide inventory we
conducted a review of the post Wenchuan earthquake literature to identify other
processes which are taking place in the area. These are described below:

Catchment clearing debris flows are large debris flows which evacuate vol-
umes of sediment from the hillslope and tributary channels directly into the
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Min Jiang. The volumes of these processes were quantified from the database
of debris flow events collated by Fan et al. (2019b). This database consists
of any large debris flow event recorded in technical reports or papers, most of
which had reported volumes of the deposition fan of the event. As uncertainty
data was unavailable for most of the events, we assumed ± 50% of the reported
volume. The volume of the debris flow was assumed include an even mixture of
hillslope and tributary channel deposit material.

Overland flow erosion of mass movements is an estimate of the volume
of sediment removed from bare sediment by runoff. We estimated the volume
removed by this process using the field measurements performed by Fusun et
al (2013). They deployed sediment traps to record the volume of sediment leav-
ing landslides over a monsoon period and reported their results in the form
g/m2. We used these results and extrapolated them, assuming a constant ero-
sion rate, across the active bare area of the mass movements for each time step.
Uncertainty was calculated using a range of bulk densities for the coseismically
generated sediment as well as the range of field recorded erosion rates.

Suspended sediment is also included in our budget as a separate process as it
is one of the only records of sediment transport and erosion in the channel net-
work. The suspended sediment discharge is calculated from the measurements
reported by Wang et al. (2015). Using daily records of suspended sediment
concentration and water discharge Wang et al. (2015) calculated the increase
in sediment transported by the rivers draining the orogen after the earthquake.
We assumed the increase in sediment discharge was related to the volume of
sediment upstream of the recording station and thus scaled the increase by the
volume of sediment in our study area. We kept the discharge constant through-
out time as the processes behind the timescale of the enhancement are unknown.
Uncertainty in our values is as reported in Wang et al. (2015).

3 Constructing the sediment budget

3.1 Volume estimates of coseismic and post seismic landslides

The mapped area of coseismic landslides is commonly converted into an esti-
mated volume using the empirical area-volume scaling relationship (V = � AY

where V is the volume of the landslide, A is its mapped area and � and Y are
empirical parameters). As the volume of only a small number of landslides
has ever been measured these scaling parameters have significant uncertainty
(Larsen et al. 2010; Li et al. 2014). Due to this uncertainty, and the small
number of landslide volume measurements in the Wenchuan epicentral area, we
use the methodology proposed by Li et al. (2014) to calculate the volume of our
mapped co- and post-seismic landslides. This method uses a Monte Carlo simu-
lation of six sets of scaling parameters to estimate the total landsliding volume
of an epoch and its uncertainty. Each simulation uses a randomly chosen � and
Y values for each polygon from a normal distribution limited by the uncertainty
stated in table 1. We ran 50,000 Monte Carlo simulations for each of the scaling
relationships and calculated the total landsliding volume for each simulation.
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We then calculated the median, 16th and 84th quartiles of the simulations to
determine the total landsliding volume and its uncertainty. The combined vol-
ume estimate is derived from a dataset of all the results of the simulations of
the scaling relationships.

Reference Log10� Y Total Coseismic Volume (km3) Total Post Seismic Volume (km3)
(Larsen et al. 2010) -0.836 ±0.015 1.332 ±0.005 6 ×10-1 ( ±1×10-3) 3×10-3 (± 3×10-5)
(Larsen et al. 2010) -0.73 ±0.06 1.35 ±0.01 1 (±1×10-3) 4×10-3 (±1×10-4)
(Larsen et al. 2010) -0.59 ±0.03 1.36 ±0.01 1 (±7×10-3) 7×10-3 (±1×10-4)
(Guzzetti et al. 2009) -1.131 1.45 ±0.009 1 (±4×10-3) 4×10-3 (±7×10-5)
(Parker et al. 2011) -0.974 ±0.366 1.388 ±0.087 2 (±1×10-1) 6×10-3 (-1/+2×10-3)
(Li et al. 2014) -0.995 ±0.366 1.392 ±0.087 2 (±1×10-1) 6×10-3 (-1/+2×10-3)
Combined 1 (-6/+5×10-1) 5×10-3 (±2×10-3)

Table 1. The results of the Monte Carlo Simulations. Each set of parameters
is run 50,000 times and combined to produce an overall estimate of total volume
and uncertainty. Coseismic volume includes all landslides that are mapped in
the 2008 image while the post-seismic volume includes all new landslides mapped
after this year.

3.2 Estimating the volume of tributary channel deposits

In order to constrain the volume of sediment entering the channel between each
image we first produced an independent estimate of the sediment stored. This
estimate is then compared to the estimates of sediment transfer produced by the
sediment budget in order to identify and dismiss inappropriate area – volume
scaling parameters. If a set of parameters produces an estimate of sediment
transfer from the hillslope to the channel network significantly outside of the
range produced by the independent estimate it is removed from consideration
(Table S2).

This independent budget of the tributary channel deposits was constructed by
mapping the cross-sectional width of the active channel deposits in the tributary
catchments. The cross-sectional width was defined as the border of sediment
from one side of the channel to the other (Figure S2). This width was then
mapped at regular intervals for each catchment in each epoch. During times
of deposition these widths would increase while during times of low sediment
input, they would remain relatively stable.

To estimate the volume of the channel deposits we simply assumed a triangu-
lar cross-sectional area and interpolated across the distance between the cross-
section locations. Each time an increase in width was recorded we assumed a
corresponding increase in the depth of the deposit and subtracted the previous
volume to estimate the change in stored volume over the epoch (Figure S3).
As we were unable to map the angle of the base of catchment hillslopes, we
used slope angles of 20 and 40 to determine the cross-sectional area. Therefore,
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the minimum estimate assumes a deposit side angle of 20 degrees while the
maximum assumes an angle of 40 for each cross section.

During times of minimal deposition, we estimated the volume of sediment that
is removed from the channel deposits by reworking by the channel. For this we
simply measured the width of the actively incising channel and again assumed
a triangular cross section. For the bank angles of the channel we used the angle
of repose of landslide deposits estimated by Wang et al. (2013). As debris flows
are also active in the tributary channel deposits and we could not separate the
effects of these and fluvial erosion we term this erosion incision.

3.3 Transfer of sediment between hillslope and channels

While there are several empirical area – volume scaling relationships for land-
slides it is unclear whether they are suitable for use with debris flows and re-
mobilisations (Marc and Hovius 2015). To determine the volume of sediment
entering the channel deposits we tested a variety of scaling equations using the
Monte Carlo method described earlier and compared them to our independent
estimate of channel deposit volume (Table S2). Any scaling relationships which
produce total volume estimates outside of the independent range are removed
from the Monte Carlo simulations.

To determine whether a mass movement transfers sediment into the tributary
channel deposits we compared the maximum drainage area of the mapped poly-
gon with a hillslope/channel threshold. This threshold was derived from a
threshold based channel extraction algorithm in the software LSDTopoTools
(Mudd et al. 2020). An initial estimate of a threshold was derived from map-
ping likely channel head locations in satellite imagery. However due to the
uncertainty in this approach we created a new threshold from the extracted
channel network by determining the median drainage area of a first order chan-
nel. If a remobilisation shapefile had a drainage area greater than this threshold
it is assigned to the tributary channel deposits. We also calculated the median
drainage area of larger order streams in order to determine whether sediment
was deposited directly into the Min Jiang.

Using this methodology, we concluded that remobilisation shapefiles and new
mass movement shapefiles need separate area – volume scalings. The landslide
area-volume scaling relationships used previously (Table 1) considerably over-
estimate the volume of sediment mobilised and were therefore excluded from
consideration (Table S2). Instead we used a combination of the shallow soil
landslide scaling derived by Larsen et al. (2010) (Log10� = -0.836 ±0.015, Y =
1.145 ±0.008) and average depths between 0.05 and 0.95m.

3.4 Sources and stores

To finalise our budget we must identify the sources and stores of each identified
process. A key observation of our multitemporal landslide inventory is that the
channel network does minimal erosion to landslide deposits which were not di-
rectly deposited into the Min Jiang. Minimal undercutting of landslide deposits
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was observed in the field and satellite imagery suggesting that hillslope processes
are the main way by which landslides are eroded. The tributary channels are
small and do not have the transport capacity to mobilise the coarse sediment of
the deposits. Therefore in our sediment budget all landslides are initially added
to the hillslope deposit store unless they are deposited directly into the Min
Jiang. Debris flows by contrast can deposit directly into the tributary channel
deposits (or the Min Jiang) as their mobility is great enough allows them to
travel along the channel before depositing.

All remobilisation processes from the hillslope can deposit in any store depend-
ing on the mobility of the mass movement and the original location of the source
sediment. Catchment clearing debris flows can be triggered by remobilisation
from the hillslope, run off with in the channel, or the merging of multiple debris
flows (Tang et al. 2012; Cui et al. 2013). Due to the complexity in triggering we
simply assume the final volume of the deposit comes equally from the hillslope
and the tributary channels.

4 Results

4.1 Full post-earthquake sediment budget

In the study area, we mapped a total of 15,130 mass movements (8,830 co-
seismic and 6,300 post seismic) across the study period (Fig 1B). These mass
movements generated a total volume of 1.1 (±0.5) km3 of sediment. 96% of the
sediment was generated coseismically, indicating any post seismic enhancement
of landsliding is not a significant contributor to post seismic sediment discharges.
Of the sediment that was mobilised from the hillslope after the earthquake, less
than 1% was from new post seismic mass movements suggesting the increase
in sediment discharge records is almost exclusively driven by remobilisation of
coseismic sediment. Nearly half of the sediment deposited into the Min Jiang,
48.1% (1.9×10-2 -8.5/+7.6×10-3 km3), was from coseismic landslide material de-
posited directly into the river (Table 2). The majority of sediment deposited into
the Min Jiang after the earthquake came from the tributary channel deposits.
Just 8.1% (1.6×10-3 -3×10-4/+6.9×10-3 km3) of the sediment postseismically
deposited into the Min Jiang was done so directly from hillslope deposits. There-
fore the sediment cascade is the primary way by which sediment is evacuated
from the orogen.

At the end of the decade long study, we found that 93.8% (-6.2+0.3%) of the
sediment generated during and after the earthquake remains on the hillslope.
2.8% (-0.8/+6%) is found in the tributary channel deposits and the final 3.4%
(+0.5%) has been deposited into the Min Jiang (Figure 3). Of the sediment
that was deposited on the hillslope during the earthquake 95.7% remains. 85.4%
(4×10-2 -2.2×10-2/+1.1×10-1 km3) of the sediment is remobilised from the hill-
slope is deposited into the tributary channel deposits where it requires further
remobilisation before it is evacuated from the orogen.
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Figure 3. The sediment budget of the Wenchuan Earthquake. The width
and colour of each arrow indicates the magnitude of the sediment moved by
the process between the stores. Catchment clearing debris flows erode sediment
from both hillslope and tributary channel deposits and is represented by an
arrow passing through the tributary channel deposits in a single motion. The
budget is also shown in table form in Table 2.

Large catchment clearing debris flows are the major process depositing sediment
into the Min Jiang accounting for 52.4% (1.1×10-2 ± 5.2×10-3 km3) of the sed-
iment deposited into the river after the earthquake. Debris flows (both small
channelised remobilisations and large catchment clearing flows) dominate the
sediment budget accounting for 50% (3.3×10-2 -1.6/+7.5×10-2 km3) of all sedi-
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ment mobilised. Fluvial processes (here represented by incision and suspended
sediment), on the other hand, are only minor contributors to sediment transport
over our study period.

@ >p(- 6) * >p(- 6) * >p(- 6) * >p(- 6) * @ Coseismic sediment budget &
Volume (km3) & Uncertainty (km3) & %
Coseismic hillslope deposits & 1.1 & ± 0.53 & 97.5
Coseismic tributary channel deposits & 4.0×10-3 & -1.8×10-3/+1.4×10-2 & 0.4
Coseismic Min Jiang deposits & 1.9×10-2 & -8.5/+7.6×10-3 & 1.6
Post-seismic new landslides and debris flows & & &
Post seismic new hillslope deposits & 5.0×10-3 & -1.8/+4.2×10-3 & 0.4
Post seismic new tributary channel deposits & 1.2×10-4 & -2.2×10-5/+7.8×10-4
& 0.0
Total sediment generated & 1.13 &

± 0.55

&
Remobilisation of hillslope deposits & & &
Channelised remobilisation & 2.1×10-2 & -1/+6.3×10-2 & 1.8
Unchannelised remobilisation & 1.9×10-2 & -1.2/+4.4×10-2 & 1.7
Into the Min Jiang & 1.6×10-3 & -3×10-4/+6.9×10-3 & 0.1
Overland flow erosion & 3.7×10-4 & ±7.3×105 & 0.0
Remobilisation of channel deposits & & &
Catchment clearing debris flows & 1.1×10-2 & ±5.23×10-3 & 0.9
Suspended sediment & 1.7×10-3 & -7×10-4/+1.2×10-3 & 0.2
Incision & 6.2×10-3 & ±1.01×10-3 & 0.6
Stores & & &
Hillslope deposits & 1.06 & -0.5/+0.4 & 93.8
Tributary channel deposits & 3.1×10-2 & -2×10-2/+1.2×10-1 & 2.8
Min Jiang & 3.9×10-2 & -1.6/+2.2×10-2 & 3.4

Table 2. The full sediment budget from figure 3 in table form. All values
are rounded to 1 significant figure. The percentage values are derived from the
median value of each process and the total sediment generated.

4.2 The sediment budget through time

Using the satellite images we can separate the budget into 4 epochs (2008 – 2011,
2011 – 2013, 2013 – 2015, and 2015 – 2018) to analyse how the processes and
overall discharge changes through time. We find that the average total discharge
(the sum of all processes) decreases by an order of magnitude from 1.4×10-2 (-
7.8×10-3/+2.7×10-2) – 1×10-3 (-2.7×10-4/+7.5×10-4) km3/year (Table 3). A
total of 6.4×10-2 (-3.1×10-2/+1.3×10-1) km3 of sediment (both new and re-
mobilised coseismically generated) is mobilised after the earthquake, 90.8% of
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which was mobilised during the first 5 years after the earthquake. The total
sediment discharge decreases rapidly until 2015 after which it begins to level off
suggesting it had begun to stabilise by the end of the study period.

Figure 4. The sediment budget separated into the 4 postseismic epochs. Num-
bers in the store labels describe the average yearly sediment budget for that
store (km3/yr). The thickness of the arow reflects the magnitude of the sedi-
ment transfer while the colour represents the source of the sediment. If a transfer
path becomes inactive during a particular epoch the arrow is removed from the
diagram.
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The rate at which the hillslope deposits are depleted decreases by 3 or-
ders of magnitude from 1.1×10-2 (-6.4×10-3/+2.54×10-2) – 4.7×10-5 (-
2.9×10-5/+5×10-4) km3/year over our study period. For each epoch the
volume of sediment produced by postseismic mass movements (new landsliding
and debris flows) is less than the volume remobilised from the hillslope deposits.
This decrease in remobilisation rates coincides with the overall decrease in
sediment discharge. As remobilisation of coseismic deposits continues to
dominate the hillslope sediment discharge at the end of our study period, it is
likely the overall discharge remains elevated above pre-earthquake levels.

Tributary channels have aggraded due to the high volumes of sediment deposited
into them. Only after 2013 do the tributary channel deposits erode rather than
aggrade. This is despite the major eroding process of the tributary channel
deposits, the catchment clearing debris flows, ceasing to occur within our study
area. The major cause of the negative tributary channel deposit budget seems
to be due to a decrease in the volume of sediment being deposited within the
channels. A slight increase in the volume of sediment leaving the deposits via
incision is seen, however due to a lack of constraints we are not able to verify
this pattern. If the deposition of sediment into the tributary channel deposits
remains low it is likely the total volume of sediment stored will continue to
decrease.

Finally, we see an overall decrease in the volume of sediment entering the Min
Jiang due to the ceasing of large catchment clearing debris flows. Without these
large flows the volume of sediment entering the Min Jiang decreases by an order
of magnitude, highlighting the importance of the largest events to evacuating
the coseismic sediment from the Longmen Shan.

All units
km3/yr

-2011 -2013 -2015 - 2018

Post-
seismic new
landslides
and debris
flows
Post seis-
mic new
hillslope
deposits

×10-3
(-4/9×10-4)

×10-4
(-2.3/+
5.7×10-4)

×10-4
(-
4.8×105/+1.4×104)

×10-5
(-
1.3/+2.4×10-
5)

Post
seismic new
tributary
channel
deposits

×10-5
(-4.8×10-
6/+1.5×10-4)

×10-5
(-3.5×10-6/+
1.7×10-4)

×10-6
(-
5.7×10-7/+2.8×10-5)
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All units
km3/yr

-2011 -2013 -2015 - 2018

Remobilisation
of hillslope
deposits
Channelised re-
mobilisation

×10-3
(-
2.6×10-3/+1.3×10-2)

×10-3
(-1/+9×10-3)

×10-4
(-
8×10-5/+2.2×10-3)

×10-5
(-
4×10-6/+1.24×10-4)

Unchannelised re-
mobilisation

×10-3
(-
3.3×10-3/+1×10-2)

×10-3
(-
1.1/+5.6×10-3)

×10-4
(-
4.1/6.7×10-4)

×10-5
(-
1.1×10-5/+3.6×10-4)

Into the Min
Jiang

×10-4
(-
5×10-5/+1.1×10-3)

×10-4
(-
7.5×10-5/+1.7×10-3)

Overland
Flow erosion

×10-4
(±5.6×10-5)

×10-5
(±1.13×10-5)

×10-5
(±4.3×10-6)

×10-6
(±6×10-7)

Remobilisation
of Channel
deposits
Catchment
clearing
debris flows

×10-3
(±1.3×10-3)

×10-3
(±7.1×10-4)

Suspended
sediment

×10-5
(±2.3×10-5)

×10-5
(±2.3×10-5)

×10-5
(±2.3×10-5)

×10-5
(±2.3×10-5)

Incision ×10-4
(±5×10-5)

×10-4
(±1.3×10-4)

×10-4
(±1.8×10-4)

×10-4
(±2.2×10-4)

Table 3. The sediment budget separated into 4 epochs with each process
quantified and averaged across the epoch. All units are in km3/yr

5 Discussion

Our full sediment budget of the Wenchuan earthquake reveals that over 90%
of the sediment produced by the earthquake remains on the hillslope 10 years
after the earthquake. The majority of the coseismically generated sediment
is mobilized by debris flows, either small flows which deposit sediment to the
base of the hillslope or rare large flows which can bypass the tributary channel
deposits and mobilise sediment directly into the Min Jiang. While the largest
catchment clearing debris flows are relatively frequent during the first few years
after the earthquake it is unlikely they will continue occur as often as this in
the future. This suggests that most sediment will have to pass through the
tributary channel deposit store before it is mobilised out of the system. This
pattern of remobilisation and deposition could be repeated multiple times likely
extending the residence time of some sediment up to 100s if not 1000s of years.

Our sediment budget also demonstrates that the rate at which sediment is remo-
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bilised from the hillslope has decreased since the earthquake. In the first epoch
(2008-2011) of our budget we recorded 4296 remobilisation events, 1193 of which
were channelised. However, in the final epoch (2015-2018) just 54 remobilisa-
tions were recorded (11 channelised). Despite there being more unchannelised
remobilisations than channelised, channelised remobilisations more frequently
deposited sediment into the channel network due to their longer runouts making
them near equal contributors. This rapid reduction in remobilisation frequency
is most likely due to a stabilisation of the hillslope deposits rather than ex-
haustion due to the large volume of sediment remaining on the hillslope. This
apparent stabilisation of the hillslope deposits will also extend the residence
time of coseismically generated sediment beyond that of what can be expected
from rates recorded here. The reduction in debris flow frequency we observe
is also reported in other studies; rainfall intensity duration thresholds in the
epicentral area have increased since the earthquake leading to indications of a
stabilisation of the coseismically generated sediment taking place (Zhang and
Zhang 2017; Fan et al. 2020).

The mechanisms behind this apparent stabilisation are still unknown, however
there are several theories which we will discuss here. The first is that coloni-
sation of the landslide area by vegetation has increased the resistive strength
of the landslide deposit. Depending on the triggering mechanism of the failure
vegetation can stabilise the deposit in several ways. The canopy of vegetation
can intercept the rainfall before it strikes the sediment reducing the local inten-
sity and saturation state (Wilkinson et al. 2002; McGuire et al. 2016). While
the trunks and stems of vegetation increase the roughness of the slope reducing
the speed of any potential surface runoff reducing the stress applied to the sedi-
ment. Vegetation can suck water out and increase the shear strength of the soil
increasing the intensity required to produce failure through saturation (Hales
et al. 2009; Hales 2018). Vegetation is seem as a contender to stabilising the
coseismically generated sediment due to satellite observations which show that
NDVI (Normalised Difference Vegetation Index) values are returning rapidly to
pre-earthquake levels (Shen et al. 2020; Yunus et al. 2020). This rebound in
vegetated area appears to be well correlated with a reduction in remobilisation
of sediment (Fan et al. 2018; Yunus et al. 2020). However the first vegetation
to colonise the landslide areas tend to be grasses and shrubs (Shen et al. 2020),
most of which only have shallow and weak root structures which do not add
significant strength to the sediment (Hales 2018). Therefore if saturation is the
main way by which debris flows and landslides occur within the coseismically
generated sediment it is unlikely vegetation is the main mechanism by which
the sediment is stabilised. If instead surface runoff is the main way by which
sediment is remobilised it is possible grasses and shrubs may slow runoff enough
to prevent debris flows from occurring. However it is currently unclear how
remobilisation is triggered in hillslope deposits but it is unlikely vegetation is
the only mechanism by which sediment is stabilised.

The other mechanism which has been proposed to explain the stabilisation of
the hillslope deposits is internal erosion which preferentially removes fine sedi-
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ment from the deposits (Cui et al. 2014; Hu et al. 2016; Hu et al. 2017; Zhang
and Zhang 2017). It is hypothesised that fresh landslide deposits are highly per-
meable which allows water to pass through easily. As the water passes through
the deposit it can entrain the fine sediment and transport it out of the deposit.
This muddy mixture can then induce localised failures within the deposit in
less permeable parts of the deposit (Cui et al. 2014). If enough of these small
failures occur it is possible a debris flow can be formed. However if no large
scale failure occurs the deposit will be left in a fines depleted state which is
more porous and permeable and as a result less favourable for failure in the
future (Hu et al. 2016; Hu et al. 2017). The smaller failures may also compact
the deposits which has also been shown to reduce the likelihood of failure in
loose sediment (Iverson et al. 2000; Gabet and Mudd 2006; Chang et al. 2011).
However, there is minimal in situ evidence for this theory of preferential erosion
of fine sediment. The primary source of field evidence for this coarsening is from
debris flow deposit sequences (Chen et al. 2014; Zhang et al. 2014; Yang et al.
2021). The newer debris flow deposits are significantly coarser than the older
deposits, however it is not clear whether the patterns in the deposit reflect the
processes occurring in the source. Finally, for this coarsening process to be a
significant factor in the stabilisation of hillslope deposits across the area it is
likely vast volumes of fine sediment would have to be mobilized and deposited
into the Min Jiang. However, the suspended sediment discharge of the river
returned to pre-earthquake levels before significant volumes of sediment could
be mobilised (Wang et al. 2015).

Small debris flows are the major process in remobilising sediment from the hill-
slope into the tributary channel deposits while large catchment clearing debris
flows are the main process by which sediment is deposited into the Min Jiang.
After 2013 there are no large catchment clearing debris flows and as a result
the volume of sediment entering the Min Jiang decreases by an order of mag-
nitude. In contrast the fluvial driven processes (termed incision in our budget)
are much more stable but significantly less important. Incision only accounts
for 15% of the sediment deposited into the Min Jiang during the first decade
after the earthquake. Fluvial erosion is only observed acting on sediment that
has already been remobilised once, there is little evidence that the tributary
channels can erode the landslide deposits directly. This further highlights the
importance of hillslope processes in remobilising sediment prior to it being avail-
able for evacuation from the orogen. Fluvial erosion is likely slow at removing
sediment from the tributary channel deposits due to the coarse nature of the
stored sediment. Cobble and boulder sized grains are not uncommon and re-
quire significantly larger than average discharges to mobilise them. The coarse
nature of the tributary channel deposits indicates that much of the sediment
requires debris flows, large floods or in situ break down of the boulders before
it can be mobilised out of the orogen.

It is important to point out that we have little to no constraints on the volume
of sediment that leaves the tributary channel deposits unless it is by a catch-
ment clearing debris flow. Without these constraints we have to assume that
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the volume of sediment that is entrained by our incision term is immediately re-
moved from the tributary channel deposits. As most sediment will be deposited
before it exits the tributary channel deposits it is possible our estimation of the
sediment volume transported into the Min Jiang is an over estimation. There-
fore we can be confident in stating that incision is a minor contributor to the
sediment budget. Improving our estimation of the volume of sediment entering
the Min Jiang via fluvial processes will require monitoring of both water and
sediment discharge of the tributary catchments.

Finally, it is unlikely the incision mapped as part of the study is exclusively
derived by fluvial processes. Debris flows are common on the tributary chan-
nel floors and these can mobilise sediment and create channels which may not
separable from fluvially derived channels. It has also been suggested that de-
bris flow activity in the tributary channel deposits could become more common
through time as more aggradation occurs (Zhang and Zhang 2017; Fan et al.
2018). We observe a slight increase in the incision term in the final epochs of
our sediment budget. If this increase is real and represents an increase in the
volume of sediment entering the Min Jiang it is possible debris flow activity
could contribute to this. If this increase in debris flow activity is an indicator
of a potential increase in the frequency of large catchment clearing debris flows
the tributary channel deposits could be evacuated rapidly during times of high
sediment availability. However, without a clear understanding of the triggering
mechanisms of the large catchment clearing debris flows it is not possible to
determine a long-term rate by which sediment is exported from these deposits.

In August 2019 a large storm triggered 12 large catchment clearing debris flows
in our study area, some in catchments where no debris flow had occurred for
over 5 years (Fan et al. 2020; Yang et al. 2021). These events demonstrate the
stochastic nature of the largest but most important events in mobilising sediment
through the mountain range. Initial estimates of the volume of the debris flows
suggests a total of 1.9×10-2 (±3×10-2) km3 of sediment was transported by these
events (Yang et al. 2021). However most of this volume was re-deposited within
the tributary channel deposits. As a crude estimate of the volume of sediment
deposited into the Min Jiang, we can extrapolate the recorded volume of a single
debris flow fan over all of the 12 flows. The deposition fan of the Manianping
catchment has an estimated volume of 7×10-4 km3 (Yang et al. 2021) assuming
all 12 flows were of equal magnitude, 8.4×10-3 km3 of sediment was deposited
into the Min Jiang. Including these flows into the final epoch of the step budget
would increase the volume of sediment entering into the Min Jiang by an order
of magnitude and return the sediment budget to magnitudes not seen since
2013. Interestingly many of the 2019 catchment clearing debris flows occurred
without significant remobilisation of hillslope deposits, indicating they removed
sediment only from the tributary channel deposits (Fan et al. 2020). If it
is possible these flows could have evacuated over 20% of the sediment in the
tributary channel deposits. These flows demonstrate the need for long-term
(multi-decadal) observational records before predictions of future behaviour of
post seismic landscapes can be made.
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The Min Jiang drains into the Zipingpu reservoir a few kilometres after leaving
the study area providing an excellent opportunity to identify whether the sedi-
ment dynamics discussed here can be identified downstream. A borehole of the
centre of the reservoir drilled by Zhang et al. (2019) in 2016 identified that the
earthquake had only had a slight impact on the sediment dynamics. No change
in sedimentation rate was noticed, likely due to the distal location of the core
relative to the Min Jiang entering the reservoir, but a change in the chemistry
and grain size was observed (Zhang et al. 2019). Grain size increased, possibly
indicating the transport of coarser coseismic landslide derived sediment, and the
Rb/Sr ratio decreased potentially due to an influx of unweathered (fresh land-
slide derived) sediment into the reservoir. Crucially while these signals were
recognised immediately after the earthquake the biggest response was observed
after the 2010 debris flows where significant volumes of coseismically generated
sediment was deposited into the rivers draining into the reservoir. This result
agrees with our finding that debris flows are the major component in delivering
sediment to the channel network. The borehole also suggests that the system
is in a transport limited state as grain size and total runoff is well correlated
indicating the need for large events to mobilise much of the sediment (Zhang et
al. 2019).

Our and the results of others (West et al. 2014; Wang et al. 2017; Zhang
and Zhang 2017; Zhang et al. 2019) indicate that much of the coseismically
generated sediment is transport limited. It is either waiting on the hillslope to
be remobilised by mass movements or in tributary channel deposits waiting for
a flood or large debris flow. This could result in sediment residence times of
1000’s of years which is likely to impact the long-term evolution of the landscape.
Empirical and modelling studies suggest that the hillslope will continue to be
perturbed for at least another decade before returning to background levels
(Chen et al. 2020; Li et al. 2020; Shen et al. 2020; Yunus et al. 2020). As
this trend in declining activity is driven by stabilisation rather than exhaustion
it is likely the residence time of the coseismically generated sediment will be
significantly longer. Large earthquakes such as the Wenchuan earthquake have
a return period of 500 – 4000 years and if coseismically generated sediment can
remain being reworked for similar timescales it is likely erosion rates will be
altered (Li et al. 2017; Francis et al. 2020). The large volumes of sediment
on the hillslopes, which are on average steeper than the likely friction angle of
sediment, will continue to be mobilised, albeit much slower than immediately
after the earthquake. Erosion rates in the tributary channels and the Min Jiang
are likely to be lowered if the bedload is not mobilised at rates significant enough
to abrade the bed. Deposits of landslide derived sediment have been linked to
knickpoints within the Longmen Shan indicating the region is prone to long
periods of reduced erosion (Ouimet et al. 2007; Fan et al. 2019a). If post
seismic reduction of erosion rates is frequent and wide spread, it is possible
that the largest earthquakes may have a positive impact on the long-term mass
balance of the mountain range despite the huge amount of erosion they initiate.

6 Conclusions
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Here we have quantified the sediment cascade of the 10 years following the
2008 Wenchuan earthquake. Using a multitemporal landslide inventory and
constrained area – volume scaling relationships we tracked the evolution of 1.1
(±0.5) km3 of sediment. Of this sediment just 3% was deposited into the Min
Jiang, the major orogen draining river of the study area. 95% of the sediment
deposited onto the hillslope during the earthquake remains there waiting to be
mobilised into the channel network. The key process in mobilising coseismic
sediment into the Min Jiang has been debris flows. The largest of these can
deposit huge volumes of sediment from the tributary channels, overcoming the
otherwise low transport capacity of the channels in these catchments. These
large flows are highly stochastic and can occur after breaks of many years. De-
termining the frequency and magnitude of these events is crucial to estimating
the residence time of the coseismically generated sediment. Finally, as large
volumes of coseismically generated sediment can remain within the orogen for
extended periods of time, their impact should be considered when modelling the
long-term evolution of tectonically active mountain ranges.
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