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Abstract 27 

Earthquakes cause widespread landslides that can increase erosional fluxes observed 28 

over years to decades. However, the impact of earthquakes on denudation over the 29 

longer timescales relevant to orogenic evolution remains elusive. Here we assess 30 

erosion associated with earthquake-triggered landslides in the Longmen Shan range at 31 

the eastern margin of the Tibetan Plateau. We use the Mw 7.9 2008 Wenchuan and Mw 32 

6.6 2013 Lushan earthquakes to evaluate how seismicity contributes to the erosional 33 

budget from short timescales (annual to decadal, as recorded by sediment fluxes) to 34 

long timescales (kyr to Myr, from cosmogenic nuclides and low temperature 35 

thermochronology). Over this wide range of timescales, the highest rates of 36 

denudation in the Longmen Shan coincide spatially with the region of most intense 37 

landsliding during the Wenchuan earthquake. Across sixteen gauged river catchments, 38 

sediment flux-derived denudation rates following the Wenchuan earthquake are 39 

closely correlated with seismic ground motion and the associated volume of 40 

Wenchuan-triggered landslides (r
2
 > 0.6), and to a lesser extent with the frequency of 41 

high intensity runoff events (r
2
 = 0.36). To assess whether earthquake-induced 42 

landsliding can contribute importantly to denudation over longer timescales, we 43 

model the total volume of landslides triggered by earthquakes of various magnitudes 44 

over multiple earthquake cycles. We combine models that predict the volumes of 45 

landslides triggered by earthquakes, calibrated against the Wenchuan and Lushan 46 

events, with an earthquake magnitude-frequency distribution. The long-term, 47 

landslide-sustained “seismic erosion rate” is similar in magnitude to regional 48 

long-term denudation rates (~0.5-1 mm yr
-1

). The similar magnitude and spatial 49 

coincidence suggest that earthquake-triggered landslides are a primary mechanism of 50 

long-term denudation in the frontal Longmen Shan. We propose that the location and 51 

intensity of seismogenic faulting can contribute to focused denudation along a 52 

high-relief plateau margin.   53 
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1. Introduction 54 

Mountain erosion affects rates and patterns of crustal deformation including 55 

seismogenic faulting [e.g., Steer et al., 2014] and flexural-isostatic responses [e.g., 56 

Molnar and England, 1990], and influences the geological carbon cycle and 57 

consequently the climate system [e.g., Raymo et al., 1988; Wang et al., 2016]. Large 58 

earthquakes are thought to play an important role in the denudation of 59 

tectonically-active mountain ranges because they cause widespread landslides that 60 

generate large volumes of clastic sediment [Keefer, 1994; Larsen et al., 2010; Hovius 61 

et al., 2011; Parker et al., 2011; Wang et al., 2015a]. Delivery of landslide debris to 62 

rivers and the subsequent fluvial evacuation can increase erosion rates over years to 63 

decades [e.g., Hovius et al., 2011; Wang et al., 2015a]. However, over longer 64 

timescales relevant to orogenic evolution (10
4
-10

6
 yr), the role of earthquakes in 65 

denudation remains less well constrained, even though the volume of seismically 66 

triggered landslides may be sufficient to partly or wholly counteract seismically 67 

induced rock uplift [Parker et al., 2011; Hovius et al., 2011; Li et al., 2014; Marc et al., 68 

2016a]. 69 

 70 

Detailed mapping of landslides [e.g., Keefer, 1994; Parker et al., 2011; Li et al., 2014; 71 

Xu et al., 2015] and hydrological gauging of sediment fluxes [e.g., Hovius et al., 2011; 72 

Wang et al., 2015a] capture the aftermath of individual events. Across multiple events, 73 

landslide volume scales with earthquake magnitude [Keefer, 1994; Malamud et al., 74 

2004; Marc et al., 2016b]. Combined with return time statistics for earthquakes, this 75 

scaling relationship can yield an estimate of long-term landslide rate that should 76 

reflect a “seismic erosion rate” associated with repeated earthquakes, assuming fluvial 77 

evacuation of landslide debris [Keefer, 1994; Malamud et al., 2004; Lavé and 78 

Burbank, 2004; Li et al., 2014; Marc et al., 2016a]. Keefer (1994) found that seismic 79 

erosion rates are comparable to fluvial sediment yields measured in several regions. 80 

Cosmogenic nuclide and thermochronology datasets allow us to expand this approach 81 

to consider denudation rates measured over longer timescales that encompass multiple 82 

earthquakes and that are more relevant to mountain belt evolution. In this study, we 83 

focus on the Longmen Shan region of central China, where the 2008 Mw 7.9 84 

Wenchuan and 2013 Mw 6.6 Lushan earthquakes allow us to make estimates of 85 

seismic erosion rates. We evaluate both the spatial distribution and magnitude of these 86 

rates in the context of datasets from fluvial sediment fluxes, cosmogenic nuclides, and 87 

low-temperature thermochronology [e.g., Kirby et al., 2002; Ouimet et al., 2009; 88 

Godard et al., 2010; Liu-Zeng et al., 2011; Wang et al., 2015a].  89 

 90 

The steep Longmen Shan mountain range defines the eastern margin of the Tibetan 91 

Plateau. This region has been at the nexus of contentious debates over the importance 92 

of motion along shallow faults versus ductile flow of lower crust for collisional 93 

mountain building [e.g., Clark and Royden, 2000; Hubbard and Shaw, 2009]. Focused 94 

denudation along the steep topographic front of such plateau margins may exert an 95 

important influence on deformation [e.g., Beaumont et al., 2001]. However, the 96 

relative roles of tectonic and climatic drivers of denudation – and thus the link 97 
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between climate and the geodynamic processes – remain unresolved, both for the 98 

Longmen Shan [e.g., Ouimet et al., 2009; Godard et al., 2010; Liu-Zeng et al., 2011] 99 

and elsewhere. We aim to gain new general insight into the long-term role of seismic 100 

erosion in tectonically active mountains and how it may contribute to focused 101 

denudation along the eastern margin of the Tibetan plateau. 102 

 103 

2. Setting 104 

With elevations rising to higher than 5 km over a 50 km horizontal distance, the 105 

eastern Longmen Shan flank represents one of Earth’s steepest plateau margins [Clark 106 

and Royden, 2000; Densmore et al., 2007; Burchfiel et al., 2008]. Several Yangtze 107 

headwater rivers (mainly the Min Jiang, Fu Jiang, Tuo Jiang, Qingyi Jiang and Dadu 108 

He) drain from the Longmen Shan into the Sichuan Basin (Figure 1a). A series of 109 

dextral-thrusting, oblique-slip faults bound the mountain front and comprise the 110 

Longmen Shan fault system [Densmore et al., 2007; Burchfiel et al., 2008]. The 111 

bedrock geology consists mainly of Proterozoic basement granitoids and high-grade 112 

metamorphic rocks, metamorphosed sedimentary rocks of a Paleozoic passive margin 113 

sequence, unmetamorphosed sedimentary rocks associated with a Mesozoic 114 

foreland-basin succession, and limited Cenozoic sediments [Burchfiel et al., 2008]. 115 

Climatically, the Longmen Shan range is located at the transition between the 116 

domains dominated by the east Asian monsoon and the westerlies. Across the 117 

Longmen Shan, average annual rainfall decreases from the margin (~1100 mm yr
-1

) 118 

towards the plateau (as low as ~ 600 mm yr
-1

) [Liu-Zeng et al., 2011]. This regional 119 

climate pattern is largely determined by the high topography, which acts as an 120 

orographic barrier and may also affect atmospheric circulation by heating of the 121 

atmosphere [Molnar et al., 2010 and references therein]. Precipitation is highly 122 

seasonal, with most rainfall during the wet season from June to September. 123 

 124 

The Mw 7.9 Wenchuan earthquake on May 12
th

, 2008 initiated in the southern 125 

Longmen Shan, near the town of Yingxiu, and ruptured northeastward for ~270 km 126 

along the Longmen Shan fault system (Figure 1a) [Burchfiel et al., 2008; Shen et al., 127 

2009]. The strong ground motion triggered > 56,000 landslides in the steep 128 

mountainous topography (Figure 1a) [Parker et al., 2011; Li et al., 2014; Xu et al., 129 

2014]. These seismically induced landslides introduced large volumes of clastic 130 

sediment into the fluvial system, estimated to total ~3 km
3
 [Li et al., 2014]. Prior 131 

work has aimed to understand the effects on sediment transport. Li et al. (2014) 132 

documented the spatial pattern and volume of landsliding, and Li et al. (2016) 133 

assessed the connectivity of these landslides to the river network as a means of 134 

understanding their behavior as sediment sources. Wang et al. (2015a) used data from 135 

the Chinese Hydrology Bureau to quantify suspended sediment transport rates. After 136 

the Wenchuan earthquake (2008-2012), suspended sediment fluxes from the Min 137 

Jiang, Fu Jiang and Tuo Jiang catchments increased by 3 to 7 times compared to 138 

pre-earthquake levels (2006-2007). Based on 
10

Be concentrations in quartz from Min 139 

Jiang riverbed sands, West et al. (2014) suggested that bedload transport rates had 140 

increased by a similar order of magnitude to those of suspended load. The present 141 
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study takes advantage of this prior work, including the landslide inventory and 142 

sediment fluxes, in order to compare spatial patterns of denudation across a range of 143 

timescales.  144 

 145 

We use the Mw 6.6 Lushan event as an additional constraint on the magnitude of 146 

seismic erosion rates. The Lushan earthquake occurred on April 20
th

, 2013 in the 147 

southern Longmen Shan, 80 km south of the Wenchuan epicenter (Figure 1a). This 148 

event initiated on a ramp in the range-front blind thrust fault, in the footwall of the 149 

Wenchuan rupture [Wang et al., 2014]. As in the Wenchuan event, widespread 150 

landsliding occurred in the southern Longmen Shan range during the Lushan 151 

earthquake. Xu et al. (2015) reported more than 20,000 co-seismic landslides, with a 152 

total area of 18.88 km
2
 and an estimated volume of 0.042 km

3
 across the region of the 153 

Lushan earthquake.  154 

 155 

3. Materials and Approaches 156 

3.1. Landslide inventory  157 

For the Wenchuan earthquake, co-seismic and immediately post-seismic landslides 158 

(within six months after the earthquake) were mapped by Li et al. (2014). Landslide 159 

volumes were calculated from empirical landslide area-volume scaling relations [e.g., 160 

Larsen et al., 2010]. We assume that mapped landslides mainly resulted from the 161 

Wenchuan mainshock because we find that aftershocks contributed <5% of the total 162 

seismic moment release across the Longmen Shan, based on the seismic catalog 163 

spanning over six months following the mainshock [CSN Catalog, 2015]. This finding 164 

is consistent with observations from other earthquakes that suggest most landslides 165 

occur during the main shock [e.g., Roback et al., 2017]. Additional volume associated 166 

with post-seismic (e.g., storm-triggered) landslides is likely to be on the order of a 167 

few percent of the total landslide volume [Li et al., 2016 and references therein].  168 

 169 

For the landsides triggered by the Lushan earthquake, we refer to the landslide 170 

inventory compiled by Xu et al. (2015), who also used empirical scaling relationships 171 

reported in Larsen et al. (2010) to estimate volumes from a landslide map based on 172 

satellite imagery. Xu et al. (2015) mapped Lushan landslides using images collected 173 

from April – May 2013, around five years after the Wenchuan earthquake but 174 

immediately after the Lushan event. Also, there is not much overlap between the 175 

mapping extents and the intensive shaking zones for the Lushan and Wenchuan events 176 

[Li et al., 2014; Xu et al., 2015]. Thus we expect limited influence on the mapped 177 

Lushan landslides from the Wenchuan earthquake. 178 

 179 

3.2. Geomorphic characterization 180 

In evaluating the spatial patterns of denudation in the Wenchuan region, we focus on 181 

three main catchments (Min Jiang, Fu Jiang and Tuo Jiang), comprising sixteen 182 

sub-catchments as delineated by Li et al. (2016) (Figure 1b and Table S1). SRTM30 183 

digital elevation model (DEM) data have incomplete coverage of the study region, so 184 

we used void-filled SRTM90 DEM data for topographic analysis [Jarvis et al., 2008]. 185 
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Slopes were calculated using standard algorithms provided in the ArcGIS platform 186 

(Figure 1d). Although the derived slopes vary as a function of DEM resolution [e.g., 187 

Larsen et al., 2014], the biases are systematic (e.g., Figure S1) so we expect little 188 

influence on the relative trends between different catchments. Relief was determined 189 

as the ranges of elevations in 2.5 km-radius and 5 km-radius circular windows. We 190 

also calculated the volumetric density of landslides (m
3
 km

-2
, landslide volume per 191 

unit catchment area) within each studied catchment (Table S1) and along a swath 192 

profile A-A’ (Figure 1f). We derived channel steepness indexes (ksn, normalized to θref 193 

= 0.45, cf. Ouimet et al., 2009; symbol notation listed in Table 1) using the Stream 194 

Profiler toolbox (http://www.geomorphtools.org). DEM cells with drainage area < 1 195 

km
2
 were excluded to remove colluvial landscapes [Li et al., 2016]. To characterize 196 

ground motion associated with the Wenchuan earthquake, we used gridded peak 197 

ground acceleration (PGA) data obtained from the USGS ShakeMap (USGS Hazard 198 

Program, http://earthquake.usgs.gov/earthquakes).  199 

 200 

3.3. Hydrological data  201 

Wang et al. (2015a) analyzed data from the Chinese Hydrology Bureau and calculated 202 

total suspended load fluxes and runoff from 16 gauging stations across the Longmen 203 

Shan catchments (Figure 1a). This data covered both the pre-Wenchuan (2006-2007) 204 

and the post-Wenchuan (2008-2012) time periods. Using this dataset, Li et al. (2016) 205 

derived the suspended load fluxes for sub-catchments, by taking the differences 206 

between fluxes gauged at one station and all neighboring upstream stations, following 207 

a mass balance principle [Li et al., 2016]. Three sub-catchments yielded negative 208 

sediment fluxes, attributed to large sedimentary sinks such as reservoirs. As in Li et al. 209 

(2016), these were excluded from analysis (catchments labeled as “N.A.” in Figure 210 

1b).  211 

 212 

Based on the gauged discharge and catchment area, we derived annual runoff for 213 

sub-catchments using an analogous mass balance approach to that for calculating 214 

sediment fluxes. Wang et al. (2015a) suggested that high magnitude runoff events play 215 

an important role in post-Wenchuan suspended sediment transport. We explored 216 

different thresholds for high magnitude runoff and found that a 6 mm day
-1

 threshold 217 

best correlated with denudation rates (Figure S2 in Supporting Information), close to 218 

the 5 mm day
-1

 used by Wang et al. (2015a). We also calculated specific stream power 219 

(ω) adopting the approach of Burbank et al. (2003) (details in Supporting Information) 220 

using our compiled runoff and topography data. 221 

 222 

3.4. Calculation of sediment flux-derived (“short term”) denudation rates 223 

The total mass flux from a river catchment (i.e., the denudation rate) includes 224 

suspended, bedload, and dissolved load. To calculate total denudation rates, we 225 

adopted the approach of Liu-Zeng et al. (2011), who determined a pre-Wenchuan 226 

earthquake ratio of dissolved load to suspended load of 19±6%, and a ratio of bedload 227 

to suspended load of 25±15%. After the earthquake (2009-2012), Jin et al. (2016) 228 

measured solute fluxes at two sites (Zhenjiangguan and Weizhou, Figure 1a) in the 229 
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Min Jiang catchment, yielding a post-earthquake dissolved:suspended load ratio of 230 

19±7% (Table S3 and text in Supporting Information), similar to pre-earthquake 231 

estimates. Measurements of 
10

Be concentrations in detrital quartz from bed sediments 232 

collected in 2009-2010 [West et al., 2014] indicate that, after the earthquake, bedload 233 

increased by a similar factor as suspended load. Thus the bedload:suspended load 234 

ratio is likely to be similar to that reported prior to the earthquake, i.e., 25±15%. 235 

Using these ratios between the dissolved load, bedload and suspended load, we 236 

calculated total denudation fluxes (t yr
-1

) from the suspended sediment fluxes and 237 

converted these to denudation rates (mm yr
-1

), assuming material density of 2.65×10
3
 238 

kg m
-3

 [cf. Liu-Zeng et al., 2011]. To account for low-relief, frontal plains, which are 239 

expected to contribute little to the denudation flux, we normalized the calculated 240 

denudation rates to the fraction of mountainous area (defined as areas > 800 m 241 

elevation) in each catchment (Figure 1b and Table S1). We have examined 242 

relationships between these denudation rates and various hydrological and 243 

topographic metrics we have calculated for the Longmen Shan (Section 3.2, 3.3). 244 

 245 

3.5. Compilation of long-term (kyr to Myr) denudation rates 246 

To characterize the denudation of the Longmen Shan over longer timescales, we 247 

compiled 
10

Be-derived catchment-scale millennial denudation rates [Ouimet et al., 248 

2009; Godard et al., 2010; Ansberque et al., 2015] and refer to a data set of bedrock 249 

cooling ages and corresponding exhumation rates across the mountain range from 250 

low-temperature thermochronology studies (apatite fission track (AFT), apatite 251 

(U-Th)/He (AHe), zircon fission track (ZFT) and zircon (U-Th)/He (ZHe)), compiled 252 

by Tian et al. (2013) [data from Arne et al., 1997; Kirby et al., 2002; Richardson et al., 253 

2008; Godard et al., 2009; Wang et al., 2012; Tian et al., 2013]. Tian et al. (2013) 254 

converted the cooling ages to time-averaged exhumation rates assuming a 255 

one-dimensional, steady state upper crustal section and taking into account the effects 256 

of cooling rate on closure temperature together with heat advection during 257 

exhumation, following Reiners and Brandon (2006). For geothermal gradient, Tian et 258 

al. (2013) assumed a pre-exhumation geothermal gradient of 20 °C km
-1

, which yields 259 

a syn-exhumation gradient of 23-30°C km
-1

, consistent with the present geothermal 260 

gradient in the Longmen Shan determined from thermal logging of local boreholes (> 261 

4.5 km deep) and numerical modeling [Tian et al., 2013]. Uncertainties on the 262 

exhumation rates were propagated from uncertainties on thermochronology 263 

measurements [Tian et al., 2013].  264 

 265 

3.6. Calculation of seismic erosion rate over multiple earthquake cycles 266 

3.6.1. Approach to calculating seismic erosion rate 267 

Over multiple recurrence cycles, earthquakes of various magnitudes occur at different 268 

frequency. To characterize the cumulative effect, we defined a seismic erosion rate 269 

(mm yr
-1

) as the total volume of landslides triggered over multiple earthquake cycles 270 

and over a specified area, following Keefer (1994): 271 

 272 
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 274 

where t represents the total time (yr) over which repeated earthquakes are integrated, 275 

A is the area of the region of landslide occurrence, N(Mw) is the number of 276 

landslide-triggering earthquakes in the magnitude bin [Mw, Mw+0.1], and VL(Mw) 277 

refers the corresponding landslide volume triggered by an earthquake of magnitude 278 

Mw. 279 

 280 

Based on the Wenchuan landslide data, we assumed that all landslides have occurred 281 

within an intensive erosion zone along the frontal Longmen Shan (Section 4.1), with 282 

an area of 170 km×80 km (A). This area, to first order, matches the areal extent of 283 

landslide occurrence predicted for a Mw 8 event by Keefer (1994), and the length of 284 

this region also approximates the rupture length of the Wenchuan earthquake 285 

[Burchfiel et al., 2008]. By distributing the total volume of earthquake-triggered 286 

landslides over area A and time period t, we obtain a spatially and temporally 287 

averaged rate of seismic erosion. 288 

 289 

To calculate a seismic erosion rate from Eq. 1, we adopted a numerical integration 290 

approach (after Keefer, 1994; see details in Supporting Information). This approach 291 

combines (1) a scaling relationship between earthquake magnitude and the volume of 292 

earthquake-triggered landslides (Section 3.6.2) and (2) a statistical description of 293 

earthquake magnitude and corresponding frequency throughout an earthquake 294 

sequence (Section 3.6.3). Summing the landslide volumes throughout a full 295 

earthquake sequence, we determined the total volume of landslides occurring over a 296 

time period t that captures multiple earthquake cycles, yielding a long-term seismic 297 

erosion rate (Eq. 1).  298 

 299 

3.6.2. Earthquake magnitude-landslide volume scaling relations: predictive 300 

models of the total volume of earthquake-triggered landslides 301 

Descriptions of the landslide volume associated with earthquakes range from simple 302 

empirical regression of volume versus earthquake magnitude [e.g., Keefer, 1994; 303 

Malamud et al., 2004] to models that seek to capture the mechanics of landslide 304 

triggering, including slope stability as it relates to hillslope angles and near-surface 305 

rock strength [e.g., Gallen et al., 2015; Marc et al., 2016b]. Large uncertainties plague 306 

the empirical regressions, whereas the more mechanistic models – although able to 307 

reproduce global patterns [e.g., Marc et al., 2016b] – include parameters that are often 308 

not precisely known, for example those describing rock strength, earthquake asperity 309 

depth, and ground motion attenuation. To capture this range of approaches, we 310 

estimated seismic erosion rates using both empirical regression and the model of Marc 311 

et al. (2016b). We also calculated rates with a Longmen Shan-specific landslide 312 

volume model based on locally-calibrated parameters and ground motion equations. 313 

To most accurately estimate seismic erosion rates for the Longmen Shan region, we 314 
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evaluated the predictions of these different models with reference to the observed 315 

landslide volumes from the Wenchuan and Lushan cases (see Section 5.1). The global 316 

empirical regression model, global seismologically-based model, and Longmen 317 

Shan-specific model are summarized as follows. 318 

 319 

Global empirical regression: Keefer (1994) and Malamud et al. (2004) compiled a 320 

global dataset of landslide inventories triggered by large earthquakes. They reported a 321 

logarithmic scaling relation between the total volume of landslides triggered by an 322 

earthquake, VL, and earthquake magnitude, Mw [Malamud et al., 2004]: 323 

 324 

Log10VL = 1.42Mw – 11.26 (± 0.52)       (2) 325 

 326 

Global seismologically-based landslide model: Marc et al. (2016b) developed an 327 

approach to predict the total volume of earthquake-triggered landslides, taking into 328 

account seismogenic characteristics (e.g., seismic moment and asperity depth), 329 

landscape steepness, and material sensitivity (rock strength and pore pressure). We 330 

adopted this model using seismogenic and topographic parameters appropriate for the 331 

Wenchuan and Lushan earthquakes (see discussion in Section 4.3.1 and more details 332 

in Supporting Information). 333 

 334 

Longmen Shan-specific landslide model: Using local observations of ground motion 335 

attenuation, we derived an earthquake magnitude-landslide volume scaling relation 336 

specific for the Longmen Shan (details in Supporting Information). In brief, we first 337 

defined a landslide volume-PGA relation using the Wenchuan data (following 338 

Meunier et al., 2007; Figure S3a in Supporting Information). We combined this with a 339 

locally-calibrated equation describing ground motion attenuation in the Longmen 340 

Shan and neighboring areas [Cui et al., 2012; Wang et al., 2015b; and references 341 

therein]: 342 

 343 

Log10PGA = c1 + c2Mw + c3Log10(D + c4)       (3) 344 

 345 

where D represents distance to fault trace and c1, c2, c3 and c4 are empirical 346 

parameters, determined empirically from the Wenchuan data and other earthquakes in 347 

the Longmen Shan and neighboring region (see Figure S3b in Supporting 348 

Information). Combining the landslide volume-PGA relation and the PGA-Mw relation 349 

allows us to calculate the landslide volume for earthquakes across a range of 350 

earthquake magnitudes. The relation between earthquake magnitude and landslide 351 

volume can be well described by a logarithmic fit (r
2
 = 0.99): 352 

 353 

Log10VL = 23.77Log10Mw – 11.91(±0.07)      (4) 354 

 355 

Slope angles also influence where landslides occur during earthquakes [Gallen et al., 356 

2015; Marc et al., 2016b]. The Newmark model framework adopted by Gallen et al. 357 

(2015) accounts for slope angles but depends on assumptions about landslide 358 
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geometry, complicating its application in this case. However, consistent with studies 359 

of other earthquakes [Meunier et al., 2007], we find that in the case of the Longmen 360 

Shan PGA provides a good first-order empirical prediction of regional patterns in 361 

landslide occurrence without considering differences in slope angle (Figure S3a), 362 

perhaps because regional variability in slopes is relatively small when compared to 363 

PGA (Figure 1). 364 

 365 

3.6.3. Longmen Shan earthquake sequence  366 

Inferring a long-term seismic erosion rate from landslide volume predictions requires 367 

assumptions about the earthquake population over the timescales of multiple 368 

earthquake cycles. We simulated a sequence of earthquakes with various magnitudes 369 

using available seismological data from the Longmen Shan region. Because the 370 

Wenchuan earthquake ruptured almost the full length of the Longmen Shan frontal 371 

fault system [Burchfiel et al., 2008], Mw~8 represents a reasonable upper bound for 372 

earthquake magnitudes in the study area. We chose Mw~5 as a minimum magnitude 373 

for landslide triggering [Marc et al., 2016b]. The occurrence times of earthquakes of 374 

various magnitudes were determined using an earthquake frequency-magnitude 375 

distribution, with reference to regional historic seismicity data (China Earthquake 376 

Networks Center, 1657-2013) [Wang et al., 2015b] and results from 377 

paleoseismological and geodetic studies that suggest a recurrence interval (T) for 378 

Wenchuan-like events of 500 to 4000 years [Densmore et al., 2007; Shen et al., 2009; 379 

Thompson et al., 2015]. Across this range, the frequency-magnitude distribution of 380 

the Longmen Shan earthquakes could be well described using a truncated G-R 381 

function [Utsu, 1999 and references therein]. For the shortest estimated T (~500 years) 382 

[Thompson et al., 2015], Longmen Shan earthquake occurrence follows a classical, 383 

linear G-R relation. 384 

 385 

To estimate seismic erosion rates following Eq. 1, we integrated predictions of the 386 

landslide volumes across the simulated earthquake sequences. Predicted landslide 387 

volumes are sensitive to the source depth of each simulated earthquake (see details in 388 

Supporting Information). For the global seismologically-based model [Marc et al., 389 

2016b], we assumed a scaling relation between earthquake magnitude and focal depth, 390 

calibrated using the Wenchuan and the Lushan data. For the Longmen Shan-specific 391 

model, we used the scaling between earthquake magnitude and focal depth to define a 392 

characteristic landslide-triggering depth for each earthquake magnitude. We assumed 393 

that only earthquakes shallower than this depth cause landslides. For a given 394 

magnitude, we estimated the proportion of events with a focal depth shallower than 395 

this threshold based on a local seismic catalog [CSN Catalog, 2015; see Figure S4].  396 

 397 

3.6.4. Failure and resetting of hillslopes over earthquake cycles 398 

In using scaling relationships to calculate seismic erosion rate over multiple 399 

earthquake cycles, we have assumed that for each event there are sufficient hillslopes 400 

that are prone to fail. Following one earthquake cycle, failed hillslopes need to be 401 

re-weakened and re-steepened to initiate new landsliding in the following earthquake 402 
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cycle. We estimate that for the Longmen Shan, the pace of hillslope resetting is 403 

capable of keeping up with earthquake recurrence. For example, if we assume that the 404 

landscape fails following a patchwork fashion, then each earthquake triggers 405 

landslides on a different part of the unfailed landscape, allowing the failed hillslopes 406 

time to recover [e.g., Parker et al., 2015]. During the Wenchuan earthquake, around 1% 407 

of the high PGA-area (>0.2 g) was impacted by landsliding [Li et al., 2014]. Thus to 408 

fail the full landsliding-susceptible landscape would take ~100 earthquake cycles, or 409 

50-400 kyrs (given an estimated return time of Wenchuan-like events of ~500-4000 410 

yrs, see Section 3.6.3). If landscapes are steepened by river incision, the steepness 411 

resetting time (i.e., time required for resetting the failed landscape to pre-Wenchuan 412 

steepness) can be approximated as the ratio of the landslide depth versus the channel 413 

incision rate. We estimate an average steepness resetting time of ~6-26 kyr, or ~2-50 414 

earthquake cycles for the Longmen Shan region (based on a mean Wenchuan 415 

landslide depth of ~6-13 m [Gallen et al., 2015] and a regional incision rate of ~0.5-1 416 

mm yr
-1

 [Tian et al., 2015 and references therein]). This resetting time is much shorter 417 

than the 50-400 kyr to fully fail the landscape. Similarly, for a Longmen Shan 418 

chemical denudation rate of ~0.1-0.2 mm yr
-1

 [Liu-Zeng et al., 2011, and references 419 

therein] we anticipate that re-weakening of hillslope material to a depth of ~6-13 m 420 

would take 30-130 kyr. Therefore, regional channel incision and chemical weathering 421 

propagation rates should be fast enough to re-steepen and re-weaken failed landscapes, 422 

rejuvenating hillslopes for landsliding over multiple earthquake cycles. 423 

 424 

4. Results and Discussion 425 

4.1. Intensive and persistent denudation along the frontal Longmen Shan across 426 

timescales, and its relation to seismically triggered landsliding 427 

4.1.1. Zone of focused denudation 428 

Profiles of short-term denudation rates calculated from hydrological gauging and 429 

longer-term denudation rates from cosmogenic nuclides and thermochronology are 430 

shown in Figures 1 and 2, respectively. Rates are highest along the eastern Longmen 431 

Shan front and decrease towards the Tibetan Plateau along the A-A’ trend. Based on 432 

these observations, we delineate an 80 km-wide zone of intensive erosion 433 

perpendicular to the strike of the mountain range (bounded by dashed blue lines in 434 

Figure 1c). This distinct zone features steep topography, maximum PGA, and the 435 

highest concentration of Wenchuan-triggered landslides (Figure 1c and Figure 1e). 436 

This region of intensive denudation was also identified by Liu-Zeng et al. (2011) 437 

based on denudation rates calculated from 1960s-1980s hydrological gauging data, 438 

though their rates were slightly higher (up to 0.5-0.8 mm yr
-1

) than our pre-Wenchuan 439 

(2006-2007) estimates (0.24±0.04 mm yr
-1

). The difference is consistent with 440 

background declines in both water discharge and sediment flux in the Yangtze basin 441 

over the past 50 years, attributed in part to decreased precipitation as well as to human 442 

activities like dam building [Yang et al., 2015].  443 

 444 

Long-term denudation rates (Section 3.5) along the A-A’ trend (Figure 2a, b, c, d and 445 

e) are also higher (> 0.5 mm yr
-1

) along the front of the eastern Longmen Shan, 446 
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compared to the western (plateau) side. The similarity to sediment flux-derived rates 447 

suggests a persistent denudation pattern across both modern and longer-term 448 

timescales. Both patterns are, to first order, similar to the distribution of the Wenchuan 449 

co-seismic landslides (Figure 2b, c, d and e). We suggest that seismicity associated 450 

with the Longmen Shan fault system, which runs along the front of the range, 451 

provides a mechanism for generating repeated landslides in this zone, as seen during 452 

the Wenchuan earthquake. The spatial coincidence of these landslides with measured 453 

denudation rates is consistent with landslides sustaining denudation fluxes across a 454 

wide range of timescales.     455 

 456 

Additional second-order features in the exhumation data from the Longmen Shan 457 

include two local high rates to the west (Figure 2e), beyond the region of most active 458 

landsliding associated with the Wenchuan earthquake. The extent to which these high 459 

rates are also explained by earthquake-triggered landsliding is unclear, but some 460 

evidence suggests that they might be. The high exhumation rates around 160 km 461 

distance along the A-A’ transect (Figure 2e) are located along the Wenchuan-Maowen 462 

fault (WMF, Figure 2f), another major thrust fault within the Longmen Shan. Rapid 463 

exhumation in this region has been attributed to active thrusting of the WMF in the 464 

late Cenozoic [Tian et al., 2013 and references therein]. Accompanying seismic 465 

activity could have triggered earthquake-triggered landsliding, converting uplifted 466 

mass to clastic sediment, enhancing denudation fluxes, and leaving imprints in the 467 

exhumation rates seen today. The other zone of locally elevated rates, closer to the 468 

plateau (Figure 2e), is less well-defined: moderately high values are recorded by the 469 

cosmogenic nuclides and seen in part of the AFT data from Arne et al. (1997) but not 470 

in other data (e.g., ZFT). A potential local maximum in denudation rate coincides with 471 

a local peak of seismic moment release (Figure 2f, A-A’ distance around 200 km) as 472 

calculated from short-term historic seismicity (1970-2015) [CSN Catalog, 2015]. 473 

Local clustering of seismicity might indicate the potential for landslide-triggering 474 

earthquakes in this region. Further low-temperature thermochronology would help to 475 

better constrain the exhumation pattern across the Longmen Shan and the linkage 476 

between exhumation and co-seismic landsliding.  477 

 478 

4.1.2. Seismic control on focused denudation of the Longmen Shan 479 

In addition to seismicity, several other features also vary along the profiles shown in 480 

Figures 1 and 2, potentially influencing spatial patterns of denudation [e.g., Burbank 481 

et al., 2003; Ouimet et al., 2009]. To distinguish these effects, we have examined the 482 

relationships between denudation rates inferred from post-earthquake gauging data 483 

(2008-2012) and a group of metrics of topography (slope, relief), hydrology (mean 484 

annual runoff, proportion of runoff from high intensity runoff events), fluvial erosion 485 

potential (stream power and normalized channel steepness index), seismic shaking 486 

(PGA, distance to fault rupture as a metric for seismic energy release), and the density 487 

of earthquake-triggered landslides (Figures 3 and 4). Using principle component 488 

analysis (PCA), these metrics cluster into two statistically distinct groups that reflect 489 

mechanistically distinct processes: (1) a “seismic component”, comprising PGA, 490 
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landslide volumetric density and distance to fault rupture; and (2) a “non-seismic 491 

component,” comprising slope angles, relief, steepness index, and the hydrological 492 

metrics (for detailed PCA results, see Figure S5, Table S4 and Table S5 and text in 493 

Supporting Information).  494 

 495 

Across the non-seismic metrics, post-Wenchuan denudation rates correlate positively 496 

but moderately (r
2
 = 0.36, P < 0.05, Figure 3a) with the proportion of catchment 497 

runoff from high intensity runoff events (> 6 mm day
-1

), consistent with the findings 498 

of Wang et al. [2015a]. Pre-Wenchuan denudation rates also show a moderate, 499 

positive correlation with intense runoff events (r
2
 = 0.33, P < 0.05, Figure 3a), but 500 

with a shallower slope than post-earthquake rates. The steeper slope of the 501 

post-earthquake data indicates that the denudation rate has become more sensitive to 502 

hydrological conditions under enhanced sediment supply following the earthquake. 503 

We find no correlation between denudation rates and mean annual catchment runoff. 504 

There are also no statistically significant correlations between the post-Wenchuan 505 

denudation rates and other non-seismic metrics including channel steepness index and 506 

stream power (Figure 3b, c, d, e and f), perhaps because landscape steepness exceeds 507 

the threshold where these relationships are easily observed [e.g., Ouimet et al., 2009]. 508 

 509 

For seismic metrics (Figure 4), we find statistically significant correlations between 510 

post-Wenchuan denudation rates and catchment-scale mean PGA (r
2
 = 0.61, p < 0.002, 511 

Figure 4a), catchment-scale maximum PGA (r
2
 = 0.64, p < 0.001, Figure 4b), distance 512 

to the fault rupture (r
2
 = 0.67, p < 0.001, Figure 4c), and the volumetric density of 513 

earthquake-triggered landslides (r
2
 = 0.66, p < 0.01, Figure 4d). Although USGS 514 

ShakeMap PGA data do not include local site effects and topographic amplification 515 

that may affect landslide occurrence, we expect these to have limited influence on the 516 

first-order spatial patterns that indicate a seismic control on denudation rates.  517 

 518 

Since the principal component analysis separates these seismic parameters from the 519 

non-seismic metrics, we do not expect cross-correlation between these two groups 520 

(e.g., between PGA and catchment slope or runoff, Figure S6) to bias our 521 

interpretations. Seismic intensity and denudation rates co-vary both across the plateau 522 

margin (i.e., along A-A’), and also along strike of the range. While the former gradient 523 

coincides to some extent with changes in relief, slope, and runoff, the latter does not, 524 

emphasizing the seismic role in denudation.  525 

 526 

The spatial coverage of the longer-term denudation rate data is not sufficient to 527 

conduct a similar analysis, but the correlations described here show that seismicity in 528 

the Longmen Shan is not inextricably coupled to other parameters that influence 529 

denudation rates. The correlation between sediment flux-derived denudation rates and 530 

seismic parameters suggests that the coincidence of high denudation rates and 531 

intensive landsliding along the frontal Longmen Shan reflects a seismic driver of 532 

denudation, rather than a coincidental relationship with an underlying control by 533 

topographic or other non-seismic parameters. We expect that the seismic control on 534 
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post-earthquake denudation rates as observed via sediment fluxes would recur for 535 

repeated earthquakes, providing a mechanism for seismicity to influence the 536 

longer-term pattern and rate of denudation. 537 

 538 

We next consider the theoretical magnitude of denudation rate sustained by 539 

earthquake-triggered landsliding over multiple earthquake cycles (Section 4.2). We 540 

then compare these estimated rates of seismic erosion with the rates measured across 541 

timescales (Section 4.3). 542 

 543 

4.2. Quantifying seismic erosion rates 544 

4.2.1. Predictions of landslide volumes 545 

Calculating a seismic erosion rate following Eq. 1 depends on predicting landslide 546 

volumes associated with earthquakes of varying magnitude. In Figure 5, we show 547 

results from the three predictive landslide volume models considered here: the global 548 

empirical regression of Malamud et al. (2004), the global seismologically-based 549 

model of Marc et al. (2016b), and the Longmen Shan-specific model. We compare 550 

these predictions to the volumes of landslides triggered by the Wenchuan and Lushan 551 

earthquakes, as determined from landslide mapping [Li et al., 2014; Xu et al., 2015]. 552 

The global empirical regression systematically underestimates the volumes of the 553 

Wenchuan and the Lushan landslides (Figure 5a). The Longmen Shan model 554 

accurately predicts both the Wenchuan and the Lushan landslide volumes (Figure 5b). 555 

The global seismologically-based model of Marc et al. (2016b) fits the observations if 556 

adjustable parameters in the model are tuned (Figures 5c,d).  557 

 558 

In more detail, the results of the global model of Marc et al. (2016b) are sensitive to 559 

the adopted parameters, including landscape steepness, mean asperity depth and 560 

hillslope material sensitivity. Whereas slope and asperity depth can be determined 561 

from DEM and seismological data, respectively, we lack independent constraints on 562 

the term describing material sensitivity, which is related to rock strength and pore 563 

pressure. Using a global average material sensitivity (as reported by Marc et al., 564 

2016b) and local parameters describing seismology and topography, this model 565 

under-predicts the landslide volumes for both the Wenchuan and the Lushan 566 

earthquakes (Figure 5c). The model fits the Wenchuan and the Lushan observations 567 

for increases in the material sensitivity term of 6 times and 4.3 times, respectively. 568 

Model results for a 5× increase in material sensitivity (determined by the 569 

minimization of the sum of the squared residuals) closely approximate both volumes 570 

(Figure 5d).  571 

 572 

Differences in curvature between the two seismologically-based VL-Mw relations 573 

(Figure 5b vs. 5d) derive from assumptions about ground motion attenuation and the 574 

landslide volume-ground motion scaling relation. Marc et al. (2016b) assumed (i) a 575 

linear relationship between landslide volume and ground motion, in contrast to the 576 

non-linear relationship from Wenchuan-specific observations (Figure S3), and (ii) a 577 

significant “saturation” effect of ground motion at high earthquake magnitude, 578 
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thought to describe attenuation of high-frequency (e.g., 1 Hz) spectral accelerations 579 

[e.g., Boore and Atkinson, 2008]. Thus the Marc et al. (2016b) model predicts that 580 

ground motion and landslide volumes should increase only slightly with magnitude 581 

for large (Mw > ~6.5) earthquakes. Since the magnitude dependence is small, a ~5 km 582 

shallower asperity depth is needed in this model to explain the much greater landslide 583 

volume from the Wenchuan earthquake (Mw=7.9; VL=2.7-4.4 km
3
) vs. the Lushan 584 

event (Mw=6.6; VL = 0.042 km
3
 from Xu et al., 2015, although Marc et al., 2016b 585 

quoted a lower volume for this event), assuming similar material sensitivity.  586 

 587 

4.2.2. Seismic erosion rates 588 

The Longmen Shan earthquake frequency-magnitude distribution depends on the 589 

recurrence interval for Wenchuan-like events, T (Section 3.6.3, Figure 6a); across the 590 

range of plausible estimates for T (~500-4000 years), we find a lower seismic erosion 591 

rate with longer T (Figure 5b). For a given T, the corresponding seismic erosion rate 592 

also differs depending on the landslide volume model (Figure S7). Using the 593 

Longmen Shan seismologically-based landslide volume model (Figure 5b), we 594 

calculate an erosion rate of 0.44-0.96 mm yr
-1

 (with a central estimate of 0.51-0.81 595 

mm yr
-1

), which reduces to 0.34-0.81 mm yr
-1

 (with a central estimate of 0.40-0.69 596 

mm yr
-1

) taking into account focal depth (Figure 6b). The rates calculated using the 597 

global empirical regression [Keefer, 1994] and the global seismologically-based 598 

model [Marc et al., 2016b] are lower than the result using our Longmen Shan-specific 599 

model. This outcome is not surprising, since the two former models underestimate the 600 

observed landslide volumes for Wenchuan and Lushan, a discrepancy that we attribute 601 

to uncertainties in applying globally-calibrated parameters to a specific region (see 602 

Section 4.3.1, above). On the other hand, using the global seismologically-based 603 

model with the ~5× increase in material sensitivity that captures the observed 604 

Longman Shan volumes (Figure 5d) yields a seismic erosion rate of 0.37-1.68 mm 605 

yr
-1

, with a central estimate of 0.73-0.99 mm yr
-1

, close to that calculated from the 606 

Longmen Shan-specific model although slightly higher because of the strong 607 

non-linearity of the global model. These comparisons emphasize the sensitivity of 608 

landslide erosion calculations to model assumptions, and particularly the importance 609 

of using locally calibrated parameters since global average values may not accurately 610 

reflect a specific region (as suggested by Keefer, 1994).  611 

 612 

4.3. Comparing magnitudes of denudation rates across different timescales 613 

4.3.1. Average denudation rate of the frontal Longmen Shan 614 

The catchment area-weighted means (±1 standard deviation) of pre-Wenchuan and 615 

post-Wenchuan denudation rates inferred from hydrological gauging are 0.24±0.04 616 

mm yr
-1

 and 1.09±0.13 mm yr
-1

 respectively. The equivalent average kyr-timescale 617 

cosmogenic nuclide-derived denudation rate is 0.55±0.05 mm yr
-1

. For denudation 618 

over Myr timescales, we interpolate the exhumation rates in the intensive erosion 619 

zone and run 1,000,000 Monte Carlo random simulations to account for the 620 

uncertainties from individual exhumation rate estimates. The resulting Myr 621 

denudation rate is 0.61+0.14/-0.08 mm yr
-1 

(uncertainties indicate the 16
th

 and 84
th

 622 
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percentiles of the Monte Carlo results). The inferred seismic erosion rates over 623 

multiple earthquake cycles range from 0.34 to 0.81 mm yr
-1

 across the range of 624 

plausible T values (500-4000 years), using the Longmen Shan-specific 625 

seismologically-based VL-Mw relation.  626 

 627 

4.3.2. Pre- and Post-Wenchuan earthquake sediment fluxes versus long-term 628 

denudation rate 629 

The 2006-2007 pre-Wenchuan denudation rate calculated from sediment fluxes is 630 

lower than the long-term denudation rate. The rate reported from the 1960s to 1980s 631 

gauging data is higher than that calculated from the 2006-2007 data, but still slightly 632 

lower than the long-term rate. In contrast, the post-Wenchuan sediment flux-derived 633 

denudation rate is the highest amongst all observed denudation rates (Figure 7). The 634 

long-term average denudation rates (i.e., from cosmogenics and thermochronology) 635 

thus fall between the immediate pre- and post-earthquake values derived from 636 

sediment fluxes. In general terms, this pattern is consistent with a conceptual model 637 

for erosional dynamics over one complete earthquake cycle in which the 638 

pre-earthquake rates reflect below-average values and the post-earthquake rates 639 

reflect an immediate post-seismic denudational pulse [Ouimet, 2010]. However, given 640 

the large variability in pre-earthquake rates (comparing 2006-2007 data vs. 641 

1960s-1980s), it is difficult to use these data to evaluate quantitatively the extent to 642 

which the post-earthquake pulse contributes to the long-term budget; considering the 643 

2006-2007 data alone, the post-earthquake pulse would need to play a major role to 644 

make the long-term value, but considering the data from the 1960s-1980s, this role 645 

would need to be relatively small over the long term. 646 

 647 

4.3.3. Seismic erosion rate vs. long-term denudation rate 648 

Our best estimate of the seismic erosion rate (0.34-0.81 mm yr
-1

, using the Longmen 649 

Shan-specific landslide volume model) is comparable to the measured long-term 650 

denudation rates of the frontal Longmen Shan (kyr denudation rate: 0.55±0.05 mm 651 

yr
-1

; Myr exhumation rate: 0.61+0.14/-0.08 mm yr
-1

) (Figure 7). Using the global 652 

seismologically-based model for landslide volumes yields a slightly higher calculated 653 

denudation rate via earthquake-induced landslides (0.37-1.68 mm yr
-1

, with central 654 

estimate of 0.73-0.99 mm yr
-1

; Figure S7). Denudation rates determined either from 655 

gauging data and long-term chronometers include mass loss via dissolved load in 656 

addition to via physical erosion. If dissolved load is mainly derived from weathering 657 

of landslide material [e.g., Emberson et al., 2016], the calculated seismic erosion rate 658 

should be directly comparable to the denudation rate. Significant non-landslide solute 659 

sources, such as from ground water release [e.g., Jin et al., 2016], would increase the 660 

denudation rate compared to the calculated seismic erosion rates, although such 661 

effects should be small since dissolved load represents a relatively low proportion of 662 

the total denudation flux (~20%, Section 3.4). Either way, additional dissolved load 663 

contributions would not explain a lower measured denudation rate compared to the 664 

calculated seismic erosion rate. 665 

 666 
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We recognize that not all landslide material is necessarily evacuated from a mountain 667 

belt by rivers within one earthquake cycle. Landslide erosion rates could be higher 668 

than actual measured long-term denudation rates if new seismically triggered 669 

landslides re-mobilize debris associated with prior earthquakes. Given the relatively 670 

rapid rates of sediment evacuation observed in the Longmen Shan region compared to 671 

the long earthquake recurrence times [Liu et al., 2013] and the lack of extensive 672 

storage of intra-montane landslide debris in this setting [Parker et al., 2011], we view 673 

near-complete evacuation as a reasonable first-order assumption for comparing rates. 674 

If this is the case, the seismic erosion rates calculated from the Longmen 675 

Shan-specific landslide volume model are consistent with the measured long-term 676 

denudation rates.  677 

 678 

Whether the seismic erosion rate is similar in magnitude or slightly higher than the 679 

measured long-term rate (Figure 7), our results demonstrate that, at least in this region, 680 

earthquake-triggered landslides are capable of sustaining denudation rates that are 681 

comparable to long-term averages at the mountain belt scale and over timescales of 682 

multiple seismic cycles. A corollary is that the observed erosional fluxes are likely to 683 

be dominated by material derived from earthquake-triggered landslides, with 684 

implications not only for sediment dynamics and landscape evolution, but also for 685 

biogeochemical cycles [e.g., Jin et al., 2016; Emberson et al., 2016].  686 

 687 

Over longer timescales, climate fluctuations may influence the capacity of the 688 

sediment routing systems for removing landslide debris and maintaining river incision 689 

and hillslope weathering rates required to sustain landslides. Indeed, we find that high 690 

intensity runoff events help to explain the observed short-term denudation rates in the 691 

Longmen Shan (Fig. 3a), pointing to the importance of climate variability as an 692 

erosional agent. Thus we expect that climate – which may have changed in response 693 

to topographic evolution [e.g., Molnar et al., 2010] – interacts with seismic events to 694 

influence the pace of surface processes in the Longmen Shan, even though a primary 695 

control may be related to the seismotectonic processes that trigger landslides and thus 696 

convert rocks to erodible sediment. Our results suggest that earthquake-triggered 697 

landslides can focus denudation in mountains where rivers have the capacity to 698 

transport and export the excess sediment supplied from hillslopes (e.g. Fig. 3a). In 699 

these settings the denudation can be considered as tectonically limited [Montgomery 700 

and Brandon, 2002], yet fully understanding topographic evolution will require better 701 

understanding how landslide frequency and magnitude, and the associated fluvial 702 

export of sediment, respond to long-term climatic fluctuations. 703 

 704 

5. Conclusions and Implications 705 

By considering the effects of multiple earthquakes, we calculate that co-seismic 706 

landslides can sustain denudation rates that are similar to the rates recorded by 707 

chronometers over timescales of thousands to millions of years (Figure 7). In addition 708 

to similar magnitudes, we find a first-order spatial coincidence of long-term 709 

denudation and Wenchuan-triggered landslides (Section 4.1, Figure 2), and a 710 
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correlation between the sediment-derived denudation rates and co-seismic landsliding 711 

(Figure 4d). Over the long term, the location of earthquake-triggered landslides 712 

should reflect earthquake sources and ground motion attenuation, with landslide 713 

density decreasing away from seismogenic faults [Meunier et al., 2007], as we also 714 

observe for the Wenchuan case.  715 

 716 

Our observations suggest that the long-term location and rate of denudation in the 717 

Longmen Shan is consistent with the focusing of seismic energy release along 718 

range-bounding faults, with the resulting landslides serving as a primary mechanism 719 

sustaining denudation fluxes. Landslides can only continue to operate as effective 720 

denudation mechanisms if hillslopes are sufficiently steep. It is likely that the 721 

combination of uplift, river incision, and fluvial evacuation of sediment [e.g., Burbank 722 

et al., 1996; Bennett et al., 2016] is capable of continually re-steepening and 723 

re-weakening failed landscapes between earthquake cycles. Earthquakes should 724 

increase the efficiency of landslide generation for a given steepness and hillslope 725 

strength, such that the location of most intense erosion at the orogenic scale may be 726 

determined by seismic energy release. These effects could be enhanced by rock 727 

weakening resulting from greater deformation and orographic rainfall close to 728 

mountain fronts [Gallen et al., 2015; Vanmaercke et al., 2017]. We thus suggest that 729 

focused denudation along a high-relief plateau margin may be regulated at least in 730 

part by the location and activity of seismogenic faulting, and specifically by the 731 

resulting earthquake-triggered landslides. 732 
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 746 

 747 

 748 

Figure 1. 749 

 750 

Figure 1. Maps of topography of the study area, locations of the Mw7.9 2008 751 

Wenchuan and the Mw6.6 2013 Lushan earthquakes, the Wenchuan peak ground 752 

accelerations (PGA) (gridded data from the USGS hazards program, 753 

http://earthquake.usgs.gov/earthquakes), Wenchuan-triggered landslides and 754 

post-Wenchuan gauging-derived denudation rates, and swath profiles of topography, 755 

denudation rates, PGA, and landslides. (a) Map of the Mw7.9 2008 Wenchuan 756 

earthquake and the Mw6.6 Lushan earthquake epicenters (red stars), mapped 757 

Wenchuan earthquake-triggered landslides (yellow polygons) over shaded relief map, 758 

Wenchuan PGA contours (dashed lines), the trend of the 170 km-wide swath profile 759 

(A-A’), sampling sites of river water samples (Jin et al., 2016) (squares), Wenchuan 760 

earthquake surface rupture (red lines), and the regional context of the study area (inset 761 

panel); (b) map of post-seismic sediment flux-derived denudation rates upstream of 762 

hydrological gauging stations (circles); denudation rates are normalized to areas with 763 
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elevation > 800 m to account for limited contribution from flat frontal plains; (c) 764 

swath profile of the topography projected along A-A’ showing the mean (white line) 765 

and maximum and minimum elevations (grey area); blue dashed lines delimit the zone 766 

with intensive denudation between profile distances of 120 km and 200 km); (d) 767 

swath profile of slopes (°) projected along A-A’ with mean slope (white line) ±1 768 

standard deviation on the mean slope (grey area); (e) swath profile of pre-Wenchuan 769 

earthquake (2006-2007, red circles) and post-Wenchuan earthquake (2008-2012, grey 770 

squares) denudation rates (y-axis error bars = ±1 s.d. uncertainties in denudation rates, 771 

x-axis error bars = square root of catchment area), the decreasing trend of 772 

post-seismic denudation rates along the swath is shown by least-squares fitting of 773 

denudation vs. distance along A-A’ (solid black line); for denudation in the frontal 774 

Sichuan basin, we divide the estimated denudation fluxes by the total catchment area 775 

including areas with elevation < 800 m, and this provides an upper limit; (f) swath 776 

profiles sampled at 5 km-intervals along A-A’ of PGA (grey) and the volumetric 777 

density for all landslides (red, m
3
 km

-2
, landslide volume over the specified area).  778 
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 779 

Figure 2. 780 

 781 

 782 

Figure 2. Swath profiles of topography, millennial denudation rates, geological 783 

exhumation rates and seismicity across the Longmen Shan range. (a) Swath profile of 784 

topography along the Longmen Shan range (A-A’); white line – mean elevations; grey 785 

area – minimum-maximum elevation envelop; blue dashed lines bound the intensive 786 

denudation zone as defined in Figure 1; (b) swath profile of 
10

Be-derived millennial 787 

denudation rates; error bars on the y-axis indicate ±1 s.d. uncertainties, and on the 788 

x-axis the square roots of the catchment area; (c) swath profile of apatite fission track 789 

(AFT) and apatite (U-Th)/He (AHe)-determined exhumation rates; error bars are ±1 790 

s.d. uncertainties; (d) swath profile of zircon (U-Th)/He (ZHe) and zircon fission track 791 

(ZFT)-determined exhumation rates with ±1 s.d. uncertainties (error bars); (e) swath 792 

profile of compiled exhumation rates (red bars: range of exhumation rates including 793 

uncertainties; for data with distance < 250 km, data points are binned in 5 km-wide 794 

increments); the grey curves on (b), (c), (d) and (e) show the Wenchuan landslide 795 

distribution, as in Figure 1f; (f) swath profiles of topography (black solid curve: mean 796 

elevations; grey solid curves: minimum and maximum elevations), historic seismicity 797 

(1970-2015, grey circles sized by the estimated magnitude; star: Wenchuan 798 
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earthquake) [CSN Catalog, 2015] and seismic moment release (red curve, data binned 799 

in 5 km-wide increments), and a simplified sketch of the Longmen Shan fault system 800 

(WMF: Wenchuan-Maowen fault; YBF: Yingxiu-Beichuan fault; PGF: 801 

Pengxian-Guanxian fault) [Liu-Zeng et al., 2011; Ansberque et al., 2015 and 802 

references therein]. 803 

 804 

 805 

Figure 3. 806 

 807 
Figure 3. Sediment flux-derived denudation rates for the catchments draining the 808 

Longmen Shan plotted versus hydrological and topographic metrics. (a), 809 

Post-Wenchuan (circles) and pre-Wenchuan (squares) denudation rate as a function of 810 

the proportion of total runoff from days with runoff > 6 mm day
-1

; post-Wenchuan 811 

denudation rate plotted versus annual runoff (b), slope (c), and relief (d); relief is 812 

calculated as the ranges of elevations over 2.5 km-radius (circles) and 5 km-radius 813 

(diamonds) circular windows. (e), Post-Wenchuan denudation rate against specific 814 

stream power calculated using the approach in Burbank et al., (2003) and Ansberque 815 

et al. (2015). (f), Post-Wenchuan denudation rate vs. normalized channel steepness 816 

index calculated using Stream Profiler (http://www.geomorphtools.org) and 817 

normalized to θref = 0.45. All error bars represent ±1 s.d. uncertainties.  818 

http://www.geomorphtools.org/
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 820 

 821 

Figure 4. 822 

 823 
Figure 4. Relationships between sediment flux-derived denudation rates and seismic 824 

parameters. Post-Wenchuan denudation rate as a function of: (a) catchment mean 825 

PGA; (b) catchment maximum PGA; (c) mean distance of each catchment to the 826 

Yingxiu-Beichuan fault rupture; and (d) landslide volumetric density. Red solid lines 827 

show best fits from linear least-squares regression (performed in the logarithmic space 828 

for d); grey dashed lines show ±1 s.d. uncertainties of the fits; error bars for 829 

denudation and PGA indicate ±1 s.d. uncertainties; error bars for distance to the fault 830 

rupture are the square roots of catchment area; landslide volumetric densities are 831 

reported as the median values and the 16
th

 and 84
th

 percentiles of the distribution (i.e., 832 

ranges of ±1 s.d. in a standard normal distribution) from the results from 1000 Monte 833 

Carlo random sampling simulations.   834 
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 835 

 836 

Figure 5. 837 

 838 

Figure 5. Earthquake-triggered landslide volume models. (a) Global empirical 839 

regression between earthquake magnitude and associated landslide volume [Keefer, 840 

1994; Malamud et al., 2004]; solid line represents the logarithmic least squares linear 841 

fit; dashed lines show ±1 s.d. uncertainties (residual errors) of the fit; the blue and the 842 

grey circles are Wenchuan and the Lushan data, respectively; (b) Longmen 843 

Shan-specific, seismologically-based landslide volume model; the crosses represent 844 

the modeled landslide volumes for 20 earthquakes with magnitude from 5 to 8; the 845 

solid curve represents the best fit of the modeled landslide volumes as a function of 846 

earthquake magnitude (details in the Supporting Information); the dashed curves show 847 

±1 s.d. uncertainties (residual errors) of the fit; (c) a global seismologically-based 848 

landslide volume model [Marc et al., 2016b]; the blue and grey curves refer to the 849 

modeled landslide volumes using the Wenchuan parameters (mean asperity depth = 850 

9.5 km, modal slope = 31±4°, uncertainty: range at 98% of modal slope frequency 851 

defined in Marc et al., 2016b) and the Lushan parameters (mean asperity depth = 14 852 

km, modal slope = 19±2.5°, uncertainty: range at 98% of modal slope frequency 853 

defined in Marc et al., 2016b), respectively, both using global average material 854 

sensitivity; dashed curves show 68% confidence interval from Monte Carlo 855 

simulations accounting for uncertainties of the relevant parameters (Marc et al., 2016b; 856 

details in Supporting Information); (d) the modeled results from the model of Marc et 857 

al. 2016b with 5× material sensitivity. 858 

  859 
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 860 

 861 

Figure 6. 862 

 863 

Figure 6. Earthquake magnitude-frequency distribution of the Longmen Shan region, 864 

and the calculated seismic erosion rate. (a) Longmen Shan earthquake 865 

magnitude-frequency relation described by a truncated Gutenberg-Richter relation 866 

[Utsu, 1999] using historic seismicity data (white circles) [Wang et al., 2015b] and the 867 

recurrence interval (T) for Wenchuan-like events from paleoseismological/geodetic 868 

studies (grey-shaded zone); red dot and solid curve – truncated G-R relation for T = 869 

3000 years [Shen et al., 2009]; dashed line – linear G-R relation, which fits T ~ 500 870 

years [Thompson et al., 2015]; (b) calculated seismic erosion rate with the Longmen 871 

Shan seismologically-based landslide volume model as a function of the estimated 872 

recurrence interval for Wenchuan-alike events, T; shaded area shows ±1 s.d; the solid 873 

curve shows results assuming landslides are triggered by all simulated earthquakes; 874 

the dashed curve includes a threshold focal depth for earthquake triggering.   875 

 876 

  877 
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 878 

Figure 7.  879 

 880 

Figure 7. Denudation rates of the frontal Longmen Shan across different timescales. 881 

The blue circles show pre-Wenchuan and post-Wenchuan earthquake denudation rates 882 

determined from hydrological gauging; the square shows pre-Wenchuan earthquake 883 

(1960s-1980s) denudation rates reported in Liu-Zeng et al. (2011); yellow circles 884 

show long-term denudation rates determined from 
10

Be measurements and low 885 

temperature thermochronology analysis (AFT and AHe). For catchment-scale 886 

denudation (river gauging and 
10

Be studies), the denudation rates are the catchment 887 

area-weighted means, and the error bars represent catchment area-weighted 1 s.d. 888 

uncertainty. For the low temperature thermochronology-based denudation estimate, 889 

the denudation rate is reported as the average after interpolating the exhumation data 890 

compiled in Tian et al. (2013), with uncertainties propagated from the reported 891 

uncertainties in individual exhumation rate estimate [Tian et al., 2013]. Red bars with 892 

black ticks show seismic erosion rates across the range of estimated Wenchuan 893 

recurrence intervals (T=500-4000 years), with a solid red bar for all earthquakes, a 894 

dashed red bar considering focal depth threshold (see Fig. 6), and black ticks for noted 895 

T values; dashed grey line = 1 s.d. uncertainties.  896 
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 899 

 900 

Table 1. Notation for symbols 901 

Symbol Notation Unit 

A Area of landslide occurrence over earthquake cycles km
2
 

c1 c2 c3 c4 Parameters of ground motion attenuation equation, Longmen Shan 
 

D Distance to fault rupture km 

 Seismic erosion rate mm yr
-1

 

ksn Normalized channel steepness index m
0.9

 

Mw Earthquake moment magnitude - 

N(Mw) Number of earthquakes in the magnitude bin [Mw, Mw + 0.1] 
 

R0 Mean asperity depth km 

Smod Modal slope ° 

t Time period of multiple earthquake cycles yr 

T Recurrence interval for Wenchuan-like earthquakes yr 

VL Landslide volume m
3
 

θref Reference concavity index - 

ω Specific stream power 
J m

-2
 

yr
-1

 

 902 

 903 

  904 

e
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