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Abstract: The 2008 Wenchuan earthquake and associated co-seismic landslide was the most
recent expression of the rapid deformation and erosion occurring in the eastern Tibetan Plateau.
The erosion associated with co-seismic landslides balances the long-term tectonic uplift in the
topographic evolution of the region; however, the quantitative relationship between earthquakes,
uplift, and erosion is still unknown. In order to quantitatively distinguish the seismically-induced
erosion in the total erosion, here, we quantify the Wenchuan earthquake-induced erosion using the
digital elevation model (DEM) differential method and previously-reported landslide volumes.
Our results show that the seismically-induced erosion is comparable with the pre-earthquake
short-term erosion. The seismically-induced erosion rate contributes ~50% of the total erosion
rate, which suggests that the local topographic evolution of the middle Longmen Shan region may
be closely related to tectonic events, such as the 2008 Wenchuan earthquake. We propose that
seismically-induced erosion is a very important component of the total erosion, particularly in
active orogenic regions. Our results demonstrate that the remote sensing technique of differential
DEM provides a powerful tool for evaluating the volume of co-seismic landslides produced in
intermountain regions by strong earthquakes.
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1. Introduction

Landscape evolution in active orogenic areas is influenced by both climate-driven denudation
and tectonic processes [1,2]. It is widely accepted that large dip-slip or oblique-slip earthquakes are
responsible for building high mountains and plateau regions [3,4]. The subsequent effects of strong
earthquakes are believed to be very important in shaping the resultant landscape [4,5]; however, the role
of erosion associated with strong earthquakes has not been quantitatively studied. The quantitative
study of the role of co-seismic landslides is vital to our understanding of the relationship between
earthquakes, landslides, and erosion [6-9], as well as the landscape evolution in tectonically-active
mountain belts. The 2008 Mw 7.9 Wenchuan earthquake triggered numerous landslides, and provided
a rare opportunity to study the geomorphic response to a strong earthquake (Figure 1). Due to the
limitation of available data in previous studies, landslide volumes have typically been derived from
landslide areas using statistical equations [4,10-13]. Researchers also tried using the spaceborne
interferometric synthetic aperture radar (InSAR) [14] and remote sensing and digital terrain model
(DTM) data [15] to evaluate mass wasting volume, but only concentrated on the giant Daguangbao
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landslide. Parker et al. [4] suggested that the co-seismic landslide volume is much larger than the
co-seismic uplift, thus challenging the role of strong earthquakes in mountain building. However,
Lietal. [11] re-evaluated the co-seismic landslide volume based on the Monte Carlo distribution
of lower and upper bounds by running random samplings of the scaling parameters 50,000 times,
and showed that the total co-seismic landslide mass is comparable with the co-seismic uplift.
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Figure 1. Simplified geological structures of the Longmen Shan region. Thick red lines indicate the
co-seismic surface ruptures of the 2008 Mw 7.9 Wenchuan earthquake [16-18]. The gray polygons
indicate the landslide inventory (courtesy of Joshua West and Gen Li), and the yellow polygon indicates
the area covered by the high-resolution DEM.

The evolution of continental relief is controlled by multiple factors, including tectonic forcing
and erosion [2,19-21]. The role of erosion on the morphological evolution of plateau margins has
been widely reported [22-27]; however, the co-seismically-induced erosion associated with strong
earthquakes has rarely been quantitatively reported. Most geomorphological studies [20,22,24,28-30]
have focused on long-term erosion at the million-year scale, and short-term erosion rates at the
thousand-year to decade scale. These erosion rates represent a combination of climatic erosion and
seismically-induced erosion. However, erosion associated with landslides and earthquakes is also one
of the most important influences on topographical evolution [29]. Thus, it is essential to understand
the impact of erosion associated with landslides and earthquakes on long-term average erosion rates.
The seismically-induced erosion could be considered as the mass balance of a strong earthquake,
by removing the landslide materials [31]. A hypothetical erosion variation model which shows the
erosion variation pattern associated with strong earthquakes was proposed by Ouimet [29]. In this
model, the main variation in erosion rate is represented as a rapid increase in erosion rate associated
with the occurrence of an earthquake, which then gradually returns to the pre-earthquake level during
a seismic recurrence interval. A recent study by West et al. [32] suggests that the short-term and
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modern erosion rates obtained before the Wenchuan earthquake are likely to be underestimating the
long-term erosion. Thus, quantitatively comparing the seismically-induced erosion and cosmogenic or
modern hydrological erosion will enhance our understanding of the role of earthquakes in erosion and
geomorphic evolution. Usually, in geomorphological studies, the erosion rates are a mixture of natural
erosion including human influence, earthquakes, etc., because it is difficult for us to distinguish the
sources of erodible materials. The occurrence of the 2008 Mw 7.9 Wenchuan earthquake provides us
with a rare opportunity to quantitatively study the earthquake-induced erosions and distinguish it
from the total erosion. Although previous studies have reported the distribution of erosion rates in the
eastern Tibetan Plateau [22,24,28,30], there are no detailed data from within the middle Longmen Shan
region. In this study, we quantitatively study how co-seismic landslides, particularly those associated
with strong earthquakes such as the 2008 Mw 7.9 Wenchuan earthquake, contribute to the long-term
erosion of active orogenic regions.

2. Tectonic Setting

On the eastern margin of the Tibetan Plateau, the Longmen Shan orogenic belt trends NE-SW
along the strike of the Longmen Shan Thrust Belt, which marks one of the steepest topographic
margins of the plateau. Long-term convergence within the active Longmen Shan region has produced
a steep topographic relief of 5000 m within the 50 km distance from the lowland Sichuan Basin to the
inter-plateau region (Figure 1; [33-35]). The Longmen Shan Thrust Belt consists of three major fault
systems: the Wenchuan-Maowen, Yingxiu-Beichuan, and Guanxian-Anxian fault systems [28,36-38].
There is a consensus that the Yingxiu-Beichuan and Guanxian-Anxian faults are the seismogenic faults
associated with the 2008 Wenchuan earthquake [16-18]. Numerous co-seismic landslides were triggered
due to the co-seismic deformation and strong ground motion along the rupture zone [4,11,25,39,40],
influencing the local erosion rate as well as the topographic evolution.

The erosion rate increases after an earthquake, as the large amount of co-seismic landslide material
associated with the earthquake is gradually transported out of the catchments by the rivers [4,7,8,10].
Recent studies reveal that the residence time of fine-grained sediment from co-seismic landslides
associated with the Wenchuan earthquake ranges from one year to over a century [31]. Calculations
based on 1°Be mixing proportions suggest that river sediment fluxes in the 2-3 years following the
Wenchuan earthquake increased by a similar order of magnitude in the 0.25-1 mm and the <0.25 mm
size fractions, determined from '°Be quartz mixing calculations and hydrological gauging sand,
respectively [32]. During the inter-seismic period, the erosion rate will then gradually return to the
pre-earthquake level [29].

In this study, we use the pre- and post-earthquake digital elevation models (DEM) to derive the
co-seismic landslide volume and to calculate the amount of seismically-induced erosion at one typical
region within the Longmen Shan region [26]. We also compare the amount of erosion obtained from
the differential DEM method with previous results of landslide volumes proposed by Li et al. [11].

3. Data and Methods

In this study, we estimated the seismically-induced erosion associated with landslides using the
DEM differential method [26] and the landslide volume information from Li et al. [11].

Analysis of pre- and post-earthquake DEM data can be used to obtain elevation change
information, which can then be used to detect co-seismic deformation [41]. Here, we use the DEM
differential method [26] to calculate the minimum landslide volume within the landslide area
by subtracting the pre-earthquake DEM from the post-earthquake DEM. In the middle Longmen
Shan region, one typical site (near the Pengguan Massif) was selected to derive the pre- and
post-earthquake DEM. There are no high-resolution DEMs available before the Wenchuan earthquake.
The best pre-earthquake DEM has a resolution of 25 m and has been derived from digital 1:50,000
topographic maps, which were surveyed from stereo pairs of aerial photographs in the 1970s by the
National Administration of Surveying, Mapping, and Geoinformation of China. By comparing the
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pre-earthquake DEM elevation with 14 continuous GPS observation sites, a mean elevation error of
+4.1 m, and a median error of £3.6 m were determined [26]. In the error analysis, the median error is
most appropriate in describing the level of elevation error [42] because the distribution of the elevation
errors is not precisely known.

In this study, a 5-m resolution post-earthquake DEM was derived from 2.5-m resolution stereo
pairs taken from Indian Remote Sensing Satellite P5 (IRS-P5) images (Table 1). The data were acquired
three weeks after the 12 May Wenchuan earthquake in 2008, with almost no cloud [26,27]. In order
to improve the quality of the post-earthquake DEM, we also applied a field ground control points
(GCP) survey using Trimble R8 GPS for at least 15 min at each point (Figure 1), with a continuous
reference station within a range of 50 km. The post-earthquake DEM data is derived using the ground
control points and tie points between the Pan fore and Pan after imagery, by applying the rational
polynomial coefficient (RPC) camera model [43]. The elevation error of the post-earthquake DEM is
obtained by comparing the DEM with 12 field GPS observations spanning approximately ~15-30 min.
The observation error of the GPS survey is less than several centimeters [44]. The mean elevation error
is estimated to be +1.5 m, and the median error is estimated to be 1.2 m [26]. Thus, it is reasonable
to estimate the minimum landslide volume (volume of large and deep-seated landslides) using the
co-seismic elevation change [26]. In order to obtain a higher resolution and, thus, more reliable results,
we first smoothed the post-earthquake DEM data to the same resolution of 25 m as pre-earthquake DEM.
The co-seismic elevation change is derived by the subtraction of the pre- from the post-earthquake
DEMs, and the minimum landslide volume is calculated by summing up the total volume change
within the landslide area. Although our pre-earthquake DEM data is not of as high a resolution as the
post-earthquake DEM data, it is possible to derive an estimate of the volume information of large and
deep-seated landslides.

Table 1. Stereo pairs IRS-P5 Imagery used in post-earthquake DEM derivation.

No. Path Row Date Resolution (m)
1 659 250 20080603
2 659 251 20080603
3 659 252 20080603 2.5
4 659 253 20080603
5 659 254 20080603

4. Results

4.1. Landslide Volume

All landslide volumes within the typical site in the middle Longmen Shan region [26] are derived
from the elevation differences between the pre-and post-earthquake DEM; areas are confined using
the landslide inventory of Dai et al. [40]. Negative and positive values represent the elevation change
in landslide and deposition regions, respectively. The landslide volume is calculated by summing up
the negative elevation change within the landslide area in each catchment, which is the minimum
volume because the co-seismic deformation is also involved. However, the co-seismic deformation
within the deep-seated landslide region is small when compared with the elevation change due to
landslide activity. Thus, it is reasonable to use this data to estimate the average seismically-induced
erosion rate because the deep landslides are the major contributor to landslide volume whose depth is
much larger than the co-seismic uplift. The error represents the volume uncertainties due to the error
of DEM data. Uncertainty in landslide volume leads to variability in the seismically-induced erosion,
but the variability in seismically-induced erosion is generally less than 1/107 of the landslide volume.
Additionally, the variability induced by uncertainty in the landslide volume has little influence on
the spatial pattern of seismically-induced erosion. Since we study the spatial distribution of the
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seismically-induced erosion, the degree of uncertainty in landslide volumes will not alter the spatial
distribution of the seismically-induced erosion.

To reveal the details of seismically-induced erosion within the middle Longmen Shan region,
we derived small catchments to analyze the detailed distribution features of the seismically-induced
erosion within the study area. The landslide volumes within each catchment are derived from the
landslide distribution and volume information from Li et al. [11], and then summed up within
each catchment.

4.2. Erosion Rate

The average erosion depth is calculated by dividing the summed landslide volume by the
corresponding catchment area. A recent study by Wang et al. [31] suggests that the fine-grained
sediment from co-seismic landslides associated with the Wenchuan earthquake will be transported out
of the Longmen Shan region within timescales ranging from one year to over a century. Although we
do not know the precise timescale required for the landslide material to be totally removed from the
catchment area, the summed seismically-induced erosion rate ‘e’ can be assumed to be equal to V/R
(Figure 2), where ‘R’ is the recurrence interval of a Wenchuan-like earthquake, and “V’ is the volume
of the landslide material. Thus, if the landslide material is transported out of the catchment within
a single recurrence interval of ‘R’, then the seismically-induced erosion rate will be e = V/R. If the
removal of the landslide material takes several recurrence intervals, nR, then after each earthquake,
there will be a seismically-induced erosion rate of V/nR. However, during each recurrence interval,
the summed seismically-induced erosion rate will also be V/R (Figure 2), hence, it is reasonable to
assume the seismically-induced erosion rate to be V/R.
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Figure 2. Simplified comparison of erosion rates according to the residence time of the co-seismic
landslide material.

In this study, we used a recurrence interval of 2000-3000 years (much longer than the estimated
residence time of fine-grained sediment), determined from Global Positining System (GPS) and
paleoseismological data (Figure 3) [45—47]. The seismically-induced erosion rates (Enjax and Epin)
are calculated using the recurrence interval of 2000 and 3000 years, respectively. The mean
seismically-induced erosion rate (Eave) is the mean value of Eyjax and Epin.
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Figure 3. The seismically-induced erosion rates derived using the differential DEM method shown
within the area covered by the high-resolution DEM. Erosion rates are calculated within small
catchments by summing up the landslide volume using the elevation difference.

The average seismically-induced erosion rates within small catchments, calculated using the
differential DEM method, range from 0.1-2.4 mm/year (Figure 3, Table 2). Within larger catchments,
the average seismically-induced erosion rates are derived from landslide volumes of Li et al,,
and range from 0-1.3 mm/year (Figure 4, Table 3). The distribution of erosion rates within the
small catchments reveals that the seismically-induced erosion rates are not homogeneous and that
high erosion rates are mainly focused in a narrow corridor near the co-seismic surface rupture
zone (Figures 3 and 4). These high seismically-induced erosion rates are typically not included
when calculating the short-term erosion rate. The long-term erosion rate is an averaged erosion
rate, calculated by averaging all the landslide erosion within numerous recurrence intervals, and is
therefore typically higher than the short-term erosion rate [22,32]. Our studies suggest that the average
seismically-induced erosion within the Longmen Shan region is ~0.4 mm /year with a maximum value
of ~1.3 mm/year (Figure 4). The average pre-earthquake erosion derived from hydrometric stations
is ~0.5 mm/year [24], with a maximum value of ~1.0 mm/year, calculated from 10Be dating [22].
A simple comparison indicates that seismically-induced erosion contributes ~50% to the total erosion.
The erosion distribution also indicates that the seismically-induced erosion is mainly focused in the
Longmen Shan region, and that seismically-induced erosion within the Tibetan Plateau is almost zero.
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Figure 4. The seismically-induced erosion rates within each catchment in the Longmen Shan region.

Erosion rates are calculated using the summed landslide volumes within each catchment.

Table 2. Seismically-induced erosion rates calculated using the differential DEM method within each

catchment shown in Figure 3.

Catchment Area Sum Volume Average EMax EMin Eave Eerror
1 x 10° m?) (1 x 10° m3) Erosion (m) (mm/year) (mm/year) (mm/year) (mm/year)
10.06 251 +0.11 0.25 0.12 0.08 0.1 0.02
15.03 33.97 £1.82 2.26 1.13 0.75 0.94 0.19
41.97 29.50 + 2.84 0.71 0.35 0.23 0.29 0.06
19.62 39.21 £+ 2.58 2.00 1.00 0.67 0.84 0.17
94.66 182.12 + 1.17 1.92 0.96 0.64 0.8 0.16
15.98 69.31 + 5.41 4.34 217 145 1.81 0.36
16.61 24.82 +2.30 1.49 0.75 0.50 0.63 0.13
23.12 133.00 = 7.55 5.75 2.88 1.92 24 0.48
39.73 119.08 + 7.76 3.00 1.50 1.00 1.25 0.25
109.11 163.27 + 0.35 1.50 0.75 0.50 0.63 0.13
11.27 56.14 + 3.07 4.98 2.50 1.67 2.09 0.42
15.15 35.08 £+ 3.29 2.32 1.16 0.77 0.97 0.20
23.73 40.34 +£3.33 1.70 0.85 0.57 0.71 0.14
37.46 94.62 + 8.28 2.53 1.26 0.84 1.05 0.21

Emax means the maximum erosion rate, Ei, means the minimums erosion rate, E,ve means the average erosion rate
and Eerror means the errors of the erosion rate.
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Table 3. Seismically-induced erosion rates derived from the landslide volume data of Li et al. [11]
within each of the catchments shown in Figure 4.

Catchment Area Sum Volume Average EMax EMin Eave Eerror
(1 x 10° m?) (1 x 10° m%) Erosion (m) (mm/year) (mm/year) (mm/year) (mm/year)
124.19 3.96 3.19 1.60 1.06 1.33 0.27
131.45 1.29 0.98 0.49 0.33 0.41 0.08
310.04 2.00 0.64 0.32 0.21 0.27 0.05
685.05 3.58 0.52 0.26 0.17 0.22 0.04
144.67 0.73 0.50 0.25 0.17 0.21 0.04
134.13 0.65 0.49 0.24 0.16 0.20 0.04
282.31 1.19 0.42 0.21 0.14 0.18 0.04
124.54 0.52 0.41 0.21 0.14 0.17 0.03
130.21 0.54 0.41 0.21 0.14 0.17 0.03
128.79 0.52 0.41 0.20 0.14 0.17 0.03
88.53 0.27 0.31 0.15 0.10 0.13 0.03
245.31 0.71 0.29 0.14 0.10 0.12 0.02
197.02 0.46 0.23 0.12 0.08 0.10 0.02
129.22 0.28 0.22 0.11 0.07 0.09 0.02
244.69 0.42 0.17 0.09 0.06 0.07 0.01
272.35 0.40 0.15 0.07 0.05 0.06 0.01
459.91 0.66 0.14 0.07 0.05 0.06 0.01
30.16 0.04 0.12 0.06 0.04 0.05 0.01
251.97 0.29 0.11 0.06 0.04 0.05 0.01
249.58 0.27 0.11 0.05 0.04 0.05 0.01
327.19 0.26 0.08 0.04 0.03 0.03 0.01
52.69 0.03 0.05 0.03 0.02 0.02 0.00
445.14 0.22 0.05 0.03 0.02 0.02 0.00
808.06 0.39 0.05 0.02 0.02 0.02 0.00
514.30 0.25 0.05 0.02 0.02 0.02 0.00
220.88 0.11 0.05 0.02 0.02 0.02 0.00
65.27 0.03 0.05 0.02 0.02 0.02 0.00
187.41 0.08 0.04 0.02 0.01 0.02 0.00
1063.00 0.33 0.03 0.02 0.01 0.01 0.00
613.53 0.15 0.02 0.01 0.01 0.01 0.00
346.56 0.08 0.02 0.01 0.01 0.01 0.00
332.62 0.07 0.02 0.01 0.01 0.01 0.00
394.67 0.07 0.02 0.01 0.01 0.01 0.00
18.42 0.00 0.02 0.01 0.01 0.01 0.00
129.69 0.02 0.02 0.01 0.01 0.01 0.00
394.32 0.07 0.02 0.01 0.01 0.01 0.00
692.51 0.11 0.02 0.01 0.01 0.01 0.00
212.18 0.03 0.01 0.01 0.00 0.01 0.00

5. Discussion

The correlation between the erosion rate and topography is central to our understanding of the
controls on sediment flux, and of the feedback between tectonics, climate, and erosion in shaping
topography [21,48]. In this study, we show the detailed distribution of seismically-induced erosion
due to the 2008 Wenchuan earthquake and quantitatively analyze how it has influenced long-term
erosion in the region.

In geomorphic studies, long-term erosion typically refers to erosion occurring over million-year
timescales, and short-term erosion refers to erosion over timescales ranging from tens to thousands
of years. Erosion rates at the thousand-year timescale typically represent non-seismically-induced
erosion, and are derived using cosmogenic dating methods, such as !°Be and ?°Al. In contrast,
decadal erosion rates are derived from sediment load data recorded by hydrographic gauge stations,
and may not include seismically-induced erosion. These data are collected prior to 2008, almost at
the end of the inter-event time between the prior earthquake and the 2008 Wenchuan earthquake;
hence, these erosion rates do not appear to be affected by the co-seismic landslides of both the 2008
Wenchuan and prior earthquakes. Meanwhile, for the purposes of geomorphic study, erosion
data is usually collected so as to avoid or minimize the influence of landslides, particularly
co-seismic landslides.

The results from a number of previous studies, utilizing a variety of data and techniques, suggest
high erosion rates along the plateau margin: e.g., Kirby et al. [28] calculated long-term erosion rates
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using low-thermochronology dating, Godard et al. [22] and Ouimet et al. [30] calculated short-term
erosion rates using "Be and 2°Al dating, and Liu-Zeng et al. [24] calculated modern erosion from
hydrological gauge data. Consequently, we can conclude that high erosion rates are primarily focused
in a narrow strip (200 km in width) along the plateau margin and the region bounding the Longmen
Shan Thrust Belt. High seismically-induced erosion rates are due to a high concentration of co-seismic
landslides, thus, such high erosion rates will occur predominantly in the regions bounding the fault
zone, especially the hanging wall near the co-seismic surface rupture. Our results reveal that the
high seismically-induced erosion rates are further concentrated within a narrow corridor bounding
the Longmen Shan (~50 km in width) within the previously-demonstrated high denudation zone
(Figure 5). It is difficult for us to distinguish the sources of erodible materials, hence, we could only
compare the erosion associated with co-seismic landslides and the total natural erosion. Our results
reveal that the erosion associated with co-seismic landslides contributes ~50% to the total natural
erosion rate within the middle Longmen Shan region.
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Figure 5. (a) Distribution of short-term erosion rates from previous studies (modified from
Reference [24]) and (b) seismically- induced erosion rates from this study.

Our results also reveal that the erosion rates distribution was additionally affected by the size of
the catchment. The uncertainties of our study indicate that the variability in seismically-induced
erosion is generally less than 1/107 of the landslide volume, which also has little influence on
the spatial pattern of seismically-induced erosion. The highest seismically-induced erosion rate
is ~2.4 mm/year (Figure 3), while the average erosion rate is ~0.7 mm/year, derived from catchments
with an average area of ~30 km? (Table 2). The highest erosion rate in the largest catchment covered by
the high-resolution DEM data is ~0.41 mm/year (Figure 4, Table 3), derived from catchments with
an average area of ~300 km?, which is 10 times larger than the catchment size used in the differential
DEM method. Previously-reported erosion rates in the Longmen Shan region have been calculated
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using different methods and sizes of catchments. The erosion rates from Ouimet et al. [30] were
derived from small catchments (several tens of km?) using cosmogenic dating; in contrast, the erosion
rates of Liu-Zeng et al. [24] were derived from large catchments (hundreds to thousands of km?)
using hydrological gauge data. The erosion rates from Kirby et al. [28] were roughly estimated using
sparsely-distributed low-thermochronological dating results. Thus, when using these erosion rates,
we need to consider the size of the catchment, as well as the method used to derive them. Erosion rates
derived from larger catchments or regions could reveal large-scale features of regional evolution of the
plateau margins [24,28], whereas erosion rates derived from smaller catchments, such as those in this
study, may reveal smaller-scale detailed features of the topographic evolution within the Longmen
Shan fault zone.

6. Conclusions

In order to quantitatively analyze the contribution from seismically-induced erosion to the
topographic erosion in the Longmen Shan region, we have distinguished the seismically-induced
erosion from the total erosion and quantitatively compared the seismically-induced erosion, short-term
erosion, and long-term erosion rates. The results show that earthquake-triggered erosion has played an
important role in shaping the landscape in the middle Longmen Shan region. The comparison indicates
that the seismically-induced erosion contributes ~50% of the long-term erosion, which is comparable
with the shorter-term erosion (Figure 5). If the seismically-induced erosion could account for ~50% of
the long-term erosion, then the topographic evolution in the Longmen Shan region should be closely
related to repeated tectonic events, such as the 2008 Wenchuan earthquake. Thus, in tectonically-active
mountain ranges, erosion associated with strong earthquakes will play a major role in controlling the
landscape evolution.

Based on a comparison of the pre- and post-Wenchuan earthquake topography, previous study
also demonstrated that the slope and roughness are closely related to large tectonic events, such as
the Wenchuan earthquake [26]. Thus, in conclusion, the role of seismically-induced erosion cannot be
ignored in geomorphic studies, particularly in active orogenic regions. Our results also demonstrate
that differential DEM is a powerful remote sensing technique for the evaluation of the volume of
co-seismic landslides produced in intermountain regions by strong earthquakes.
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