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Large earthquakes induce widespread landslides that fill river channels with sediment’?,
generating long-lasting fluvial hazards and reshaping mountain topography. However,
riverine sediment fluxes after earthquakes remain poorly resolved, mostly because of
alack of data on bedload flux>*. Here we construct a source-to-sink sediment budget
following the 2008 M,,7.9 (where M,, is the moment magnitude) Wenchuan earthquake
inthe eastern Tibetan mountains. We measured sediment accumulation inaman-made
reservoir downstream of the earthquake-affected region. Ten years after the earthquake,
the Min Jiang River had exported about 9% of the sediment mass from earthquake-
triggered landslides, with around 5.7 times increase in the total riverine sediment flux

sustained over that time. Bedload flux increased by 27.4'1%:6% times compared with

+12

pre-earthquake levels, making up 6575¢% of the post-earthquake sediment export—a
proportion much higher than typical of most mountainous rivers. At the current

pace, the river system will remove most Wenchuan landslide debris over centennial
timescales. However, future sediment export rates are likely to vary because of changes
onhillslopes (for example, revegetation) and in hydrology, sediment characteristics
and transport processes. Our findings demonstrate a decadal bedload-dominated
sediment pulse driven by earthquake-triggered landslides, suggesting thatincreased
vulnerability to cascading hazards such as aggradation and flooding could persist for
decadesin populated downstream regions after a large earthquake.

In tectonically active mountain ranges, strong shaking during earth-
quakes caninduce widespread landslides'? These landslides erode soil
and bedrock from hillslopes, and this material can then be entrained
and transported by mountainous rivers. Landslide-derived sediment
causes aggradation of riverbeds, which in turn leads to increased
flooding that persists long after the earthquake, as rivers gradually
evacuate the sediment® %, Fluvial evacuation of landslide debris also
affects mountain building, by facilitating erosion and mass removal,
and influences the global carbon cycle, by changing erosional con-
ditions that control carbon fluxes** . Despite this wide-ranging
importance, gaps remain in quantifying the transport of sediment
from earthquake-triggered landslides.

Hillslope sediment production during and after earthquakes has
been well-characterized by mapping co- and post-seismic landslides,
and their evolution with time'* ¢, Meanwhile, studies of river sediment
fluxes after earthquakes have documented the removal of this material,
most notably after the1999 M, 7.7 (where M,, is the moment magnitude)
Chi-Chiand 2008 M,,7.9 Wenchuan earthquakes. But these studies have
only captured the suspended load through hydrological gauging®"”. Riv-
erstransportsedimentas both suspended load and bedload, and direct

measurements of the bedload flux after earthquakes remain lacking.
Suspended load is predominantly fine particles that represent aminor
proportion of landslide material’®. We expect that the coarse fraction
of landslide debris is mainly transported as bedload—rolling and sal-
tating particles near the riverbed—which is difficult to measure***2°,
As aresult, system-scale understanding of sediment dynamics after
earthquakesisincomplete: we know how parts of the system evolve but
cannot complete the budget without dataon the bedload component.

Studies that have considered post-earthquake bedload dynamics
have been inconclusive**®?* Field measurements of aggradation
inchannels and valleys after important earthquakes suggest that sedi-
ment evacuation can take from tens to several hundred years>*. Model
results differ markedly depending on the treatment of how channel
morphology changes after input of landslide debris*****2, Adding
to complexity, transport of landslide material can be influenced by
region-specific conditions, such as lithology, climate, hydrology and
vegetation's+%,

Here we quantify sediment fluxes associated with bedload trans-
port after the 2008 Wenchuan earthquake by taking advantage of a
reservoir builtjust before the earthquake and located downstream of
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Fig.1|/Map view and longitudinal profile of landslides and sediment fluxes
inthe MinJiangbasin. Map view of the Min Jiang basin. a, Shaded relief map
of the Min Jiang basin, overlain by the locations of Zipingpu Reservoir, the
hydrological gauging stations and corresponding catchments, theriverbed
grainsize study sites and co-seismic landslides triggered by the Wenchuan
earthquake (inred). b, The regional context of the study area. ¢, Shaded relief
map of the Min Jiang basin with sub-catchments M1-M7 shaded by landslide
volumes, showing post-earthquake suspended sediment flux (arrows).d, The
MinJiang basinshowing PGA (peak ground accelerations) contours and landslide

polygons (yellow) along with the epicentre of the 2008 M,,7.9 Wenchuan
earthquake. e, Total co-seismiclandslide volume distributions along the flow
distanceto the Zipingpu dam (columnsindicate medians of landslide volumes;
barsindicate the16th to 84th percentiles from Monte Carlo simulations).Ine,
foreachlandslide polygon, we calculated the average flow distance to the dam
forall pixelsin thatlandslide polygon. We then grouped all the landslides in
the Min Jiang basin by their flow distance tothedamin 5 kmincrements and
calculatedlandslide volumesin each bin. Scale bars,20 km (a,c); 400 km (b);
40km (d).
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Fig.2|Map of sedimentation in Zipingpu Reservoir. Sediment accumulation
inZipingpu Reservoir.a, Shaded relief map of the Zipingpu Reservoir region
with the colour-coded sedimentation map over the reservoir area (smoothed
over 3-pixel-radius windows) in May 2018. b, Histogram of sedimentation
thickness within thereservoir areaafter the 2018 survey. ¢, Longitudinal profile
of thereservoir bed before reservoirimpoundment (black curve) and of the
average sediment thickness across the width of the valley during the survey
timespan (colour curves), smoothed over a4,000-m-wide moving window.

d, Cumulative sediment volume calculated in250-m increments along the flow

the epicentral region. This reservoir trapped landslide-sourced sedi-
ment following the earthquake, allowing us to produce a source-to-sink
budget and directly quantify the post-earthquake bedload flux froma
study site near the source of landslide sediment. We combine measure-
ments of sediment accumulation in the reservoir, grain sizes and sus-
pended loads thatentered and left the reservoir, toisolate the bedload
component. We complement these measurements with the analysis of
the grain size of river sediment and landslide deposits to establish a
source-to-sink budget of sediment associated with alarge earthquake.

Settings

The M, 7.9 Wenchuan earthquake occurred on 12 May 2008 in the Long-
men Shan mountain range, central China?. The Longmen Shan marks
the easternmargin of the Tibetan Plateau, featuring steep topography
and active seismicity?. The regional climate is controlled by the East
Asian monsoon, and more than 90% of annual precipitation occurs
in the monsoon season (May-October) (ref. 28). With a recurrence
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distance. Landslide and human dredgingactivities were identified between
coresites3andS5 (Extended Data Fig.1b). The dashed linesin cindicate the
range of water level measured at the dam?, which covers much of the range of
topographicelevation within the reservoir. Thus, subaerial fluvial entrainment
andtransportprobably occurred across much ofthe deposited sedimentinthe
reservoir, which may, in part, explain theirregular and time-evolving shapes
seeninthe profiles. Sedimentation patterns of other surveys are presented in
Extended DataFig.1.Scalebar,1km (a).

interval of 500-4,000 years, the Wenchuan earthquake ruptured the
Longmen Shan fault system?®*°, This earthquake induced more than
60,000 landslides, which generated a total of about 3 km® of debris'*,
After the earthquake, landslides fed large quantities of sediment to
rivers'”*, In this study, we focus on the Min Jiang basin, where around
half of the Wenchuan landslides (by volume) occurred®. The Min Jiang
drainsinto the man-made Zipingpu Reservoir (impounded in Septem-
ber2004) at the Longmen Shan mountain front? (Fig. 1). Regulated by
dam operation, the water level at the dam varies between 820 m and
880 m above sea level with high levels in October to January and low
levels in March to May (ref. 24) (Fig. 2). Sediment is released from the
reservoir mostly through sluicing.

Sediment accumulationinthe reservoir

We conducted acoustic surveysinthe reservoirin April 2012, May 2015
and May 2018 to quantify post-earthquake sediment accumulation. We
alsotook sediment cores and measured sediment porosity to convert



sediment volume to mass. Our acoustic survey results indicated sig-
nificant sediment accumulation in Zipingpu Reservoir following its
impoundment. By May 2018, a total of 0.16 + 0.01 km? sediment had
accumulated in the reservoir, with only 0.014 + 0.003 km?from before
the Wenchuan earthquake (Methods). Between impoundment and
May 2018, the total accumulated sediment thickness in the reservoir
clustered around 10 mbut showed abroad range across the reservoir,
with local deposition of more than 60 m (Fig. 2a). The spatial pattern
of sedimentation is related to the flow path of the Min Jiang River and
the bathymetry of the reservoir. Four main deposition zones appear
(1) wheretheriver channel widens asit enters the reservoir; (2) upstream
ofaprominent constrictionintheriver valley; (3) inthe central portion
of the reservoir next to an active landslide complex (Extended Data
Fig.1b); and (4) just upstream of the dam (Fig. 2). Although the overall
sedimentation patterns are generally consistent over the three surveys
in2012,2015and 2018 (Fig. 2b,c), longitudinal profiles show cumulative
aggradation and progradation of sedimentinto the reservoir over the
survey timespanas well as variations in local deposition rates (Fig. 2b).
Someirregular topographicfeaturesinthe sedimentaccumulation map
and thelongitudinal profile (for example, near core site 4, Fig. 2a) were
probably caused by local landslide deposits, anthropogenic dredging
and dynamic cut-fill cycles because of the fluctuating water level*.

Thetotal sediment volume accumulated in the reservoir increased
linearly over the 10-year timespan of our surveys, from 0.06 + 0.01 km?
in April 2012 to 0.11 + 0.01 km?in May 2015 and 0.16 + 0.01 km?in May
2018 (Fig. 2, with all results here and below reported as mean + 1o or
the medians and 16th to 84th percentiles of Monte Carlo simulations;
Supplementary Information). The total post-earthquake sediment
accumulation rate was 0.0162 + 0.0006 km? yr™ for 2012-2018 (Fig. 2),
compared with a pre-earthquake rate of 0.0040 + 0.0010 km? yr™
(Methods). Some co-seismic landslides directly entered the reser-
voir (Extended Data Fig. 1b); these amount to 0.011-0.020 km?in
total, making up approximately 14% of the total sediment mass in
thereservoirin May 2018 (Methods). Therefore, the sediment budget
in the reservoir was dominated by fluvial sediment input after the
earthquake (Fig. 2).

Post-earthquake sediment budget

The sediment deposited inthe reservoir was transported there asboth
suspended load and bedload. We quantified the amount of suspended
sediment that had been trapped in the reservoir after the earthquake
by constraining the suspended sediment entering and leaving the res-
ervoir separately using hydrological gauging datasets"” (Methods). We
calculated that, after the earthquake, the suspended sediment flux
entering the reservoir was 9.14°342 Mt yr}, of which 2.2075:33 Mt yr™
left the reservoir (Methods). The difference between the suspended
sediment fluxes entering and leaving the reservoir represents asuspen-
ded sediment accumulation rate in the reservoir of 7.0233: Mt yr’,
equivalent to a retention rate of about 77% and a volumetric accu-
mulation rate of0.00773:3545 km® yr™, after accounting for porosity
(Methods).

We assumed that only suspended sediment was released from the
reservoir and determined the post-earthquake bedload flux as the
difference between the suspended sediment accumulation rate and
the total sediment accumulation rate. The volumetric bedload accu-
mulation rate was 0.0085"39939 km”® yr™!, which translates into a bed-
load flux of16.34$37 Mt yr ! after correcting for porosity. Adding the
suspended sediment entering the reservoir to the bedload, we obtained
atotal sediment flux of 25.603 % Mt yr ' and determined a bedload
mass fraction (bedload: total sediment load) of 6522 % for the Min Jiang
after the earthquake (Methods). There was minor anthropogenic dredg-
ingin the upstream part of thereservoir (Fig. 2b) and gravel bar devel-
opment downstream of the dam, which suggests some bedload release
fromthereservoir (Supplementary Information). These factors would
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Fig.3|Sediment volumesin Zipingpu Reservoir over time. Changes of
sediment volume inthe reservoir and runoff of the Min Jiang mainstem
measured upstream of the reservoir.a, Measured sediment volumesinthe
reservoir over time (filled circles and error bars, sediment volume; vertical
lines, timing of reservoirimpoundment and the Wenchuan earthquake
mainshock; solid blackline, best fit to the volume data through least-squares
regression; open circleand error bars, sediment volume accumulated before
the earthquake; Methods; dashed lines, inferred sedimentation before the first
surveyin2012). b, Daily runoff (grey curves), mean runoff (black solid lines) and
mean proportion of total runoff from high-magnitude events (=6 mm day,
black dashed lines) or P, averaged over the multi-year timespans between
reservoir surveys of the Min Jiang mainstem at the Weizhou hydrologic gauging
station upstream of the reservoir (Supplementary Fig. 1).

slightly increase the bedload estimates, but we expect their influence
to belimited (Methods).
Compared with pre-earthquake levels, the total Min Jiang sediment

fluxincreased by 5.77}2 times after the earthquake, with the suspended

load increasing by amodest 2373 times and the bedload increasing
byaremarkable27.411%¢ times (Fig. 4a). Our obtained post-earthquake
bedload fraction (65:33%) is much higher than the pre-earthquake frac-
tion (9.9-16.7%, determined from measured suspended: bedload
ratios®***) in the Min Jiang. The pre-earthquake bedload fraction falls
closetoaglobaltrend between bedload fraction and drainage area for
mountainous catchments®, but the post-earthquake bedload fraction
ismarkedly higher (Fig. 4b), highlighting the prominent effect of local-
ized sediment sources in bedload transport (Fig. 1c).

Highbedload flux after the Wenchuan event

Our sediment budget (Fig. 3) highlights the potential for bedload to
sustain heightened sediment transport after large earthquakes over
decadal timescales*, and the increased bedload fraction (Fig. 4) indi-
cates that the Min Jiang shifted to a bedload-dominated system fol-
lowing the Wenchuan earthquake. We interpret this shift to have been
driven by the supply of coarse material from hillslopes, accentuated by
coarse sediment armouring river beds and protecting fine sediment

Nature | Vol 644 | 14 August 2025 | 401



Article

a
Min Jiang Min Jiang
Pre-earthquake Post-earthquake
25
-1 1,000
20 -
- -1 800
5
S 15
3 - 600
E |
10 -
£ | < 400
Q
%]
5F . - 200
0 0

Suspended load Bedload
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after the earthquake. b, Bedload fraction (by mass) before and after the
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fromentrainment®, This finding is corroborated by observations from
satelliteimagery showing aggradation and storage of landslide material
in the upstream channel network®. The relatively short distance (land-
slide volume-weighted flow distance of about 54 km; Fig. 1c) between
thereservoir andlandslide inputs distributed along the mainstem may
have limited abrasion that converts bedload to finer sediment’, allow-
ing bedload to dominate the reservoir sedimentation.

Based onthetotal sediment flux and areported dissolved:suspended
load ratio of 19 + 7% for the post-earthquake period®, we estimate
that, within 10 years after the earthquake, around 8.7*33% of the total
co-seismic landslide massin the Min Jiang catchment had been exported
bytheriver system (Supplementary Information). Other studies have
mapped spatiotemporal changes in hillslope and channel depositsin
parts of the Min Jiang catchment and estimated that about 12% of the
co-seismic landslide volume in the catchment has been delivered to
the MinJiang mainstem over similar timescales'®*. These estimates of
hillslope-to-channel sediment delivery slightly exceed, yet broadly
alignwith, our calculated sediment delivery to the reservoir, suggest-
ing that the Min Jiang is capable of exporting mostlandslide sediment
delivered to the mainstem.

Enhanced and sustained bedload transport

Shear stress calculations using pre-earthquake channel geometry esti-
mated much lower bedload transport capacity in the Min Jiang main-
stem (around 1.73 Mt yr™) (ref. 22) than calculated from our direct
observations (16.34:$3. Mt yr !). Higher transport rates should be
expected after the earthquake because of abundant sediment supply
that can produce unstable channel beds*® and highly dynamicriverbed
topography, causing locally narrowed and steepened channel threads
thatincrease local bed stresses'. To constrain changesin channel mor-
phology, we measured channel widths from 2006 to 2019 at 80 sites,
wherelandslides connect to Min Jiang (Methods). Landslides narrowed
the width of the MinJiang channel by an average of about 30% (Extended
DataFig.3), supporting that theinterplay between landslides and chan-
nelgeometry can contribute toincreasing sediment transport capac-
ity after amajor earthquake”. High sediment transportrates could also
be facilitated by suspended sand and gravel*, as well as debris flows
and hyper-concentrated flows*, given the steep channel-bed gradients
(around 1%; Fig. 2c) upstream of the reservoir.
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rivers®, showing how bedload fraction varies with drainage area. The dashed
lineindicates an empirical upper limit*, notably exceeded in the Min Jiang
after the Wenchuan earthquake. The drainage areais taken where the Min Jiang
enters the Zipingpu Reservoir. All error bars represent the 16th to 84th
percentiles of the Monte Carlo results.

Considering atotal material transport flux as the sum of sediment and
dissolved fluxes, the debris from Wenchuan-triggered landslides could
be evacuated over approximately 100-200 years under the current
transportrates (Supplementary Information). However, several factors
complicate prediction of sediment transport fluxes in the future. Land-
slide debris contains abundant coarse materials, which some studies
have suggested may be difficult for rivers to entrain and transport”8,
However, our field observations suggest that Min Jiang can entrain
and transport most or all of the sediment from landslide deposits,
because surface riverbed materials, the coarser portion of river-carried
particles, have coarser grains than landslide deposits (Extended Data
Fig.4a). We also observed that the Min Jiang delivered coarse particles
from gravels tometre-sized bouldersinto the reservoir (Extended Data
Fig. 2). Moreover, subsurface riverbed materials have generally finer
particle sizes than landslide debris (Extended Data Fig. 4b), probably
resulting from abrasion’ and/or sorting'®, which would facilitate fluvial
removal of this material. However, landslide material could remain
stored in headwater catchments®, delayingits delivery to the MinJiang
main stem. Delivery of landslide debris to channels may also be limited
by revegetation of failed hillslopes, which would stabilize deposits*.

Climatic conditions could also affect the supply of landslide debris
torivers and subsequent transport’®. Monsoonal precipitation can
enhance the transport of landslide material by inducing debris flows,
which facilitate delivery of sediment from low-order to high-order
channels®*** Although we see a near-constant post-earthquake sedi-
ment accumulation rate over the multi-year duration of our reservoir
surveys, sedimentation in Zipingpu Reservoir varies inter-annually
depending on hydrological conditions*. These hydrological variations
are dampened when averaged over our survey intervals (3-4 years)
(Fig.3b), but arelikely tobe important for sediment transport over the
long term. Models predict increased frequency of extreme precipita-
tion eventsin the study area in the next 50 years (ref. 25), suggesting
the potential for enhanced landslide sediment delivery to channels and
increased sediment flux**¢, Continued monitoring will be required to
determine the combined effect of geomorphic processes, vegetation
dynamics and climatic conditions onthe transport of landslide debris
over the coming decades.

Our observations show that bedload can dominate river sediment
flux after major earthquakes. This bedload transport facilitates the
efficient fluvial transport of landslide-derived sediment, implying that



evacuation of landslide debris from mountains is limited primarily by
sediment delivery from hillslopesinto and through low-order channels.
The seismically enhanced bedload flux may dissipate downstream
because of abrasion’, which will depend on transport distance and
sediment erodibility”". For example, there is much less pronounced
bedload transportin major trans-Himalayan rivers thanin our study’,
which, at first glance, contrasts with our results, given that co-seismic
landslides are also an important sediment source in the Himalayas*®.
However, the landslides induced by the 2015 Gorkha Earthquake—a
prominent recent event in the Himalayas—are located 250-300 km
(weighted by landslide volume) upstream of the mountain front, much
longer thanthe approximately 54 km distance for the MinJiang (Fig.1e
and Extended Data Fig. 5). Furthermore, about 70% of the landslide
volume in the Min Jiang basin is associated with granitic rocks (Sup-
plementary Information), which are characterized by lower abra-
sion rates than sediments derived from Himalayan rocks®®*. In many
other seismically active regions, we expect transport distances from
landslides to mountain fronts of the order of 10 s of km—such as in
New Zealand, Taiwan and southern California*>*°, Therefore, the main
role for post-earthquake bedload transport—and associated cascad-
ing hazards—may be expected in these landscapes, especially where
rocks produce coarse landslide debris and have low erodibility”**,
Our results emphasize how earthquakes close to mountain fronts can
markedly elevate bedload sediment supply to adjacent plains on dec-
adal timescales, generating fluvial hazards that persist long after the
shaking stops and in areas far beyond the epicentral region.
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Methods

Acoustic surveys and reservoir sedimentation estimates
To measure sediment accumulation in Zipingpu Reservoir, we con-
ducted acoustic surveys to scan the reservoir in May 2012, April 2015
and May 2018, and we collected 1-m-long sediment cores in May 2012
(Extended Data Fig. 1). Another 10.89-m-long sediment core was
retrieved from the reservoir in October 2016, producing a record of
sedimentation and its temporal variability at one site’*. Here, we com-
plemented thatlongrecord and provided the reservoir-wide perspec-
tive that allows for estimating total sediment volume. We measured
the porosity of the sediment from cores at multiple sites across the
reservoir, yielding arange of 0.41-0.90, with an average of 0.65 + 0.08
(+10,n=288; Supplementary Table 3). Measured porosities were used
to convertsediment volumes to sediment mass (Supplementary Text 8).
To process the acoustic reflection profiles, we developed an auto-
mated picking algorithmtoidentify the sediment-water interface. We
then delineated reservoir bathymetry at each survey time point and
compared the bathymetry with the topography before the impound-
mentof thereservoir (Supplementary Information). We used the differ-
encesinbathymetry to estimate the volume of sediment sequestered
inthe reservoir between each survey. The uncertainties in sediment
volumes are propagated from the instrumental errors, the error of the
pre-impoundment digital elevation model and the uncertaintiesin the
extrapolation from the surveyed transects. Further technical details
are provided in the Supplementary Information.

Suspended sediment budget

To estimate the suspended sediment fluxes entering and leaving the
reservoir, we analysed the water and sediment discharge datasets
collected by 17 hydrological gauging stations of the Chinese Bureau
of Hydrology (CBH) across the Longmen Shan' (Supplementary
Fig.2) and constructed suspended sediment budgets. The 17 stations
are located in three main river basins draining the Longmen Shan:
MinJiang, TuoJiang and Fujiang, with ninein the Min Jiang basin (eight
inthe mountains and oneinthe lowland plain). The eight montane sta-
tions segregated the Min Jiang basin (above the Zipingpu Reservoir) into
eight sub-catchments (M1-M8) but two sub-catchments (M2 and M8)
lacked suspended sediment data (Fig.1and Supplementary Fig.1). Here
we presentasummary of our approach to estimating suspended sedi-
ment fluxes entering the reservoir using these data, with more details
provided in Supplementary Text 7 and Supplementary Figs. 8-10.
We adopted Monte Carlo random sampling simulations to propagate
uncertainties from different parameters, and we reportresults as medi-
ans and 16th to 84th percentiles of the Monte Carlo results.

For the pre-earthquake period, we used the average suspended
sedimentyieldinthe gauged sub-catchments to approximate the sus-
pended sedimentyieldin M2 and M8, and summed suspended sediment
fluxes in M1-M8 to estimate a total suspended sediment flux entering
thereservoir as3.40 +0.37 Mtyr™.

For the post-earthquake period, previous studies found that the
post-earthquake suspended sediment yields (t km?yr™) in the Longmen
Shan catchments were controlled by landslide volumes and the num-
ber of high-magnitude (runoff>6 mm day™) water discharge events”?,
Thus, we derived a two-parameter empirical relation between
post-earthquake suspended sediment yield, landslide volume and an
index for high-magnitude water discharge events (proportion of total
runoff from >6 mm day™ events) to predict the post-earthquake sus-
pended sediment yield and flux in sub-catchments M2 and M8 (Sup-
plementary TextS7 and Supplementary Fig.10). This empirical relation
is calibrated against other 11 catchments draining the Longmen Shan
(Supplementary Text 7 and Supplementary Fig. 10). We used total land-
slide volumesinstead of channel-connected landslide volumes because
previous studies® showed that whether or not landslide-channel con-
nectivity is considered, the landslide volume-suspended sediment

yield correlations are statistically indistinguishable in the studied
catchments, whichmay be related to the mobilization of fine sediment
fromlandslides unconnected to channels. Using the resulting estimate
for the suspended sediment flux from M2 and M8, we summed sus-
pended sediment fluxes in M1-M8 to obtain a total post-earthquake
suspended sediment fluxes entering the reservoir as9.14"342 Mt yr ™.

We also estimated suspended sediment fluxes leaving the reser-
voir through mass balance calculations using the CBH dataset as
0.52+0.14 Mt yrand 2.20'5:33 Mt yr™* for the pre-earthquake and
post-earthquake periods, respectively (Supplementary Text 7 and
Supplementary Figs. 8 and 11). The difference between the suspended
sediment fluxes entering and leaving the reservoir determined the
suspended sediment flux trapped in the reservoir (pre-earthquake:
3.40 + 0.37 Mt yr, post-earthquake: 7.027333 Mt yr™).

We note that other hydrological datasourced fromthe 1960s to 1980s
have beenused in other studiesinthe region®. However, since the late
1980s, the government has conducted large-scale water-soil conserva-
tion projects in the basin, which notably reduced the sediment load®.
Thus, we chose not to use the 1960s to 1980s sediment data to estimate
the pre-earthquake sedimentload in this study.

Total sediment budget

We estimated the sediment volumetricaccumulation rate (km?yr™)in
the reservoir by correcting for porosity (Supplementary Text 8). We
used the porosity of sediment core samples (0.65 + 0.08) to approxi-
mate the porosity of suspended sediment deposited in the reservoir,
given the similar grain sizes observed for suspended sediment*,
A porosity of 0.10-0.41 was assigned for the porosity of bedload sedi-
ment deposited in the reservoir, where 0.41 was the lowest porosity
measured in the samples and 0.10 was an assumed lower bound.

The pre-earthquake bedload flux was determined from the
pre-earthquake suspendedload (3.92 + 0.35 Mt yr, determined above)
and the previously reported bedload: suspended load ratio of 11.7-20%
(refs. 28,34-36). We obtained a bedload fraction (bedload:total sedi-
mentload) 0f9.9-16.7%, abedload flux of 0.58 + 0.14 Mt yr 'and a total
sedimentload of 4.51+ 0.41 Mt yr™* for the pre-earthquake period. We
assumed that only suspended sediment was released from the dam, and
thusallbedload was trapped in the reservoir (0.58 + 0.14 Mt yr*witha
porosity of 0.10-0.41), whereas the suspended sediment flux trapped
in the reservoir was determined earlier as 3.40 + 0.37 Mt yr™* (with an
approximated porosity of 0.65 + 0.08) before the earthquake. Account-
ing for porosity, weresolved a pre-earthquake sediment accumulation
rate of 0.0040 + 0.0010 km® yr* and the total volume of sediment accu-
mulated in the reservoir before the earthquake as 0.014 + 0.003 km®.

For the post-earthquake period, suspended sediment was trapped

in the reservoir at a rate of 7.02332 Mt yr}, which translated into a

volumetric rate 0f0.0077*9:9%45 km® yr™ with correction for porosity

(0.65+0.08). The difference between the suspended sediment accu-
mulation rate (0.0077-3:3345 km® yr™) and the total volumetric accu-
mulation rate (0.0162 + 0.0006 km?* yr~, determined from acoustic
surveys) yielded a bedload volumetric accumulation rate of
0.0085*3:9%39 km® yr~. Taking a porosity of 0.10-0.41, we resolved the
bedload mass accumulation rate 0f16.34'$37 Mt yr . Assuming no
bedload was released from the dam (see following section), we deter-
mined that the post-earthquake bedload flux delivered into the reser-

voir by Min Jiang was 16.347557 Mt yr™!, whereas the post-earthquake

Min Jiang suspended sediment flux was 9.14343 Mt yr™! (see above).
Combining the two fluxes, we calculated a post-earthquake bedload
fraction of 65'32% and a total post-earthquake sediment load of
25.60!3 Y Mt yr™'. Combining the suspended load and bedload mass
accumulation rates in the reservoir (Supplementary Texts 7 and 8
and Supplementary Figs. 8 and 9) and accumulation timespan (pre-
earthquake: September 2004 to May 2008; post-earthquake: May 2008
toMay 2018), we estimated a total sediment mass of about 249 Mt (cor-

rected for porosity) in the reservoir till May 2018.



Total material transport flux was calculated as the sum of the sus-
pended sediment flux, bedload flux and dissolved load flux. Dissolved
load flux was calculated from previously reported dissolved:suspended
load ratios (pre-earthquake: 19 + 6%, ref. 28; post-earthquake: 19 + 7%;
ref. 29).

Bedload release from the dam

In the sediment budget calculations, we assumed no bedload release
fromthe dam. However, we believe two processes caused some bedload
loss fromthe reservoir. Weignored these processesin our calculations
because we determined that they probably have limited influence on the
sediment budget. Here we explain this rationale. First, two gravel bars
developed within1,800 m downstream of the dam after the earthquake,
as visible in optical satellite imagery (Supplementary Fig. 13). These
barshad atotalareaofaround 26,000 m? (one was about 7,000 m?and
the other was about 19,000 m?, measured from Google Earth imagery).
We determined a channel depth of around13 m, adopting anempirical
scaling between bankfull width and depth for gravel bed rivers®®and a
channel width of approximately 160 m measured from Google Earth
imagery (Supplementary Text 9 and Supplementary Fig. 13). On this
basis, the total volume of sediment in the two gravel bars was about
338,000 m*or 3.4 x10™* km?® (26,000 m? x 13 m), only around 0.2% of
thetotal sediment trapped in the reservoirin2018 (0.17 km?). Second,
during our surveys, we noticed dredging in the upstreamregion of the
reservoir between core sites 3 and 5 (Fig. 2a). The dredging was local-
ized (within a range of about 100 s m x 100 s m) and conducted on a
small boat notequipped with large-scale dredging facilities. Given the
contrasting spatial scales of the reservoir (about 16 km?) compared with
dredging (<0.1 km?), we expect the dredging to have limited influence
on the total sediment budget, although it could potentially modify
local channel morphology (Fig. 2).

Landslide and riverbed grain size estimates

To evaluate how rivers transport different-sized particles from land-
slides, we assembled a grain size dataset of landslide and riverbed sedi-
ments from fieldwork and compilation of published data. We conducted
field measurements (sieving and photometry) of the grain size of riv-
erbed materials at four field sites (at the main Min Jiang channel at its
entrance to the reservoir and at the outlets of three main tributaries,
Fig.1). Toestimate the grainsize distributions for landslide populations,
we compiled data from published literature, supplemented these by
our new field measurements and classified the data by lithology. We
then predicted the grain size composition of other landslides based on
lithology, following a previous study in the Himalayas'. We estimated
combined size distributions for landslide populations using Monte
Carlorandom sampling simulations to account for uncertainties. The
results were analysed together with a Wenchuan landslide inventory
map and the gauging data of pre- and post-earthquake suspended
sediment flux. The landslide volumes were calculated from landslide
area-volume scaling relations and reported as the median and 16th
to 84th percentiles of random sampling simulations to account for
uncertainties in scaling parameters®-*. The landslide mass was cal-
culated from the landslide volume by quantifying an overall porosity
for landslide deposits (see Supplementary Text 9 for more technical
details). We consider earthquake-induced landslides as the main source
of coarse sedimentin the system, which are the primary contributors to
thelong-term erosion budget of Longmen Shan?’ and have more abun-
dant giant landslides than rainfall-induced landslides in the region®.

Remote sensing analyses

To constrain the magnitude of sediment supplied by landslides within
the reservoir region itself (that is, direct input of landslide debris into
the reservoir from surrounding hillslopes), we constructed a digital
elevation model (DEM) from 2021 stereoscopic satellite imagery
(WorldView-2, Imagery 2021 Maxar) using a Surface Extraction with

TIN-based Search-space Minimization algorithm>***, We then compared
the 2021 DEM to the pre-earthquake DEM to quantify the volume of mate-
rial derived from the landslide-affected zones in the reservoir (Extended
DataFig.1band Supplementary Fig.14). Because of the limited imagery
available, we could derive only the elevation changes of the landslides
that occurred on the valley walls between core sites 3 and 5 (Extended
DataFig.1b). These are the largestlandslides surrounding the reservoir
as mapped in optical satellite imagery. We used the elevation changes
derived from stereo imagery analysis to estimate a sediment loss of
0.015 km? from the reservoir-surrounding landslides covered by our
DEM (Extended Data Fig. 1b), comparable to the total volume of those
landslides estimated from landslide area-volume scaling relations
(0.011*33%3 km?; Supplementary Information). The estimated sediment
loss (0.015 km?) from those landslides, mostly from the landslide com-
plex nearby core site 4 (Fig. 2d and Extended Data Fig. 1b), was compa-
rable to the sediment accumulation around core site 4 in 2018 (about
0.01-0.02 km?, Fig. 2d), providing a plausible explanation of the high
sediment accumulation at this site (that is, zone 3 in Fig. 2a). For the
landslides in the reservoir region beyond the extent of stereo imagery
analysis, we estimated a total volume 0f0.0043:39! km’from landslide
area-volume scaling relations. Combining these results, we estimated
avolume of 0.011-0.020 km?for sediment sourced from landslides that
occurredinthereservoirregion (Extended DataFig.1band Supplemen-
tary Fig. 14). We assumed that this landslide material is mostly
coarse-grained as the landslide complex is dominated by a large,
deep-seated bedrock landslide. This volume translates into about
25-45 Mt of sediment after correcting for porosity (median porosity of
landslide deposits around 0.15; Supplementary Text 10), making up
about10-18% (average 14%) of the total sediment mass in the reservoir
in 2018 (approximately 249 Mt). We note that using the 2021 DEM may
overestimate the landslide material entering the reservoir up to 2018
when we had the last acoustic survey, but we do not expect this time
difference to cause fundamental changes to our estimated volumes of
landslide material entering the reservoir, especially because the landslide
scars did not show significant changes during this time.

To characterize the morphodynamic changes of the Min Jiang chan-
nel following the Wenchuan earthquake, we measured the widths of
the Min Jiang channel at 80 sites at which the earthquake-triggered
landslides connected to and entered the MinJiang from 2006 to 2019
from satellite imagery accessed by Google Earth, supplemented by
selected QuickBird, WorldView and IKONOS Imagery (2006-2008
Maxar; Extended Data Fig. 4 and Supplementary Table 6). We then
normalized each channel width measurement to the pre-earthquake
channel width, grouped the datainto each individual year and cal-
culated the medians and 16th to 84th percentiles of the normalized
channel width for each year (Extended Data Fig. 4).

Data availability

Thederived reservoir sedimentation datashownin Fig.1and Extended
DataFig.1areavailable at the Hydroshare datarepository (http://www.
hydroshare.org/resource/210dd056c15c45208de9b5ba6éa75cc61).
Datasets of grain size, reservoir core sediment porosity, hydrological
variability, mapped channel width, landslide volumes, high-magnitude
water discharge index and suspended sediment yield are in Supple-
mentary Tables 1-7, which are also available at the Hydroshare data
repository. The DEM data used for geospatial analysis were down-
loaded from SRTM 90m Digital Elevation Database v.4.1 provided by
the CGIAR Consortium for Spatial Information’. DEM data were ana-
lysed and visualized using ArcMap 10.8 and TopoToolbox*” in Matlab.
The pre-impoundment DEM data were adopted from ref. 58. Landsat
imagery was downloaded from the US Geological Survey EarthExplorer
website (https://earthexplorer.usgs.gov/). SPOT imagery (SPOT 5
imagery 2008 CNES) was obtained from the SPOT imagery corpora-
tion (SICORP). Google Earthimagery was available at Google Earth Pro.
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Code availability

The central function of the automated picking algorithm was adopted
from the Python package ‘obspy’, available online (https://docs.
obspy.org/packages/autogen/obspy.signal.trigger.classic_sta_lta.html).
Custom Matlab codes for sediment budget calculations and relevant
analyses are available at the Hydroshare datarepository (http:/www.
hydroshare.org/resource/210dd056c15c45208de9b5ba6a75cc61).
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Extended DataFig.1|Map view of the reservoir and pattern of sediment
accumulation. Map views of Zipingpu Reservoir and sedimentation after
the Wenchuan earthquake: (a) satelliteimage (Landsat 5) taken before the
Wenchuan earthquake, showing the reservoir entry point where the Min Jiang
channelwidens, the site where photos in Fig. S7 were taken, and the location of
the dam; (b) satellite image (SPOT 5© 2008 CNES) of the same area taken after
the Wenchuan earthquake with the mapped earthquake-triggered landslides
inthereservoir areaand volume changesin the landslide-affected zone

determined from differencing the digital elevation models before the
earthquake andin 2021 (Methods); (c) slope angles of the reservoir areawith
the coringsites, noting that another 10.89-m-long core was retrieved from near
site1in 2016, asreported in prior work?, while 1-m-long cores were taken from
allsites shown here; (d-f) maps of sedimentation thicknessin the reservoirin
April 2012, June 2015, and May 2018, respectively, with the distributions of
sedimentation thickness (bar plots) and the locations of surveyed transects
(solidlines).
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Extended DataFig.2|Photos of coarse grains transported by the Min Jiang Min Jiang basin. Note in (h), the photo shows the Yuzixiriver, atributary of the
Riverand depositedinthereservoir. Map view of photo sites (a, GoogleEarth ~ MinJiangRiver, thatexperienced significantaggradation after the Wenchuan
imagery in April 2011, Image © 2025 Maxar Technologies) and field photos (b-j) earthquake, with the arrowindicating a bridge that was buried during channel
showingriverine transport of coarse grains (gravels, cobbles, boulders, aggradation after the earthquake and boulders deposited on the bridge.
indicated by arrows) entering Zipingpu Reservoir and in other tributaries of the
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Extended DataFig. 3 | Relative changes of width of the Min Jiang channel
segmentadjacent tolandslides. Relative changesin channel width (normalized
toaveraged 2006-2008 values) after the Wenchuan earthquake from 2008 to
2019 (circles: medians of channel width normalized to the pre-earthquake
channel width; vertical error bars: 16™-84™ percentiles of the normalized
channel width; horizontal bars: timespan of channel width measurement; red
line: timing of Wenchuan mainshock). All datain Supplementary Table Sé6.
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Landslide grain size (mm)

Extended DataFig.4|Comparisonofgrainsizeinriverbed versuslandslide
sediments. Comparison between grain size (D5, and Dg,) of landslide material
andriverbed sediment: (a) surfaceriverbed sedimentand (b) subsurface
riverbed sediment. Each pointrepresents datafromone tributary catchment
or the Min Jiang mainstem, as shownin Fig.1and Fig. S1. Landslide grain size
dataarederived from combined landslide grain size distributions upstream of
eachriverbedsite (symbols: medians of Monte Carlo random sampling; error
bars: 16™-84" percentiles). Riverbed sediment grain size dataare estimated

Landslide grain size (mm)

from combined measurements of gravel bars (symbols and error bars: means
andlo of all grain size measurements for each site). Note that despite the
differencesin Ds,and Dg,, we observed comparable mass fraction of >0.25 mm
particlesinlandslide and riverbed subsurface materials (Supplementary
Information Fig. S6), whereas the Min Jiang suspended sediment is mostly
composed of <0.25 mm particles?. See technical details of data collection
inSupplementary Information.
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Extended DataFig. 5| Map view and longitudinal profile of landslides volume distributions along the flow distance to the mountain front (columns:
caused by the2015M,,7.8 Gorkha earthquake inthe Nepalese Himalayas. medians of landslide volumes, bars: 16"-84™ percentiles from Monte Carlo
Spatial patterns of the landslides triggered by the 2015M,,7.8 Gorkha earthquake®  simulations, red lines: landslide volume-weighted flow distance) for the Gandaki
inthe context of the Gandaki and Kosi River basins draining the Nepalese basin (c) and Kosi basin (d). Same analyses as described in the caption text for

Himalaya: (a) map view of the Gorkha-triggered landslides and the Gandakiand Fig.1(e) were conducted to produce resultsin (c) and (d).
Kosibasins, (b) theregional context of the studied river basins, and (c-d) landslide
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