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Abstract 37 

Large earthquakes construct mountainous topography by inducing rock uplift but also 38 

erode mountains by causing landslides. Observations following the Wenchuan 39 

earthquake show that landslide volumes can match seismically induced uplift, raising 40 

questions about how the actions of individual earthquakes accumulate to build 41 

topography. Here we model the two-dimensional surface displacement field generated 42 

over a full earthquake cycle accounting for co-seismic deformation, post-seismic 43 

relaxation, landslide erosion, and erosion-induced isostatic compensation. We explore 44 

the related volume balance across different seismotectonic and topographic conditions 45 

and revisit the Wenchuan case in this context. The ratio (Ω) between landslide erosion 46 

and uplift is most sensitive to parameters determining landslide volumes (particularly 47 

earthquake magnitude Mw, seismic energy source depth, and failure susceptibility, as 48 

well as the seismological factor responsible for triggering landslides), and is 49 

moderately sensitive to the effective elastic thickness of lithosphere, Te. For a 50 

specified magnitude, more erosive events (higher Ω) tend to occur at shallower depth, 51 

in thicker-Te lithosphere, and in steeper, more landslide-prone landscapes. For given 52 

landscape and seismotectonic conditions, the volumes of both landslides and uplift to 53 

first order positively scale with Mw and seismic moment Mo. However, higher 54 

Mw-earthquakes generate lower landslide and uplift volumes per unit Mo, suggesting 55 

lower efficiency in the use of seismic energy to drive topographic change. With our 56 

model, we calculate the long-term average seismic volume balance for the eastern 57 

Tibetan region and find that the net topographic effect of earthquakes in this region is 58 

constructive rather than erosive. Overall, destructive events are rare when considering 59 

processes over the full earthquake cycle, although they are more likely if only 60 

considering the co-seismic volume budget (e.g. the 2008 Wenchuan earthquake where 61 

landsliding substantially offsets co-seismic uplift). Irrespective of the net budget, our 62 

results suggest that the erosive power of earthquakes plays an important role in 63 

mountain belt evolution, including by influencing structures and spatial patterns of 64 

deformation, for example affecting the wavelength of topography.  65 

 66 

  67 
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1. Introduction 68 

Mountain ranges are among the most conspicuous landforms at the Earth’s surface, 69 

and they have global-scale effects including on atmospheric circulation (Molnar and 70 

England, 1990; Avouac, 2007; Boos and Kuang, 2010) and the long-term carbon cycle 71 

(Raymo et al., 1988; Galy et al., 2007; Torres et al., 2014). The geological processes 72 

that build mountainous topography have remained hotly debated (e.g., Kelsey, 1990; 73 

Clark and Royden, 2000; Tapponier et al., 2001; Avouac, 2007; Elliott et al., 2016; 74 

Whipple et al., 2016). At collisional plate boundaries, thrust-faulting earthquakes are 75 

thought to be a major driver of mountain uplift via repeated vertical displacement 76 

(e.g., Avouac, 2007; Meade, 2010). However, large earthquakes also cause widespread 77 

landslides that collectively generate large volumes of clastic sediment and facilitate 78 

erosion of mountains (Keefer et al., 1994; Hovius et al., 2011; Wang et al., 2015; Li et 79 

al., 2016; Tanyas et al., 2017). Observations from the 2008 Mw7.9 Wenchuan 80 

earthquake revealed that in some cases, the volume of earthquake-triggered landslides 81 

can be comparable to or even exceed that of co-seismically induced rock uplift 82 

(Parker et al., 2011; Li et al., 2014), demonstrating the significant erosive power of 83 

large earthquakes and raising fundamental questions about how seismotectonic 84 

activity builds mountainous topography. 85 

 86 

These observations from Wenchuan, and similar work focused on the 1999 Chi-Chi 87 

event (Hovius et al., 2011), have stimulated efforts to develop a generalized 88 

understanding of earthquake volume balance, i.e., the balance between 89 

earthquake-induced uplift and landslide erosion. Recent studies by Li et al. (2014) and 90 

Marc et al. (2016a) considered how this “co-seismic” balance might vary for 91 

earthquakes of different magnitude (Mw), using models for co-seismic uplift and 92 

landslide erosion as a function of Mw (e.g., Keefer et al., 1994; Cohen et al., 1996; 93 

Malamud et al., 2004; Leonard, 2010; Marc et al., 2016b). Marc et al. (2016a) 94 

additionally showed that other factors modulating the total volume of 95 

earthquake-triggered landslides, for example landscape steepness and seismic energy 96 

source depth, influence the overall volume balance of a single event. Understanding 97 

the role of earthquakes in mountain building requires systematically quantifying these 98 

dependencies, since the cumulative work of multiple earthquakes contributes to 99 

building topography. However, topography responds not only to co-seismic processes 100 

(uplift and landsliding), as considered in the work of Li et al. (2014) and Marc et al. 101 

(2016a), but also to post-seismic relaxation following co-seismic deformation and 102 

isostatic compensation to erosional mass removal (King et al., 1988; Watts, 2001; 103 

Molnar, 2012; Huang et al., 2014), as well as inter-seismic processes (Cattin and 104 

Avouac, 2000; Vergne et al., 2001; Godard et al., 2004, 2009; Dal Zilio et al., 2019). 105 

 106 

Previous studies have quantified the effects of earthquake cycle processes using 107 

physical solutions for the mechanical behavior of dip-slip fault systems with layered 108 

structures of different rheological properties (e.g., King et al., 1988; Cattin and 109 

Avouac, 2000; Simpson, 2014; Dal Zilio et al., 2019). These studies have been able to 110 

describe how first-order topographic forms can emerge from repeated earthquake 111 
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sequences, but they lacked quantitative constraints on earthquake-triggered erosion. 112 

This gap can be filled by recent understanding of the earthquake balance problem 113 

(Parker et al., 2011; Hovius et al., 2011; Li et al., 2014; Marc et al., 2016a), informed 114 

by models describing landslide volumes (Marc et al., 2016b) and observations that 115 

landslides are a dominant contributor to orogenic erosion (Keefer, 1994; Malamud et 116 

al., 2004; Li et al., 2017). Using this foundation to constrain the erosional term in 117 

models akin to that developed by King et al. (1988) promises a holistic, 118 

seismologically-based description of topographic growth associated with seismic 119 

activity and affords the opportunity for a more complete consideration of the volume 120 

balance problem over full earthquake cycles. Such an approach is specifically targeted 121 

at resolving questions about the role of earthquakes in building topography, e.g., as 122 

expected in settings with high seismic coupling, recognizing that in other settings 123 

aseismic processes may also contribute significantly to topographic development (e.g. 124 

Vita-Finzi, 2000). 125 

 126 

In the present study, we develop a generalized model building on the framework of 127 

King et al. (1988) and parameterizing erosion based on a seismological description of 128 

landslide volume (Marc et al., 2016b). This model simulates the two-dimensional 129 

(2-D) surface displacement field caused by seismic processes over full earthquake 130 

cycles, focusing on the end-member case where inter-seismic tectonic loading occurs 131 

in the far field and causes minimal transient deformation of the fault zone, as may be 132 

the case along the eastern margin of the Tibetan Plateau (see below). We consider that 133 

future work could extend our framework to consider settings where inter-seismic 134 

loading is important. As developed here, our model allows us to (i) test the sensitivity 135 

to relevant seismological and topographic parameters, (ii) distinguish the role of 136 

co-seismic deformation, post-seismic relaxation, landslide erosion and erosional 137 

unloading- induced isostatic response, and (iii) evaluate how different processes affect 138 

the spatial patterns of mass redistribution and thus general topographic form. We are 139 

further able to re-evaluate the question of earthquake volume balance across events of 140 

different magnitudes, specifically considering the importance of assumptions about 141 

the seismological factors most responsible for landslide triggering as well as the 142 

importance of the spatial window over which volume balance is calculated (e.g., 143 

Densmore et al., 2012). We can evaluate the efficiency of seismic processes in doing 144 

geomorphic work, in other words how much of the released seismic moment converts 145 

to uplifting or eroding topography, as well as the relative importance of earthquake 146 

events with varying magnitudes in the total volume budget. Finally, we contextualize 147 

these model results by presenting an analysis of how the volume balance for the 148 

Wenchuan event depends on the spatial integration boundaries and seismotectonic 149 

conditions. In the context of the Wenchuan event, we model the long-term volume 150 

balance over multiple seismic cycles to examine the role of earthquakes in mountain 151 

belt evolution at the eastern margin of the Tibetan Plateau. This paper thus links 152 

seismicity to landscape evolution, promising better understanding of how fault 153 

systems and associated earthquake cycles drive orogenic growth.  154 

 155 
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2. Model summary, approximations and simplifications 156 

Here we summarize our model setting, framework, and the major assumptions and 157 

simplifications taken in this work.  158 

 159 

2.1. Fault implementation 160 

We model the lithosphere-asthenosphere system (Figure 1) as an elastic plate 161 

(thickness Te, density ρL 2700 kg m-3, Young’s modulus E 70 GPa, Poisson ratio ν 162 

0.25) overlying a viscoelastic half space (density ρA 3300 kg m-3). Following King et 163 

al. (1988), the fault is implemented as a plane (dip θ) extending through the elastic 164 

plate into the viscoelastic half space. The upper part of the fault in the lithosphere 165 

behaves in an elastic-brittle manner during earthquake ruptures, whereas the lower 166 

part of the fault in the viscoelastic half space is set to be ductile over the long term, 167 

but acts similarly as the upper part in an elastic-brittle fashion when earthquakes 168 

occur (as in King et al., 1988). In our model, we consider that all earthquake events 169 

rupture to the surface, and the rupture dimensions and fault displacement are 170 

determined using empirical scaling relations with earthquake magnitude Mw (Leonard, 171 

2010). As all earthquakes rupture to the surface, the depth of an earthquake event is 172 

then at the bottom of the rupture plane and determined as the product of rupture width 173 

and sin(θ). To allow an extensive exploration of earthquakes of different magnitudes, 174 

we assume that the fault plane is large enough to accommodate earthquakes over a 175 

wide range of magnitudes (up to Mw = 8-9 in this study). We acknowledge that, 176 

because earthquake depth varies as a function of Mw and is independent of Te, there 177 

are scenarios in our model when earthquakes occur at depth deeper than the 178 

conventional seismogenic zone. Whether these scenarios are physically realistic is 179 

debatable. Although it is widely accepted that earthquakes mostly occur in the 180 

seismogenic zone (e.g. Scholz, 2002), recent studies (e.g. Jiang and Lapusta, 2016) 181 

suggest that large earthquakes can rupture deeper than the seismogenic zone, as the 182 

deeper fault extensions into the creeping zone may dynamically localize and weaken 183 

under seismically induced shear heating and strain-rate effects. Validating the deep 184 

penetration of large earthquakes is beyond the scope of this study, as our main 185 

purpose is to provide a setting where the effects of relevant parameters (e.g. Te) can be 186 

fully explored. Thus in our model, we allow earthquakes to occur at depth 187 

independent of Te, recognizing that some deep-penetrating events may or may not be 188 

physically realistic – but also realizing that the deepest earthquakes are likely to be 189 

least relevant to landslide triggering (see below). This setting allows us to use a 190 

computational simple analytical solution that approximates post-seismic deformation 191 

(Savage and Gu, 1985). 192 

 193 

2.2. Processes operating over earthquake cycles 194 

Our modeling framework accounts for tectonic uplift, landslide erosion, and 195 

erosion-induced isostatic compensation over full earthquake cycles. Tectonic uplift is 196 

driven by inter-seismic loading and expressed as seismic and aseismic deformation 197 

(King et al., 1988; Cattin and Avouac, 2000; Avouac, 2007; Simpson, 2015). The 198 

seismic component of deformation is a combination of the deformation caused by 199 



6 

 

strain release during earthquakes (co-seismic) and the corresponding lithospheric 200 

rheological adjustment (post-seismic relaxation and isostatic response to co-seismic 201 

deformation) over inter-seismic periods (King et al., 1988; Simpson, 2015). Aseismic 202 

deformation is conceptualized as ductile creeping and loading along the fault plane at 203 

a relatively constant long-term rate (Savage et al., 1983; Simpson, 2015). Landslides 204 

are triggered co-seismically, and landslide debris is gradually removed out of 205 

mountain ranges by rivers between earthquake cycles (Hovius et al., 2011; Wang et al., 206 

2016; Croissant et al., 2017). This landslide- induced erosional unloading causes 207 

isostatic response, which operates over inter-seismic time periods and works to 208 

compensate volume loss (Molnar, 2012). These processes are all time-dependent; for 209 

example, export of landslide-derived sediment and isostatic response are not 210 

instantaneous but occur over timescales of thousands of years or longer. In our model, 211 

the overall volume budget of these processes is calculated after multiple earthquake 212 

cycles (>1000s years to Myrs), to reflect timescales relevant to mountain belt 213 

evolution, so we consider only the “end state” and ignore any path-dependency. For 214 

computational simplicity and efficiency, we make five further major approximations 215 

and simplifications. 216 

 217 

Firstly, we simplify the effect of inter-seismic tectonic loading and aseismic slip. 218 

Specifically, our model does not account for inter-seismic tectonic loading. The 219 

effects of loading on the fault zone depend on its mechanism and spatial scale (Cattin 220 

and Avouac, 2000; Johnson, 2005; Simpson, 2015). Finite element modeling of 221 

time-dependent viscoelastic deformation shows that when inter-seismic loading is 222 

applied from far field at regional scales, there is negligible influence on surface 223 

vertical deformation (Simpson, 2015). In this scenario, co-seismic deformation and 224 

post-seismic relaxation should accurately describe vertical deformation over 225 

earthquake cycles. Our model represents this scenario, for example in the Longmen 226 

Shan mountains at the eastern margin of the Tibetan Plateau where the Wenchuan 227 

earthquake occurred but limited active shortening was observed from before the 228 

earthquake (Zhang et al., 2004; Burchfiel et al., 2008). For regions where 229 

inter-seismic loading operates at scales comparable to fault dimensions (e.g. creeping 230 

at the fault root below the locking depth) and causes significant surface deformation 231 

(e.g., Taiwan and the frontal Himalayas, Cattin and Avouac, 2000; Johnson et al., 232 

2005; Stevens and Avouac, 2015), our model can only constrain the co-seismic and 233 

post-seismic components and the related volume balance, but lacks the inter-seismic 234 

component related to loading. Future work could add modeling of these inter-seismic 235 

processes (e.g. Cattin and Avouac, 2000; Simpson, 2015; Dal Zilio et al., 2019) into 236 

our framework, but is beyond the scope of this study.  237 

 238 

Besides tectonic loading, we also simplify the influence of aseismic slip during the 239 

inter-seismic time period by introducing a deformation partitioning coefficient f that 240 

quantifies the proportion of seismically versus aseismically induced deformations 241 

over earthquake cycles (Section 3.1; and see Figure 2). We explicitly distinguish this 242 

aseismic component because our main goal is to investigate topographic development 243 
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by seismic processes, and for our purposes, the main distinction is that aseismic 244 

processes do not directly trigger landslides while seismic processes do.  245 

 246 

Secondly, we calculate the two-dimensional (2-D) deformation fields using analytical 247 

solutions that are originally derived for faults with infinite length (Savage and Gu, 248 

1985; King et al., 1988; and Cohen, 1996 and references therein). Such 2-D 249 

approaches to model seismic deformations have been applied to several 250 

fault-impacted landscapes, for example, the western and central United States and 251 

Taiwan, and to subduction zones in Japan (e.g., Savage and Gu, 1985; Stein et al., 252 

1988; Johnson et al., 2005). However, 2-D approaches may lead to uncertainties for 253 

real faults with finite length. Notably, King et al. (1988) show that when applying 2-D 254 

flexural isostacy models to settings with finite strike extent, the results are accurate 255 

within a few percent if fault length is about 10 times of Te. High magnitude 256 

earthquakes should satisfy this rule, for example, a Mw8 reverse fault-earthquake 257 

(surface rupture length ~270 km, according to the Mw-fault dimension scaling relation 258 

in Leonard, 2010) occurring in a region with a common Te value of 20 km (Burov et 259 

al., 1995; Maggi et al., 2000; Jordon and Watts, 2005; Fielding and McKenzie, 2012). 260 

Applying 2-D approaches to single, smaller magnitude earthquakes with shorter fault 261 

length may cause larger uncertainties. However, the cumulative deformation of these 262 

smaller magnitude events over multiple earthquake cycles may make them suitable 263 

for using 2-D models. Specifically, if each smaller event ruptures a different segment 264 

of a fault (e.g., the Himalayan main thrust front; Bollinger et al., 2014), over the 265 

long-term, the rupture length of each smaller event can add up to reach the full fault 266 

length. This scenario can be demonstrated quantitatively, by comparing the 267 

cumulative rupture length to the fault length, or the rupture length of the 268 

maximum-magnitude event. To do this, we can use the recurrence time of earthquakes 269 

of different magnitudes using the Gutenberg-Richter frequency-magnitude relation 270 

(Eq.1, Gutenburg and Richter, 1954): 271 

 272 

Log10N = a - bMw        (Eq. 1) 273 

 274 

where N is the number of earthquakes with magnitude ≥ Mw within a defined time 275 

period (taken as 100,000 yr here), and a and b (b chosen as the global average value, 276 

0.9, Malamud et al., 2004 and references therein) are scaling parameters. We then 277 

calculate the total rupture length, i.e. the product of earthquake recurrence time and 278 

the rupture length for specified magnitude, for each earthquake magnitude bin (ΔMw = 279 

0.1). The results (Figure 3) indicate that, over the course of 10 cycles of the 280 

maximum-magnitude event (assuming maximum Mw = 8, rupturing the full fault 281 

length), smaller-magnitude earthquakes can produce a total rupture length 10-60 times 282 

of the full fault length, suggesting that cumulatively these smaller events can work to 283 

rupture the full fault and form structures with sufficient length, making them suitable 284 

to modeling using 2-D approaches.  285 

 286 
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Thirdly, we assume (near)complete post-seismic deformation over multiple 287 

earthquake cycles. Real post-seismic deformation is time-dependent, and assuming 288 

the asthenosphere behaves as a Maxwell material, a standard timescale metric is the 289 

Maxwell relaxation time τ, typically around 10-100 years (Johnson et al., 2005; 290 

Simpson, 2015). Previous studies assume post-seismic deformation approaches 291 

completion after ~10-50τ (so ~100-5000 years; e.g., Thatcher and Rundle; 1984; 292 

Savage and Gu, 1985; Johnson et al., 2005). Although this timescale may exceed one 293 

earthquake cycle, it is well within the range of our timescale of interest over multiple 294 

earthquake cycles (1000s years-Myr), so we argue that post-seismic deformation can 295 

be considered as (near)complete in our modeling framework. The (near)complete 296 

assumption also allows us to take advantage of the analytical solution derived by 297 

Savage and Gu (1985), who take a plate flexure approach to approximate the 298 

complete time-dependent relaxed-asthenosphere solution of Thatcher and Rundle 299 

(1984). 300 

 301 

Fourthly, we assume co-seismic landsliding and subsequent fluvial removal of 302 

landslide debris are the major mechanisms by which earthquakes drive erosion and we 303 

neglect transient changes in landslide propensity and landscape erodibility caused by 304 

seismic processes in post-earthquake time periods. Recent studies show that in 305 

seismically active landscapes, material strength and its spatiotemporal variations are 306 

important in determining spatial and temporal patterns of landslide occurrence 307 

(Scheingross et al., 2013; Gallen et a., 2015; Marc et al., 2015). Material strength is a 308 

complex function of geological, climatic and seismotectonic conditions. Earthquakes 309 

can alter strength, thus modulating landslide propensity and landscape erodibility in 310 

post-seismic time periods. For example, Scheingross et al. (2013) found that in the 311 

San Andreas fault system, inter-seismic slow-moving landslides cluster near the 312 

creeping section but are rare in earthquake-shock parts, suggesting that earthquakes 313 

may preferentially remove weak material via landsliding. Thus post-earthquake 314 

landslide propensity may be decreased in this scenario. Other studies have observed 315 

enhanced landsliding rates after large earthquakes (e.g. in Taiwan, Japan, Paupa New 316 

Guinea and Sichuan), suggesting the reduction of material strength following 317 

earthquakes. Although landsliding rate increases in those settings, the post-seismic 318 

landslides amount to a limited addition (<10%) to the total co-seismic landslide 319 

volumes (Zhang et al., 2014; Marc et al., 2015; Li et al., 2016; Fan et al., 2018). 320 

Studying landslides caused by two historic earthquakes (1929 and 1968) in New 321 

Zealand, Parker et al. (2015) propose that earthquakes can cause damage in 322 

landscapes that persists longer than decadal post-earthquake time periods, 323 

preconditioning hillslopes for failure in next earthquakes. However, the longer-term 324 

(>100s years) effects remain unclear. Geophysical surveys suggest that the weakening 325 

and recovery of substrate strength occurs relatively rapidly, i.e., within around 1-10 326 

years following the mainshock, as inferred from changes in seismic velocity (e.g., 327 

Brenguier et al., 2008; Gassenmeier et al., 2016). We also acknowledge that 328 

earthquakes may affect landscape erodibility (Vanmaercke et al., 2017) and 329 

non-landsliding erosional flux, but we expect a minor influence given the dominant 330 
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role of landslides in sustaining long-term erosional flux in steep mountains (Keefer, 331 

1994; Hovius et al., 1998; Li et al., 2017; Marc et al., 2019). Overall, we expect these 332 

factors contribute a minor part to the total earthquake-caused erosional budget 333 

compared to co-seismic landslides, but we recognize that they are also important 334 

mechanisms by which earthquakes may affect erosion. 335 

 336 

Fifthly, we assume complete removal of landslide debris between earthquake cycles. 337 

This assumption is mainly supported by observations of suspended sediment load and 338 

by modeling studies of bedload transport which both show relatively rapid removal of 339 

landslide debris compared to typical earthquake return times (Hovius et al., 2011; 340 

Wang et al., 2015; Croissant et al., 2017). Notably, a recent modeling study (Croissant 341 

et al., 2017) systematically explored a range of controlling factors on landslide 342 

evacuation time in post-earthquake landscapes, including landslide characteristics (e.g. 343 

volume, grain size, landslide dam stability, and connectivity to channels), earthquake 344 

magnitude, climatic and hydrologic conditions (e.g. mean runoff and discharge 345 

variability) and the properties of the fluvial network (e.g. channel width and 346 

steepness). They found that across a wide range of conditions, it is the dynamic 347 

narrowing of alluvial channels due to landslide input that plays a key role in 348 

prompting post-earthquake river transport capacity and setting the landslide 349 

evacuation time to be around <10s-100 years. Some other studies, even without  350 

considering the dynamic evolution of channel morphology (e.g. Yanites et al., 2010), 351 

also suggest an evacuation time of 100-1000 years, i.e., shorter or comparable to the 352 

recurrence time for large earthquakes. The assumption that landslide debris is 353 

efficiently evacuated is supported by field observations that mountainous valleys 354 

accumulate little clastic sediment (Parker et al., 2011; Marc et al., 2016a). However, 355 

we recognize that in some settings, such as the central Nepal Himalaya, the relatively 356 

short recurrence time for large earthquakes (Bollinger et al., 2014) may lead to 357 

persistence of landslide debris within the landscape, violating this assumption. 358 

Nonetheless, we approximate seismically induced erosional unloading using the 359 

magnitude and pattern of earthquake-triggered landslides. For computational 360 

simplicity, we also do not account for the effect of the sedimentation of landslide 361 

materials in frontal basins, assuming all landslide sediment are exported and deposited 362 

in further downstream areas with minimal influence on fault zone deformation. In 363 

general, sedimentation in footwall basins would reduce both local subsidence due to 364 

sediment infilling and adjacent hanging wall uplift due to flexural isostatic response to 365 

sediment loading (e.g. King et al., 1988; Densmore et al., 2012). However, explicit 366 

modeling the effect of local sedimentation requires constraints on the distribution of 367 

sediment in subsidence areas, which could be explored in future studies but is beyond 368 

the scope of this study.  369 

 370 

These approximations allow us to adopt a set of analytical solutions, making it 371 

possible to explore relevant parameter space and in the process gain insight into what 372 

controls the volume balance of earthquakes. However, unlike fully resolved numerical 373 

models of landscape evolution, we do not attempt to simulate the full suite of factors 374 
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responsible for time-dependent topographic development. In the following sections, 375 

we describe in more detail how we model different processes and related deformation 376 

over earthquake cycles.  377 

 378 

3. Model setup and parameterization 379 

3.1. Tectonic uplift driven by co-seismic, post-seismic and aseismic deformation 380 

Seismic deformation is expressed as the vertical surface displacement caused by 381 

co-seismic deformation and post-seismic adjustment (King et al., 1988). We model 382 

the co-seismic displacement field using an analytical solution to a 2-D dip-slip 383 

dislocation model (Cohen, 1996). Fault displacement and length are calculated using 384 

the empirical scaling relations between earthquake magnitude and average 385 

displacement (D) and surface rupture length (Lsf) for dip-slip fault earthquakes, 386 

respectively (Table 6 in Leonard, 2010). To simulate post-seismic relaxation 387 

integrated over timescales of >100s-1000s years, comparable to the timescales of 388 

multiple earthquake cycles, we adopt a computationally convenient, analytical 389 

solution of Savage and Gu (1985), who use a plate flexure approach to approximate 390 

the complete time-dependent relaxed-asthenosphere solution of Thatcher and Rundle 391 

(1984). This post-seismic deformation solution represents a viscoelastic gravitational 392 

solution (Equations 4, 5 and 14 in Savage and Gu, 1985) that accounts for the effect 393 

of gravity and the corresponding isostatic adjustment to co-seismic deformation 394 

(Thatcher and Rundle, 1984; Savage and Gu, 1985). The net seismically induced rock 395 

uplift volume (Vup
seismic) is determined as the sum of local subsidence and uplift, and 396 

varies as a function of θ, Te and Mw (Savage and Gu, 1985).  397 

 398 

To account for the uplift volume caused by aseismic processes (Vup
aseismic) and link 399 

this quantity to the seismically uplifted volume, we introduce a partitioning 400 

coefficient f: 401 

 402 

f = Vup
seismic/( Vup

aseismic + Vup
seismic)     (Eq. 2) 403 

 404 

where f is the proportion of seismically induced uplift relative to the total uplift 405 

caused by seismic and aseismic deformations over one seismic cycle. By definition, f 406 

is close to 1 in regions with high inter-seismic coupling (locked faults as in the 407 

Himalayas and illustrated in Figure 2b; Stevens and Avouac, 2015), and is much 408 

smaller in regions with low coupling (Figure 2c). We later use f to evaluate how 409 

aseismic slip contributes to the volume budget and balance over earthquake cycles 410 

(Section 7). We consider a scenario where tectonic loading is applied from far field at 411 

regional scales and is expected to have negligible influence on near-fault surface 412 

deformation during the inter-seismic period (Simpson, 2015). Thus, as noted above 413 

(Section 2), in regions where inter-seismic loading is significant (e.g., Taiwan and the 414 

frontal Himalayas), our model can only resolve the co-seismic and post-seismic 415 

components of deformation, and must incorporate the inter-seismic component to 416 

describe a complete seismic cycle. 417 

 418 
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3.2. Seismic landslide erosion 419 

3.2.1. Landslide volume 420 

To describe the total volume of landslides associated with an earthquake event, Marc 421 

et al. (2016b) adopt an empirical linear relation between landslide volume and ground 422 

motion at local scales, simulate seismic ground motion using the empirical relations 423 

reported by Boore and Atkinson (2008), and integrate across landscapes to obtain total 424 

landslide volume. This modeling framework has also been used to define the 425 

boundaries of landslide occurrence., i.e. the spatial extent of landsliding (Marc et al., 426 

2017).  427 

 428 

We predict the volume of earthquake-triggered landslides (Vls) using the model of 429 

Marc et al. (2016b), accounting for seismotectonic and topographic conditions, and 430 

further consider the effect of different seismological landslide-triggering factors. 431 

Specifically, the landslide volume is calculated as: 432 

 433 
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SbR
ARaV cref

SVcc

ref

topocVls      (Eq. 3) 434 

 435 

where Vls is the volume of earthquake-triggered landslides, δV is the hillslope material 436 

sensitivity to landsliding under a given shaking, ac is the landslide-triggering 437 

threshold acceleration (0.15 g), R0 is the mean depth of rupture area as an 438 

approximation of the mean depth of seismic energy sources, Atopo is the proportion of 439 

landscape area with sufficient steepness to trigger landsliding, b is the averaged 440 

acceleration at a reference difference Rref (taken as 1 km) away from the seismic 441 

energy source, S  is a coefficient representing the landscape-averaged site effects on 442 

amplification (dimensionless), L is the rupture length of the seismogenic fault as 443 

determined from Mw-based scaling relations for dip-slip faults (Leonard, 2010), Ic is a 444 

constant representing the characteristic length of seismic energy source, Smod is the 445 

modal slope angle for the studied landscape, and Tsv is the global-averaged steepness 446 

normalization constant (11.6±0.6°).  447 

 448 

A complete derivation of Equation 3 is detailed in Marc et al. (2016b). Here we 449 

summarize their approach, emphasizing how they derive local seismic ground motion, 450 

a central parameter in the model. Marc et al. 2016b assume that at local scales, 451 

landslide volume per unit area (i.e., “landslide volume density”) scales with an 452 

exceedance acceleration, the difference between local ground motion a and the 453 

landslide-triggering threshold acceleration ac, following empirical observations (e.g., 454 

Meunier et al., 2007). They calculate the patterns of ground motion and landslides 455 

caused by one seismic energy point source (conceptualized as a spot with a 456 

characteristic length of Ic) at depth R0 across the whole landscape, integrate over the 457 

total number of seismic energy point sources (L/Ic) and the range of the emission 458 

angles and radii of seismic waves, correct for the steepness of landscpaes (Atopo and 459 



12 

 

Smod), and obtain a landslide volume function with scaling parameters Tsv and δV. They 460 

then estimate the scaling parameters (Tsv and δV) by calibrating the model to a global 461 

database of the volumes of co-seismic landslides. Estimating local ground motion is a 462 

key part of their analysis. They obtain local seismic peak ground acceleration a at one 463 

landscape cell caused by a seismic energy point source, assuming attenuation is 464 

mainly caused by geometric spreading of seismic waves and neglecting any 465 

non-linear attenuation, as:  466 

 467 

dRdSSba ref /)(         (Eq. 4)
 468 

 469 

Where b is the source acceleration at a reference distance Rref (taken as 1km here), S  470 

is the average site response over the whole landscape that accounts for how surface 471 

topography modulates seismic acceleration, dS is the deviation of local site response 472 

from the landscape-averaged S , and d is the distance of the landscape cell to the 473 

seismic energy source. Equation 4 thus represents a simplified form of ground motion 474 

prediction equations (GMPE), accounting for scaling with earthquake magnitude, site 475 

effects, and distance from the source (e.g. Boore and Atkins, 2008). 476 

 477 

Equation 4 is difficult to solve directly because b, S , and dS are not well constrained 478 

at regional scales. Empirical observations and modeling studies show that the local 479 

site response of source acceleration depends strongly on hillslope morphology and 480 

that ( S +dS) can vary significantly, for example by a factor of 2-10 (e.g. Meunier et 481 

al., 2008; Maufroy et al., 2014). Marc et al. (2016b) propose that when integrating 482 

over the whole landscape, the total effect of dS should be negligible (i.e. treating dS as 483 

random noise), considering that landslides occur across multiple locations 484 

characterized by randomly varying dS. After eliminating the dS term, Sb  is then 485 

considered as a combined term. The term b is calculated using a group of 486 

Mw-dependent ground motion prediction equations developed by Boore and Atkinson 487 

(2008): 488 

   )(     ],)()(exp[S 2

65 hwhwhwsat MMMMeMMeSbb    (Eq. 5) 489 

       )(      )],(exp[S 7 hwhwsat MMMMeSbb       (Eq. 6) 490 

where Mh is a “hinge” magnitude beyond which ground motion saturates at bsat, and e5, 491 

e6 and e7 are empirical parameters. These parameters are constants for the 5%-damped 492 

pseudo-acceleration (PSA) for seismic waves with specified periods or for other 493 

ground motion indexes like peak ground accelerations (PGA) and peak ground 494 
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velocities (PGV), and are empirically determined from 58 worldwide earthquakes 495 

(Boore and Atkinson, 2008).  496 

 
497 

Although bsat and S  are difficutl to determine independently, Marc et al. 2016b use 498 

empirical observations to constrain the combined term Sbsat
. Neglecting dS, 499 

dRSb refsat /  should predict the saturated surface ground motion at distance d. 500 

Following this relation, Marc et al. (2016b) suggest that a representative value of 501 

Sbsat
 is 4g, because this value means surface peak ground accelerations (PGA) 502 

around 0.4-0.8 g for large earthquakes with a source depth of 5-10 km, consistent with 503 

field observations from the 1999 Chi-Chi and 2008 Wenchuan earthquakes (Lee et al., 504 

2001; Li et al., 2008). We retain this value suggested by Marc et al. (2016b). 505 

 506 

In our model, we introduce two modifications of the landslide model by Marc et al. 507 

(2016b), to allow examination of landslide-triggering mechanisms and to reduce free 508 

parameters. First, we consider a range of seismological factors that can potentially 509 

trigger landslides. Marc et al. (2016a, 2016b) assume earthquake triggering of 510 

landslides is most directly related to 1 Hz (period = 1s) seismic S waves. However, 511 

the property of seismic energy release that causes landslides and thus optimally 512 

describes the total volume is not well known. In addition to 1 Hz waves, seismic 513 

waves of other frequencies, PGA, and peak ground velocities (PGV) have all been 514 

proposed as best explaining landsliding associated with earthquakes (Jibson and 515 

Keefer, 1993; Harp and Jibson, 1996; Dreyfus et al., 2013; Athanasopoulos-Zekkos et 516 

al., 2016; Tanyas et al., 2017). Given this uncertainty, we use the framework of Marc 517 

et al. (2016b) to model the volumes of earthquake-triggered landslides assuming 518 

different seismic factors that control landsliding triggering. We calculate the ground 519 

motion associated with each factor referring to the empirical relations and parameters 520 

reported by Boore and Atkinson (2008). For S waves, we focus on the oscillator 521 

period range of 0.1-10 s, or frequency bands of 0.1-10 Hz, as >10 Hz waves have high 522 

quality decay and <0.1 Hz waves likely have too long wavelength to cause damage at 523 

hillslope scales (Marc et al., 2016b). In each case, Vls is calculated as a function of δsn, 524 

Smod, R0, and the seismological landslide-triggering factor that directly determined Mh, 525 

e5, e6 and e7.  526 

 527 

Secondly, we combine δV and Atopo as δsn, the normalized landscape failure 528 

susceptibility, to reflect the overall characteristics of a landscape: 529 

 530 

V

topoV

n

A




 s        (Eq. 7) 531 

 532 

where V  is the global average hillslope material sensitivity (4174 m3 km-2, 533 

empirically determined from a global landslide inventory; Marc et al., 2016b). δsn thus 534 

integrates the effects of the properties of hillslope material and the overall steepness 535 

of the studied landscape, normalized by a global average condition.  536 
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 537 

3.2.2. Landslide spatial pattern 538 

For the landslide spatial distribution pattern, we adopt an empirical relation (Meunier 539 

et al., 2007; Marc et al., 2017) and assume a linear seismic energy source: 540 

)exp(
0

00
0

R

Rd

d

R
PPVls


       (Eq. 8) 541 

where PVls is the landslide volumetric density (volume of landslides in unit area, m3 542 

km-2), d is the distance to the energy source, and P0 and β are scaling factors. β is 543 

defined here as the spatial decay factor, with higher values meaning more widely 544 

spread landsliding. Note that Equation 7 is analogous to the law of seismic wave 545 

attenuation accounting for both geometric spreading and quality decay, and has 546 

successfully reproduced the patterns of landslides caused by the Chi-Chi, Northridge, 547 

Finisterre, and Wenchuan earthquakes (Meunier et al., 2007; Li et al., 2018a). Based 548 

on current studies, 1/β ranges from around 0 (Chi-Chi) to 5 (Northridge). We assume 549 

landslide erosion results in complete removal of material within an earthquake cycle 550 

(Parker et al., 2011) and for simplicity do not consider the effects of sedimentation in 551 

adjacent basins, which will influence spatial patterns and could be added in future 552 

work. 553 

 554 

3.3. Isostatic uplift 555 

Using a flexural- isostasy model, we model the isostatic responses as the flexure due to 556 

erosional unloading (King et al., 1988; Watts, 2001). Landslide- induced erosion is 557 

converted to erosion depth across a 2-D cross section and approximated as a series of 558 

linear unloads, and the flexure caused by each segment of unloading is calculated 559 

numerically, after King et al. (1988). The rationale of using this 2-D approach is 560 

discussed in Section 2.1. 561 

 562 

At local scales, the volume of erosion-induced isostatic uplift (Vup
isostasy) varies as a 563 

function of landslide volume, Te, and the landslide spatial decay factor, β. We note 564 

that, in this context, Vup
isostasy only refers to the isostatic response to erosion, following 565 

the convention of King et al. (1988). There is also isostatic response to seismic 566 

deformation over full earthquake cycles, but this component is considered in the 567 

calculation of post-seismic deformation, thus in the term Vup
seismic (Section 3.1; Savage 568 

and Gu, 1985 and references therein).  569 

 570 

As noted above, fluvial evacuation of landslide debris out of mountains (erosional 571 

unloading) and the isostatic response do not occur instantaneously, but operate over 572 

inter-seismic periods (Hovius et al., 2011; Wang et al., 2015). Thus Vup
isostasy is 573 

calculated at the end of multiple seismic cycles when landslide evacuation and 574 

isostatic adjustment are complete, the same stage when post-seismic deformation is 575 

(almost) complete and accounted for in our calculation (Sections 2.2 and 3.1). 576 

 577 

3.4. Selection of spatial window 578 
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Previous studies show that seismically induced deformations and erosion vary 579 

spatially (King et al., 1988; Keefer, 1994; Hovius et al., 2011; Parker et al., 2011; Li 580 

et al., 2014; Marc et al., 2016b); thus, the total balance between uplifted and eroded 581 

volume depends on the spatial window over which the volumes are budgeted. To 582 

account for this effect, we explore a wide range of values for the width of this window, 583 

and focus on two representative cases in our discussion: (1) a “near field window” on 584 

the hanging wall where most co-seismic uplift and earthquake-triggered landslide 585 

erosion occur, with the width of this window (Wn) determined by the distance beyond 586 

which ground motion is not strong enough to trigger landslides in the model, with 587 

reference to seismic energy source depth R0 = 0 and assuming 1 s period (1 Hz) 588 

seismic waves as the main landslide-triggering factor (Wn increases with Mw, varying 589 

from ~5-50 km for Mw 5-9; Marc et al., 2017); and (2) a “far field window” centered 590 

at the fault rupture with a width (Wf) of four times of Wn, i.e., ~20-200 km across Mw 591 

5-9, which covers near field deformations (both foot wall subsidence and hanging 592 

wall uplift) and a major part of far field deformation. For reference, the widths of 593 

modern-day tectonically active mountain belts (e.g., Taiwan) are generally around 594 

50-200 km (Hovius, 1996; Watts, 2001).  595 

 596 

3.5. Topographic volume balance over earthquake cycles 597 

We first consider the seismic volume budget and balance without accounting for the 598 

aseismic component. We then introduce aseismic deformation and evaluate how this 599 

term affects the seismic volume balance. For seismic volume balance, within a 600 

specified spatial window, the erosion term is defined as the volume of 601 

earthquake-triggered landslides (Vls), whereas the uplift term (Vup) is determined as 602 

the sum of seismic uplift volume (Vup
seismic, resulting from co-seismic deformation and 603 

post-seismic relaxation) and erosion-induced isostatic uplift volume (Vup
isostasyy): 604 

 605 

Vup = Vup
seismic + Vup

isostasy      (Eq. 9) 606 

 607 

The seismic volume balance is expressed as the ratio (Ω) between the volume of 608 

landslides (Vls) versus the uplifted volume (Vup): 609 

 610 

Ω = Vls/(Vup
seismic + Vup

isostasy)      (Eq. 10) 611 

 612 

Vls and Vup
isostasy are calculated following the approaches in sections 3.2 and 3.3, and 613 

we define their ratio as λ=Vup
isostasy/Vls. At regional scales, this ratio is determined by 614 

the relative magnitude of the density of the underlying lithosphere versus the 615 

asthenosphere (Molnar, 2012). At local scales with given density of the lithosphere 616 

and the asthenosphere, this ratio is a function of those parameters determining the 617 

extent to which isostasy compensates landslide erosional unloading, specifically 618 

lithospheric Te and landslide spatial pattern factor β. As noted above, interpretation of 619 

our model results using λ is valid only in the context of our modeling framework 620 

considering the net effect of multiple earthquake cycles and where 2-D models are 621 

suitable (Section 2.1); explicit 3-D models would be required to simulate single 622 
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earthquake events whose rupture length are shorter or of similar length scale as Te. 623 

With λ, we rewrite the seismic volume balance ratio (Eq. 10) as: 624 

 625 

Ω = Vls/(Vup
seismic + λVls)      (Eq. 11) 626 

 627 

We next add the aseismic uplift volume (Vup
aseismic) to the uplift term in Equation 8 628 

and define the volume balance over one full earthquake cycle as: 629 

 630 

Ω* = Vls/(Vup
seismic + Vup

aseismic + λVls)    (Eq. 12) 631 

 632 

Combining Equations 2, 11, and 12, we have: 633 

 634 
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f

f
       (Eq. 13) 635 

 636 

Ω*/Ω provides a metric of how the volume balance ratio accounting for aseismic 637 

uplift differs from the seismic volume balance ratio. Based on Equation 13, we later 638 

explore how Ω*/Ω varies across f, λ and Ω. 639 

 640 

3.6. Sensitivity test 641 

To evaluate the relative importance of different model parameters in determining the 642 

seismic volume budget, we perform a sensitivity test considering how changes in free 643 

parameters affect Ω, landslide volume Vls, seismically uplifted volume Vup
seismic, and 644 

the ratio between the volumes of isostatic uplift versus landslides (λ = Vup
isostasy/Vls). 645 

The input parameters are Te, fault dip θ, normalized landslide failure susceptibility δsn, 646 

mean rupture depth R0, landscape gradient, and landslide spatial decay factor β. We 647 

choose the ranges of the input parameters as observed in real geological settings (R0: 648 

2-40 km, Te: 2-40 km, Log10δsn: -1~1, θ: 10-70°, Smod: 20-40°, 1/β: 0-5; Watts, 2001; 649 

Meunier et al., 2007; Marc et al., 2016b; Li et al., 2017). For a series of earthquake 650 

magnitudes from Mw = 6 to Mw = 9 and different seismological landslide-triggering 651 

factors that give different groups of Mh, e5, e6, and e7, we fix all parameters at their 652 

medians, vary one parameter by 10% of the full sampling range at a time, and 653 

calculate the corresponding percentage deviation of Vls, Vup
seismic, Ω, and Vup

isostasy/ Vls. 654 

The sensitivity tests are run for both the near field and the far field scenarios.  655 

 656 

To visualize the model results in the multi-dimensional parameter space, we also 657 

present 2-D contour plots calculated using the same range for input parameters as the 658 

sensitivity analysis. We first fix all input parameters at their medians and then vary 659 

two parameters over the full range, calculating the difference between the resulting Ω 660 

and the average of all Ω values (Ω̅) as we focus on the relative difference rather than 661 

absolute values in this context, and report Ω-Ω̅ in 2-D contour plots. To test the 662 

sensitivity of Vls and Ω to earthquake depth, we assume Vup
seismic is constant over 663 

varying depth. This assumption may introduce a minor uncertainty (5-10%) to 664 
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Vup
seismic; Marc et al. (2016a) show that co-seismic uplift varies by 5-10% at different 665 

R0 and King et al. (1988) suggest that Te exerts the major control on post-seismic 666 

deformation (i.e, R0 plays a minor role). Note that only in this analysis focusing on the 667 

relative changes do we make this assumption and vary earthquake depth to calculate 668 

Vup
seismic, whereas in other analysis concerning Vup

seismic, we always refer to Section 669 

2.1.1 to use fault width and dip angle to estimate depth. 670 

 671 

3.7. Wenchuan earthquake volume balance considering post-seismic effects 672 

In addition to the general consideration of volume budgets for different earthquakes, 673 

we apply our approach specifically to the Wenchuan earthquake, where we can 674 

combine the model results with empirical observations. The comprehensive studies of 675 

earthquake-triggered landslides (e.g., Li et al., 2014; Xu et al., 2014) and seismically 676 

induced deformations (e.g., de Michele et al., 2010; Fielding et al., 2013; Huang et al., 677 

2014) following the Wenchuan earthquake make this event an ideal case to study 678 

earthquake volume balance. Prior studies (Parker et al., 2011; Li et al., 2014) only 679 

considered the volume balance between co-seismic uplift and landslide erosion, not 680 

taking into account the effects of post-seismic relaxation and isostatic responses to 681 

erosion. Limited studies (e.g., Huang et al., 2014) have characterized post-Wenchuan 682 

deformation using <2 years of geodetic measurements but cannot constrain 683 

post-seismic deformation over the full earthquake cycle. Note that the seismogenic 684 

fault was thought to be fully locked before the Wenchuan earthquake (e.g. Wang et al., 685 

2009); thus we neglect aseismic slip in this case. 686 

 687 

We calculate the volume balance for the Wenchuan event over a full earthquake cycle, 688 

combining empirical data on the co-seismic uplift and landslide volumes with 689 

modeling of the post-seismic relaxation and isostatic response. We adopt the landslide 690 

map from Li et al. (2014) where landslide volumes were determined using an 691 

empirical area-volume scaling relation and co-seismic displacement data determined 692 

from SAR measurements by Fielding et al. (2013). We also model the co-seismic 693 

deformation field and earthquake-triggered landslides using the Wenchuan parameters, 694 

and validate our model results by comparing to field observations. With the 695 

co-seismic uplift data, we then model the completely relaxed deformation using the 696 

approach in Section 2.2. We model the flexural- isostatic response to landslide 697 

erosional unloading using the approach in Section 3.4, assuming complete removal of 698 

landslide debris between earthquake cycles. For the effective elastic thickness Te, we 699 

consider values of 10, 20, 30 and 40 km, recognizing that estimates of Te in the 700 

Wenchuan region vary broadly from ~7 to 40 km (Densmore et al., 2012 and 701 

references therein). 702 

 703 

To better understand how earthquakes drive topographic development of the eastern 704 

Tibetan mountains where the Wenchuan earthquake occurred, we then consider the 705 

volume balance over multiple earthquake cycles for the Wenchuan region. We 706 

calculate the volume balance ratio for each earthquake magnitude using the 707 

parameters constrained from the Wenchuan data and estimate the probability 708 
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distribution of Ω over multiple earthquake cycles to evaluate the net topographic 709 

effect of seismicity in this region. 710 

 711 

4. Results 712 

4.1. Patterns of seismically induced deformations 713 

Over one full earthquake cycle, different processes contribute to producing distinct 714 

topographic structures. Co-seismic deformation creates focused uplift in a narrow 715 

zone above the fault plane, with far field subsidence on the hanging wall, and a 716 

combination of near field subsidence and far field bulging on the footwall (Figure 4a). 717 

Post-seismic relaxation distributes the localized, co-seismic deformation to far field 718 

areas, reducing the near field uplift and enhancing the hanging wall’s far field uplift 719 

and the footwall’s subsidence (Figure 4a, b and c). These deformation patterns depend 720 

in part on dip angle of the seismogenic fault (Figure 4a, b and c). Notably, the 721 

modeled seismic deformation produces similar topographic features as simple 722 

back-slip models (e.g., Savage et al., 1983), a propagator matrix-based analytical 723 

model (Thatcher and Rundle, 1984; King et al., 1988) and a viscoelastic finite element 724 

model (Simpson, 2015). Earthquake-triggered landslide erosion mainly focuses in a 725 

narrow zone and rapidly decays in the far field (Figure 4d). Flexural-isostatic 726 

compensation to erosional unloading is more widely distributed as compared to 727 

landsliding, featuring a bulge in the near field and depressions in the far field (Figure 728 

4d, e).  729 

 730 

4.2. Variations of the seismically induced volumes over input parameters 731 

As shown in Equation 10, the earthquake volume balance ratio Ω is determined by the 732 

landslide volume Vls, the seismic uplift volume Vup
seismic as induced by co-seismic and 733 

post-seismic deformation, and λ, the ratio between the isostatically uplifted volume 734 

Vup
isostasy and Vls. Here we explore the variations of Vls, Vup

seismic and λ across the 735 

studied ranges of the input parameters as reported in Section 3.6, with earthquake 736 

magnitude varying from Mw = 6 to Mw = 9.  737 

 738 

Vup
seisimc varies as a function of earthquake magnitude Mw, lithospheric Te and fault dip 739 

θ. Across the range of these parameters, Vup
seismic has the most significant variation 740 

over Mw (~1000 times with Mw~6-9), relatively moderate variation over Te (~10 times 741 

for Te from 2-40 km), and limited change over θ (~1-3 times for θ from 30-60°), as 742 

illustrated by the color contours in Figure 5a and 5b. The effects of Te and Mw are 743 

similar for near field and far field scenarios (Figure 5a, b). However, Vup
seismic shows 744 

opposite trends over θ in the far field scenario (Figure 5b), which is caused by the fact 745 

that the far field window includes both local uplift and subsidence which increase 746 

together as θ grows, but the subsidence term increases faster, offsetting the uplift term 747 

and leading to a smaller Vup
seismic.  748 

 749 

Vls is similar in the near field window and the far field window (Section 3.5), so we 750 

just consider the total volume of Vls. Mean rupture depth R0 is a major control on Vls, 751 

causing changes in Vls (up to 10,000 times across the selected range of R0) comparable 752 
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or even exceeding changes over Mw (Figure 5c). The Vls-Mw relations differ depending 753 

on the assumed landslide-triggering factor, with the maximum Vls corresponding to 4 s 754 

period (0.25 Hz) S waves (Figure 5e). Notably, for a given earthquake magnitude, the 755 

variation of Vls calculated assuming different landslide-triggering factors is 756 

comparable to the entire range of Vls across the studied earthquake magnitudes, 757 

emphasizing the importance of landslide-triggering mechanisms in Vls and the 758 

earthquake volume balance (Figure 5e). Vls has a moderate dependence on landscape 759 

failure susceptibility and steepness, showing ~100 times and ~10 times variations 760 

across their studied ranges, respectively (Figure 5d, f).  761 

 762 

For isostatic response, in the far field scenario, λ is a constant determined by the ratio 763 

of the density of lithosphere versus that of the asthenosphere (Molnar and England, 764 

1990; Molnar, 2012). In the near field scenario where the spatial window is 765 

independent of Te and the wavelength of erosion-induced isostacy, λ is in theory 766 

controlled by the lithospheric rigidity and the spatial pattern of landslides (Densmore 767 

et al., 2012). The near field λ has a strong dependence on Te and a relatively weak 768 

dependence on the spatial pattern factor of landslides, β, and is insensitive to changes 769 

in Mw (Figure 5g, h). The decreasing trend of near field λ with Te is expected because 770 

higher Te means higher lithospheric rigidity and causes more distributed isostatic 771 

uplift over broader areas.  772 

 773 

The sensitivity analysis complements the above calculations and allows us to evaluate 774 

the relative importance of different parameters in the earthquake volume balance 775 

(Figure 6). The signs of the calculated sensitivities also indicate whether increasing a 776 

parameter would increase (positive) or decrease (negative) the uplift and landslide 777 

volumes and the related volumetric ratios. We have considered a series of earthquake 778 

magnitudes, different landslide-triggering factors that are representative of the 779 

observed Ω-Mw patterns (discussed later in Section 5.1 and in Figure 9), and the effect 780 

of spatial windows. In the near field scenario, the volume balance ratio (Ω) is highly 781 

sensitive to the landslide volume-related parameters including R0, δsn, Smod, 782 

moderately sensitive to Te and θ, and almost insensitive to landslide spatial pattern 783 

factor β (Figure 6). In most cases, Ω is most sensitive to mean rupture depth R0. 784 

Exceptional cases appear where landslides are triggered by waves of 4s period (0.25 785 

Hz frequency) and Mw ≥ 8, where Ω and Vls is most sensitive to failure susceptibility 786 

and less sensitive to R0. Vup
seismic shows low sensitivity to θ and Te. The near field 787 

isostasy ratio λ responds weakly to changes in Te, with no obvious responses to 788 

changes in other parameters. Considering the meaning of the signs, the sensitivity 789 

analysis predicts erosive earthquakes should occur in cases with shallower R0, thinner 790 

Te, higher failure susceptibility, lower dip, and steeper Smod, and would not be 791 

influenced much by the spatial pattern of landslides. In far field scenarios, most 792 

findings are consistent with the near field cases, except that the isostasy ratio has 793 

almost no sensitivity to Te and other parameters, as in this case λ is determined by the 794 

density difference between the lithosphere and asthenosphere. Also, in the far field 795 
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case, higher fault dip would lead to lower Vup
seismic and consequently higher Ω, 796 

opposite to the near field, as also shown in Figure 5b.  797 

 798 

The contour plots also help to illustrate how Ω varies in the multi-dimensional 799 

parameter space, complementing the above sensitivity analysis (Figures 7 and A1-A4). 800 

In these plots, we report Ω-Ω̅, the changes of Ω relative to the average value of Ω in 801 

the sampling parameter space (see Section 3.6), and we show results for the far field 802 

scenario. The contour plots show that, in general, the earthquake volume balance ratio 803 

is sensitive to R0, Smod and δsn and relatively insensitive to θ and β. Sensitivity to Te 804 

decreases as the absolute value of Te increases. Similar to the sensitivity analysis, we 805 

also note that the 4s period represents an extremely erosive scenario (e.g., for Mw ≥ 7, 806 

Ω~1 and Vls/Vup
seismic ~ 5, Figures 7, A2, A3 and A4) where earthquakes at deeper 807 

depth (>20 km) can still trigger landslides (e.g. Figure A4g) and Ω becomes 808 

insensitive to increases in Vls (e.g. Figure A4h) because the uplift term is dominated 809 

by landslide erosion-induced isostacy such that Ω is close to the ratio of Vls : Vup
isostacy, 810 

which is relatively stable in far field scenarios. However, Ω is still sensitive to 811 

changes in Te, θ, and thus Vup
seismic, when Vls-controlling parameters are fixed (e.g. 812 

Figure A4i). The near field scenario shows similar trends as the far field results, 813 

except for θ which has opposite effect (Figure 5b). 814 

 815 

Overall, the above analysis demonstrates that in most cases, earthquake magnitude is 816 

the dominant control on the volume of both the uplifted topography and landslides, 817 

consistent with attention on this parameter in prior studies (Li et al., 2014; Marc et al., 818 

2016a). For a given earthquake magnitude, seismological landslide-triggering factors, 819 

mean rupture depth and lithospheric effective elastic thickness can modulate the 820 

earthquake volume budget. 821 

 822 

5. What is the role of earthquake magnitude? 823 

5.1. Volume balance across earthquake magnitudes 824 

In this section, we revisit the problem of earthquake volume balance over varying 825 

earthquake magnitudes, previously considered by Li et al. (2014) and Marc et al. 826 

(2016a). Here we consider how post-seismic processes influence this analysis, and 827 

how conclusions are sensitive to assumptions about the seismic properties responsible 828 

for triggering of landslides. As fault size and the generated earthquake magnitudes 829 

vary both spatially and temporally, the Ω-Mw pattern provides key information about 830 

the spatiotemporal variability in the erosivity of earthquakes.  831 

 832 

Across the selected ranges of Te and θ, Log10(Vup
seismic) scales mostly linearly with Mw 833 

(Figure 8a, b); the gentle curvature is an artifact caused by integrating volumes within 834 

defined spatial windows. The modeled Vls-Mw relations feature a kink corresponding 835 

to the seismic hinge magnitude beyond which ground motion saturates (Figure 8c, d, e 836 

and f). Assumptions about landslide-triggering factors play a first-order role in 837 

determining the Vls-Mw relations, determining not only where the “kink” (hinge 838 

magnitude) is, but also the curvature in the relationships and the absolute values of Vls 839 
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(Figure 8c). For a given landslide-triggering factor, mean rupture R0 does not 840 

influence the location of the kink and the Vls-Mw curvature beyond the hinge 841 

magnitude, but impacts the absolute values of Vls and the curvature when Mw is 842 

smaller than the hinge magnitude (Figure 8d). In contrast, landscape failure 843 

susceptibility and steepness only affect the absolute values of Vls but not the patterns 844 

of the Vls-Mw curves (Figure 8e and f). These differences ultimately control the 845 

balance between uplift and landslide erosion for a single event (Figure 8a-d).  846 

 847 

Since the seismic triggering factor exerts a first order control on the Vls-Mw 848 

relationship, we calculate volume balance (Ω, the ratio of Vls to Vup
seismic) across 849 

earthquake magnitudes considering different assumed landslide-triggering factors 850 

(Figure 9a for near field and Figure 9b for far field scenarios). We report the results 851 

for fixed values of other input parameters (θ = 45°, Te = 20 km, R0 =10 km, Smod = 30°, 852 

1/β = 1, and δsn = 1) and note that changing these parameter values will change the 853 

absolute values of volume balance ratio, as detailed in the sensitivity analysis in 854 

Section 4.2 and Figure 6, but the overall trends in the Ω-Mw relationships should 855 

remain similar. In general, we find four types of Ω-Mw relationships: (1) “hump” 856 

curves featured by peak Ω around Mw5-6 (category A in Figure 9c and d, for waves 857 

with periods of 0.1-0.2 s and PGA), (2) hump curves with peak Ω around Mw6.7 858 

(category B in Figure 9c and d, for waves with periods of 0.2-2 s), (3) hump curves 859 

with peak Ω around Mw8-9 (category D in Figure 9c and d, for S waves with periods 860 

of 5-10 s and PGV), and (4) curves which increase monotonically with Mw featured 861 

by kinks at Mw6.7 (category C in Figure 9c and d, for S waves with periods of 3-4 s). 862 

The Ω-Mw pattern of type (2) is similar to that reported in Marc et al. (2016a) where 1 863 

Hz S waves are the major trigger of landslides, such that intermediate-magnitude 864 

earthquakes are most erosive and earthquakes of smaller or greater magnitudes are 865 

more constructive. The Ω-Mw pattern of type (4) is similar to that reported in Li et al. 866 

(2014), in which earthquakes of higher magnitudes tend to be more erosive. As noted 867 

above, changes of other parameters or the spatial window will change the absolute 868 

values of Ω but will not change the general patterns of the Ω-Mw relationships. We 869 

also note that seismological landslide-triggering factors have a major control of the 870 

patterns of Ω-Mw relationships, but have much less influence on the previous 871 

sensitivity analysis and contour-based illustration of Ω across the 872 

multiple-dimensional parameter space (e.g. Figures 6 and 7). Post-seismic processes, 873 

while important in determining the magnitude and spatial distribution of deformation, 874 

do little to affect the shape of the relationship between the volume balance and 875 

earthquake magnitude. Our results thus highlight the role of the seismological 876 

landslide-triggering factors in setting the relative erosivity of earthquakes as fault 877 

systems develop (e.g., Wesnousky et al., 1988; Wesnousky, 1994; Hillers et al., 2007; 878 

Ben-Zion, 2008; Milliner et al., 2016). Since much remains unknown about which 879 

seismic factors are most important in landslide triggering and how this sensitivity 880 

varies, we suggest that better defining the seismic factors responsible for triggering 881 

landslides is needed in future studies. 882 

 883 
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5.2. Efficiency of eroding and uplifting topography depends on earthquake 884 

magnitude 885 

Earthquakes make use of seismic energy release to uplift topography, thus increasing 886 

gravitational potential. Earthquakes also use seismic energy to overcome cohesion 887 

and friction resistance, triggering landslides. In these respects, the processes by which 888 

earthquakes build and erode topography can be conceptualized as energy-conversion, 889 

and we can think of earthquakes as using seismic energy to drive landscape change 890 

(Wolman and Miller, 1960; Muenchow et al., 2012). For different earthquake 891 

magnitudes, the ratio between seismically eroded or uplifted volume versus seismic 892 

moment release (i.e., the amount of landscape change induced per unit energy) 893 

represents the efficiency of earthquakes in driving topographic change. With this 894 

concept in mind, we calculate the seismic moment Mo (Nm) from Mw using Equation 895 

14 (Hanks and Kanamori, 1979):  896 

 897 

Log10Mo = 1.5Mw + 9.05        (Eq.14) 898 

 899 

and we consider Vup
seismic and Vls as a function of Mo, respectively (Figure 10).  900 

 901 

Considering landslide erosion, the Mo-Vls relations tend to have shallower slopes at 902 

higher Mo (Figure 10a). The Mo-normalized landslide volume shows rapid increases at 903 

lower magnitude, peaks near the corresponding hinge magnitude, and gradually 904 

decays towards higher magnitude (Figure 10b). This pattern is independent of the 905 

assumed landslide-triggering factor, and the decaying trends towards higher 906 

magnitudes are consistent with the saturation effect on ground motion (Boore and 907 

Atkins, 2008). The modeled Vls/Mo-Mw relations suggest that for the same 908 

seismological and topographic conditions and within the range of earthquake 909 

magnitudes that trigger landslides (Mw>5 in this context), smaller-size events are more 910 

efficient in generating landsliding and eroding topography as compared to larger-size 911 

events. Notably, this finding updates the understanding of Keefer (1994) which 912 

showed that Vls scales linearly with Mo, suggesting a uniform efficiency in eroding 913 

topography across earthquake magnitudes, with a more comprehensive consideration 914 

of the seismological factors triggering landslides.  915 

 916 

For the uplifted volume, Vup
isostasy scales linearly with Vls under given Te, and thus is 917 

expected to display the same behavior as Vls (Figure 10a,b). Similar to Vls, the 918 

Vup
seismic-Mo relations also have shallower slopes at higher Mo (Figure 10d), and the 919 

Mo-normalized seismically uplifted volume decreases towards higher magnitude 920 

(Figure 10e), suggesting lower efficiency of high magnitude events. This finding is 921 

actually expected when considering the scaling relations between fault dimensions, 922 

earthquake magnitude, and seismic moment. By definition, seismic moment is the 923 

product of shear modulus μ, fault displacement D, and fault rupture area A: 924 

 925 

Mo = μ×A×D        (Eq. 15) 926 

 927 
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and fault rupture area A is the product of fault rupture length L and fault with W 928 

assuming a rectangular rupture surface: 929 

 930 

A = W×L        (Eq.16) 931 

 932 

Fault rupture length L, fault width W, and fault displacement D all scale with Mo 933 

(Leonard, 2011). As derived in Li et al. (2014), the co-seismically uplifted volume is 934 

proportional to product A×D or W×L×D, and thus scales linearly with seismic moment 935 

Mo, indicating a power-law exponent of one and uniform efficiency across earthquake 936 

magnitudes. Whereas fault width W dictates the horizontal wavelength of the 937 

co-seismically uplifted topography (Li et al., 2014), the effect of post-seismic 938 

relaxation depends heavily on Te that is independent of Mo. Thus, over a full 939 

earthquake cycle, the dependence of Vup
seismic on W and Mo is reduced, leading to a 940 

power law exponent smaller than one, i.e., a decreasing trend in the Vup
seismic/Mo-Mo 941 

relation. Due to the limitations of our 2-D calculation, we cannot directly evaluate the 942 

dependence on fault length, which likely has more profound influence for single 943 

earthquakes with shorter rupture length and requires further examination in 3-D 944 

models. 945 

 946 

Thus, when considering how seismic energy release drives topographic change, larger 947 

earthquakes are less efficient both in terms of landslide erosion and uplift, compared 948 

to their smaller relatives. This suggests that as fault systems mature and are capable to 949 

accommodate higher Mw events, it is possible that the efficiency of both inducing 950 

landslide erosion and producing topography may decrease. At the same time, growing 951 

fault zones can promote structure complexities and local deformation features that 952 

could limit high magnitude events (e.g., Wesnousky, 1994), potentially complicating 953 

how they release seismic energy and cause topographic change.  954 

 955 

Normalizing volumes by seismic moment helps in evaluating the efficiency of 956 

earthquakes of different magnitudes, both in terms of landslide erosion and 957 

seismically induced uplift. However, over multiple earthquake cycles, earthquake 958 

recurrence time depends on earthquake magnitude. We take into account the 959 

Mw-earthquake recurrence time relation, in order to evaluate how earthquakes of 960 

different magnitudes contribute to the cumulative topographic changes over longer 961 

time scales of multiple earthquakes, accounting for the Mw-earthquake recurrence 962 

time relation. Taking the same approach as in Section 2.1, we model earthquake 963 

sequences over multiple seismic cycles using a Gutenberg-Richter Mw-frequency 964 

distribution. We consider a common fault setting where θ= 45°, Te= 20 km, Smod= 965 

30°,δsn= 1, and 1/β = 1, and allow earthquake depth and magnitude to vary. We then 966 

calculate the total seismically eroded landslide volume within each earthquake 967 

magnitude bin (ΔMw = 0.1), as the product of the recurrence time of the earthquakes 968 

in the magnitude bin and the corresponding Vls, respectively. We perform this 969 

calculation for a broad range of R0 (1-40 km) and integrate Vls over R0 for each 970 

earthquake magnitude bin. We then quantify the contribution from each earthquake 971 
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magnitude bin to the total volume budget over multiple earthquake cycles. Similarly, 972 

we calculate the contribution to the total seismic uplift from earthquakes of varying 973 

magnitudes, but we set earthquake depth equivalent to the product of fault width and 974 

sin(θ), although we expect varying depth would cause limited influence to Vup
seismic 975 

(e.g. Marc et al., 2016a; Section 3.6). 976 

 977 

As shown in Figure 10c, medium-to-high magnitude earthquakes are the most 978 

significant contributors to landslide erosion, and the magnitudes of maxima 979 

volumetric contribution correspond to the hinge magnitude beyond which ground 980 

motion saturates (Figure 9). This finding further emphasizes the importance of 981 

landslide-triggering mechanisms in understanding the volume budget caused by 982 

earthquakes. As shown in Figure 10f, high magnitude earthquakes, though occurring 983 

less frequently, contribute most to the total uplifted volume than the more frequently 984 

occurred, small-medium magnitude earthquakes.  985 

 986 

6. Post-seismic processes and wavelengths of deformations 987 

6.1. Effect of post-seismic processes in seismic mountain building 988 

Post-seismic processes represent the rheological response of the 989 

lithosphere-asthenosphere system to surface changes induced co-seismically and over 990 

the earthquake cycle, but the effect of post-seismic processes has not been considered 991 

in previous models of earthquake volume balance (Li et al., 2014; Marc et al., 2016a). 992 

For a given landslide volume model and landslide-triggering factor, post-seismic 993 

processes do not fundamentally change the relative volume balance across Mw, i.e., 994 

the pattern in Figures 6 and 7, as compared to prior co-seismic studies (Li et al., 2014; 995 

Marc et al., 2016a). However, post-seismic processes could cause large variations in 996 

the absolute values of uplift volumes, and thus affect whether earthquakes are net 997 

constructive or erosive. Specifically, post-seismic relaxation enhances hanging wall 998 

uplift and footwall subsidence, and isostasy causes distributed uplift (Figure 4). The 999 

net topographic effects of these processes and their volume budget vary in different 1000 

seismotectonic and landscape settings, as evidenced by changes of Vup
seismic and λ 1001 

versus the studied seismotectonic and landscape parameters (Figure 5). Isostasy 1002 

offsets a major part of landsliding (Molnar, 2012) but does not entirely compensate 1003 

for the erosional losses, such that some earthquakes that trigger landslides of large 1004 

enough volumes (e.g., 10 times of Vup
seismic) can still be net erosive over the timescale 1005 

of earthquake cycles, although such highly erosive events have been rarely observed 1006 

(e.g., considering landslide volume compilation in Marc et al., 2016b). 1007 

 1008 

Notably, across the assumed landslide-triggering mechanisms and the selected range 1009 

of the model parameters, far field Ω is systematically higher than near field Ω (Figure 1010 

9). Since Vls remains similar in both near field and far field cases, this difference is 1011 

caused by the fact that far field Vup is smaller than near field Vup with the studied 1012 

range of the parameters. The difference in Vup for near versus far field emerges 1013 

because Vup is composed of the seismically uplifted volume Vup
seismic and the 1014 

isostatically uplifted volume Vup
isostasy, and Vup

seismic is the sum of local uplift and 1015 
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subsidence. When expanding the spatial window, there is a trade-off between isostatic 1016 

uplift versus seismically induced subsidence. In the near field scenario, for given Te 1017 

and landslide pattern, Vup
isostasy is minimal because the majority of the isostatic uplift 1018 

is distributed in the far field, but Vup
seismic is maximal as most subsidence lies outside 1019 

this window. Vice versa, in the far field window, Vup
isostasy and seismically induced 1020 

subsidence both increase, but seismic subsidence outpaces isostatic uplift, leading to 1021 

the reduction of the total Vup, and consequently a higher value of Ω, as shown in 1022 

Figure 6. Such effects are mainly observed in cases where Vls is smaller or 1023 

comparable to Vup
seismic. In extremely erosive events where earthquakes trigger large 1024 

enough volumes of landslides (e.g, 10-100 times of Vup
seismic), it is possible that 1025 

Vup
isostasy outweighs seismically induced subsidence, leading to a higher Vup in the far 1026 

field window. However, we expect that such events rarely if ever occur in nature, such 1027 

that the importance of isostasy is secondary to the counteraction of uplift by 1028 

subsidence (e.g., Barlow et al., 2015).  1029 

 1030 

Overall, we conclude that post-seismic effects exert a secondary influence on the 1031 

relative patterns of Mw-earthquake volume balance relation, but can meaningfully 1032 

affect the spatial patterns. 1033 

 1034 

6.2. Wavelength of seismically produced topography and tectonic implications 1035 

The spatial patterns of seismic and post-seismic deformations may contribute some 1036 

insight into the construction of the tectonic features observed today. 1037 

Earthquake-triggered landslides are concentrated in the near field but the 1038 

corresponding isostatic responses broaden the region of deformation relative to 1039 

co-seismic effects alone (Figure 4). Post-seismic relaxation also distributes co-seismic 1040 

uplift and subsidence to the far field. Thus, we expect erosion to be focused near 1041 

range-bounding faults (Li et al., 2017), while uplift and subsidence extend over wide 1042 

areas. This pattern of concentrated erosion and distributed uplift and subsidence is 1043 

consistent with the structure of a range-basin system where erosion is focused along 1044 

mountain fronts and uplift and subsidence are distributed broadly, demonstrating that 1045 

earthquakes can produce such tectonic features (e.g., King et al., 1988). Another 1046 

interesting observation is that the wavelength of seismically created topography scales 1047 

with Mw and Te (Figure 11). This finding suggests that in landscapes controlled by 1048 

seismogenic fault systems encompassing faults and earthquakes of varying sizes, the 1049 

fault-produced topography should be composed of a series of topographic features 1050 

with varying wavelength that is linked to fault characteristics. Aging, mature faults 1051 

that are capable of generating fewer, higher magnitude, and deeper earthquakes are 1052 

expected to produce longer wavelength, smoothed topography, whereas younger, less 1053 

mature faults (e.g., Wesnousky, 1994; Ben-Zion, 2008) are likely to produce shorter 1054 

wavelength, higher-relief, steeper topography at a faster pace.  1055 

 1056 

7. Aseismic processes and the influence on the volume balance over earthquake 1057 

cycles 1058 
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Equation 13 and the deformation partitioning coefficient f help us to evaluate the role 1059 

of aseismic uplift in the volume balance over earthquake cycles. Based on Equation 1060 

13, we calculate Ω*/Ω as a function of f for varying isostatic compensation (λ) and 1061 

seismic volume balance ratio (Ω). As shown in Figure 12, Ω*/Ω (volume balance ratio 1062 

accounting for both seismic and aseismic uplift : seismic volume balance ratio) 1063 

generally increases as f increases. As f approaches 1, Ω*/Ω becomes less sensitive to 1064 

change in f. For a given f, Ω*/Ω gets further away from 1 both as λ and Ω decreases 1065 

(Figure 12a and b), suggesting that aseismic slip can affect the overall volume balance 1066 

significantly in cases when isostatic compensation is weak (low λ) and/or landslide 1067 

erosion counteracts little uplift (low Ω). Alternatively, for a given long-term tectonic 1068 

uplift rate over earthquake cycles, higher f indicates more contribution to topography 1069 

from seismic processes that trigger landslides, thus meaning relatively more landslide 1070 

erosion as compared to low f scenarios.  1071 

 1072 

Although there is no direct measurement of f in real geological settings, we use 1073 

seismic coupling coefficient, χ, defined as the ratio of seismic slip versus long-term 1074 

slip, as a first-order approximation of f. Previous studies have compiled seismic 1075 

coupling coefficients in typical tectonic settings and in major convergent plate 1076 

boundary systems (e.g., Bird and Kagan, 2004; Wang et al., 2009; Theunissen et al., 1077 

2010; Ader et al., 2012; Scholz and Campos, 2012; Stirling et al., 2012; Stevens and 1078 

Avouac, 2015; Li et al., 2018b), and we report those values in Figure 12c and 12d. In 1079 

regions of high inter-seismic coupling (e.g., the Himalayas and the eastern Tibetan 1080 

mountains), i.e., where we assert that f is close to 1, the corresponding Ω*/Ω is 1081 

predicted to be close to 1 as well (Figure 12a and b), meaning limited influence from 1082 

aseismic slip on the total volume balance over earthquake cycles. If inter-seismic 1083 

coupling is low and aseismic uplift is significant, the seismic volume balance ratio Ω 1084 

can be corrected to Ω* using Equation 13 with the related parameters constrained. We 1085 

also note that in typical continental convergent boundaries where mountainous 1086 

topography is pronounced (e.g., the Himalayas), χ and f are in general higher and 1087 

closer to 1 than in other settings (Figure 12c and 12d), pointing to a major role of 1088 

earthquakes in building topography in these environments. Yet we also recognize, as 1089 

noted above, that many of these settings may be characterized by inter-seismic 1090 

deformation associated with tectonic loading, which our model does not consider. 1091 

Overall, although our analysis focuses on the volume budget and balance caused by 1092 

seismic processes, f and χ allow us to also account for aseismic uplift and thus provide 1093 

a more comprehensive picture of deformation across earthquake cycles in diverse 1094 

settings.  1095 

 1096 

8. Topographic effects of earthquake cycles at the eastern margin of the Tibetan 1097 

Plateau 1098 

We apply our model to the central Longmen Shan mountains where the 2008 Mw7.9 1099 

Wenchuan earthquake occurred, to evaluate how earthquakes drive topographic 1100 

evolution at the eastern margin of the Tibetan Plateau. We neglect aseismic processes 1101 

in this analysis, because the seismogenic fault is thought to have been fully locked 1102 
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before the Wenchuan earthquake (Wang et al., 2009), and we consider this to be a 1103 

region where the assumption of minimal effects from inter-seismic tectonic loading 1104 

may be justified (see above). We first delineate the deformation field associated with 1105 

the Wenchuan event, combining observational data of co-seismic deformation and 1106 

landslide erosion, along with modeling of inter-seismic deformation. For seismic 1107 

deformation, we focus on the vertical displacement caused by the thrust component 1108 

and neglect the strike-slip component which causes little vertical changes, although 1109 

the Wenchuan earthquake contains both components (Liu-Zeng et al., 2009; Xu et al., 1110 

2009).  1111 

 1112 

The observations from the Wenchuan earthquake illustrate well the distinct spatial 1113 

patterns of seismically induced deformations (Figure 13), as predicted by our model: 1114 

landslide erosion and co-seismic deformation (both from empirical observations for 1115 

this event) focus in a narrow corridor (<50 km) above the fault plane and decay 1116 

quickly away from the fault trace. Specifically comparing the empirical and model 1117 

results, the magnitude and pattern of earthquake-triggered landslides match well with 1118 

the results predicted from our model (Figure 13b). For co-seismic deformation, our 1119 

model reproduces the structure on the hanging wall, but lacks accuracy on the 1120 

footwall (Figure 13b). Whereas geodetic observations show limited subsidence in this 1121 

case (de Michele et al., 2010; Fielding et al., 2013), our adopted co-seismic 1122 

deformation model (Cohen, 1996) and other similar models based on uniform 1123 

viscoelastic half space (Thatcher and Rundle, 1984; King et al., 1988; Okada, 1992; 1124 

Marc et al., 2016a) predict major subsidence in the near field of the footwall. Such 1125 

discrepancy is likely caused by the fact that in the case of the Wenchuan earthquake 1126 

there is a strong contrast in lithospheric rheology between the hanging wall block (the 1127 

Tibetan Plateau) and the footwall block (the Sichuan Basin, an ancient, intact carton 1128 

whose viscosity is over two orders of magnitudes higher than the adjacent Tibetan 1129 

block; Huang et al., 2014 and references therein), which contradicts the assumption of 1130 

homogeneous visco-elastic half space of the model. Moreover, numerical studies 1131 

suggest that simple flexural-based models are not sufficient to explain footwall 1132 

foreland basin subsidence, since more complex fault slip-basin margin interaction 1133 

processes play an important role (e.g., Simpson, 2014). Such effects are also not 1134 

considered in our model. However, as our model reproduces well the features on the 1135 

hanging wall, we propose that our model is effective for the hanging wall side where 1136 

landslide erosion and topographic uplift are mainly located, and we focus on the 1137 

hanging wall results in the following discussion.  1138 

 1139 

We lack empirical data to compare to the modeled post-seismic deformation and 1140 

isostastic response, but the calculated values suggest that these distribute over much 1141 

broader areas with much slower spatial decaying trends than the coseismic uplift or 1142 

landslide erosion (Figure 13c).  1143 

 1144 

To illustrate how the resulting Wenchuan earthquake volume balance varies spatially, 1145 

we plot the volume balance ratio as a function of area in which the budget is 1146 
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calculated, which we define based on the distance to the fault trace and consider only 1147 

the hanging wall results as discussed above (Figure 13d). Notably, the modeled 1148 

co-seismic volume ratio curve shows a similar trend as that derived from empirical 1149 

observations, with around 10% difference in magnitude (Figure 13d). The co-seismic 1150 

volume ratio curve quick saturates within a narrow zone near fault (<30 km) and 1151 

changes little beyond this zone, as suggested by Marc et al. (2016a). The post-seismic 1152 

curves decay continuously, extending to far field (Figure 13d). Overall, the significant 1153 

variation of the earthquake volume balance ratio over different integration boundaries 1154 

(Figure 13d) demonstrates the importance of considering both far field and near field 1155 

windows when interpreting the model results over earthquake cycles, whereas a near 1156 

field window is likely sufficient for capturing co-seismic deformation. The Wenchuan 1157 

example shows that considering post-seismic in addition to co-seismic processes can 1158 

considerably change the inferred volume balance, with a greater difference in the far 1159 

field and relatively smaller difference in the near field – emphasizing the role of 1160 

post-seismic processes in affecting the spatial distribution of deformation.  1161 

 1162 

We next consider the topographic effects of multiple earthquake cycles in the eastern 1163 

Tibetan mountains. Whereas the field observations from the Wenchuan event help 1164 

determine the parameters describing landscape susceptibility to landsliding and fault 1165 

geometry (Liu-Zeng et al., 2009; Xu et al., 2009; Marc et al., 2016b; Li et al., 2017; 1166 

Li et al., 2018a), major uncertainties exist in the effective elastic thickness (Te ~7-40 1167 

km; Jordon and Watts, 2005; Densmore et al., 2012; Fielding and McKenzie, 2012; 1168 

Huang et al., 2014) and earthquake depth (R0, typically within 20 km depth in this 1169 

region; Xu et al., 2009). To account for these uncertainties, in our modeling, we 1170 

conduct Monte Carlo random sampling of Te and R0 for each earthquake magnitude 1171 

bin (Mw~5-8 and ΔMw = 0.1) and report the medians and the 16th and 84th percentiles 1172 

of Ω over earthquake magnitude for 1000 simulations (Figure 14a). Here we only 1173 

consider the near field scenario to account for the mountainous region on the hanging 1174 

wall. To integrate the effects over multiple earthquake cycles, we generate earthquake 1175 

sequences using the earthquake frequency-magnitude relation established from the 1176 

regional seismic catalog and paleoseismic studies (Li et al., 2017 and references 1177 

therein). Note that the earthquake frequency-magnitude relation varies as a function of 1178 

the different estimates of the recurrence time (T) of Wenchuan-like events. We then 1179 

calculate an average near-field volume balance ratio Ω for all earthquake events of 1180 

varying magnitudes, weighted by the total seismic uplift volume of each magnitude 1181 

bin, i.e. the product of earthquake occurrence time and the corresponding seismic 1182 

uplift volume for a single event of the specified Mw.  1183 

 1184 

As shown in Figure 14b, the uplift volume-weighed distribution of Ω varies slightly 1185 

across different estimated recurrence interval of the Wenchuan-like events (T). Across 1186 

the range of reported T values (500-4000 years), we find that the net topographic 1187 

effect of earthquake cycles tends to be constructive, with >95% probability for Ω<1 1188 

and <5% probability for Ω>1. Using a similar approach, we also calculated the 1189 

volume balance for co-seismic scenarios (Figure 14c and d, Ωco-seismic = Vls/Vup
co-seismic). 1190 
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Compared to the volume balance over full earthquake cycles, we find that in 1191 

co-seismic scenarios, earthquakes tend to be more erosive (with 10-30% probability, 1192 

Figure 14d), and this difference clearly demonstrates the buffering role of 1193 

inter-seismic processes in regulating seismically produced topography. Overall, at the 1194 

eastern margin of the Tibetan Plateau, our analysis suggests that earthquakes work 1195 

mainly as topographic constructors over multiple seismic cycles, even though the 1196 

Wenchuan earthquake stimulated interest in this problem due to its highly erosive 1197 

characteristics (Figure 14b).  1198 

 1199 

9. Conclusions, limitations and implications 1200 

Taking a modeling approach, we have evaluated the volume balance between tectonic 1201 

uplift and landslide erosion over earthquake cycles, considering varying magnitudes 1202 

and different seismotectonic and topographic conditions and extensively exploring the 1203 

relevant parameter space. Several findings contribute to better understanding of the 1204 

seismic role in mountain building: 1205 

 1206 

(1) The extent to which earthquakes build or destroy mountains depends on 1207 

earthquake magnitudes, topographic and seismotectonic conditions, and assumptions 1208 

about the seismological triggering of landslides. At the eastern margin of the Tibetan 1209 

Plateau where the 2008 Wenchuan earthquake occurred, across the currently known 1210 

ranges of the related parameters and the possible mechanisms triggering landslides, 1211 

we conclude that the long-term effect of earthquakes tend to be topographic 1212 

constructive, and that destructive events are rare (e.g., Figure 14b). Nonetheless, 1213 

though most are likely not to be net destructive, the erosive power of earthquakes may 1214 

play a significant role in topographic evolution, particularly by affecting the location 1215 

and spatial distribution of deformation.  1216 

 1217 

(2) Different processes operating over one full earthquake cycle produce topographic 1218 

forms of distinct spatial patterns. Landslide erosion and co-seismic deformation are 1219 

focused on a narrow window near the fault trace, but post-seismic relaxation and 1220 

erosion-induced isostatic uplift distribute deformation over broader areas. Thus 1221 

understanding of the earthquake volume balance depends on defining a specified 1222 

spatial window, and one-dimensional calculations may overlook the fact that spatially 1223 

non-uniform deformation can shape the resulting topographic features. Aseismic slip 1224 

can also contribute to long-term uplift, and can be accounted for in the overall volume 1225 

balance using a deformation partitioning coefficient, though the influence of aseismic 1226 

deformation is expected to be limited in regions with high inter-seismic coupling, 1227 

such as the Himalayas and the eastern margin of the Tibetan Plateau. 1228 

 1229 

(3) We confirm previous findings (Li et al., 2014; Marc et al., 2016a) that earthquake 1230 

magnitude exerts a primary control on the volume of earthquake-triggered landslides 1231 

and seismically uplifted topography, and thus on the related volume balance ratio. 1232 

Seismotectonic and topographic conditions modulate volumes of seismically induced 1233 

deformations but have a secondary influence on the overall budget, except in cases 1234 
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where landscapes have very limited susceptibility of landsliding (e.g., low steepness). 1235 

Larger landslide volumes and more erosive earthquake events tend to occur in seismic 1236 

zones featured by shallower rupture depths and thinner effective elastic thickness, and 1237 

in steeper and more landslide-prone landscapes.  1238 

 1239 

(4) Assumptions about the seismological factor that is most relevant to landslide 1240 

triggering lead to large uncertainties in modeled landslide volume and volume ratio, 1241 

highlighting the importance of better understanding of landsliding-triggering 1242 

mechanisms. The assumed landsliding-triggering factor also dictates the patterns of 1243 

Vls-Mw and Ω-Mw relations. As Mw increases, Ω either peaks around the hinge 1244 

magnitude beyond which ground motion saturates or increases monotonically with Mw, 1245 

depending on the assumed landslide-triggering factor. 1246 

 1247 

(5) Seismically uplifted or eroded topography represents the geomorphic work done 1248 

by earthquakes using the released seismic moment. At higher earthquake magnitudes, 1249 

earthquakes gradually erode and uplift less volume per unit seismic moment, meaning 1250 

they are less efficient in driving topographic change. This relationship is caused by 1251 

the saturation of ground motion approaching higher magnitude and the lower 1252 

dependence on fault width that determines the horizontal wavelength of the 1253 

seismically uplifted topography. However, when considering the relative contributions 1254 

to the total volume budget, we find that higher magnitude earthquakes contribute 1255 

more to total seismic uplift, whereas medium-to-high magnitude earthquakes 1256 

contribute most to landslide erosion. 1257 

 1258 

(6) Over full earthquake cycles, the wavelength of seismically created topography to 1259 

first-order scales with Te, earthquake magnitude, and fault dimensions. These findings 1260 

provide a mechanistic link between fault characteristics, seismicity and topography. 1261 

We hypothesize that aging, mature fault systems that can generate higher magnitude 1262 

earthquakes are capable to produce longer wavelength, smoothed topography, 1263 

whereas less mature faults tend to create shorter wavelength, higher-relief, steeper 1264 

topography.  1265 

 1266 

Despite these new understanding gained from our modeling effort, several limitations 1267 

exist in this work, and these limitations point to key directions of further research. 1268 

 1269 

(1) As we neglect inter-seismic loading, our model does not fully represent the 1270 

processes active in regions where inter-seismic processes contribute significantly to 1271 

surface deformation (e.g. the Himalayas and Taiwan), although our model does 1272 

capture the co-seismic and post-seismic components and is expected to work well in 1273 

settings where inter-seismic loading is applied at regional scales (e.g. eastern Tibet). 1274 

As we focus on seismic processes, we simplify aseismic processes using a 1275 

deformation partitioning coefficient. However, aseismic processes can also play an 1276 

important role in long-term uplift in some settings (Simpson, 2015; Marc et al., 1277 

2016a). More detailed modeling of aseismic processes considering different modes of 1278 
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creeping and loading (e.g. regional vs. localized, Johnson et al., 2005; Simpson, 2015) 1279 

could add further insight, as could modeling of tectonic leading coupled to episodic 1280 

seismically-triggered erosion. 1281 

 1282 

(2) With the shortcomings of our 2-D approach, our model captures single seismic 1283 

cycles only for high magnitude earthquakes with long rupture length (L/Te > ~10) and 1284 

long recurrence time (e.g. >10 times of Maxwell relaxation time τ), or multiple 1285 

earthquake cycles when the tectonic setting satisfies the above rules. Applying the 1286 

model to single smaller magnitude events with lower fault length-to-Te ratios could be 1287 

problematic. The 2-D approach also limits our understanding of the 3-D structures of 1288 

seismically induced deformation and how along-strike variations influence on the 1289 

seismic volume budget. 3-D models are needed in future studies to address these 1290 

issues (e.g., Sun et al., 2014; Ren et al., 2018). 1291 

 1292 

(3) As our model is based on homogeneous viscoelastic half space, our model will not 1293 

accurately represent regions with heterogeneous rheology such as the eastern Tibetan 1294 

margin, where our results perform poorly in replicating the observed footwall 1295 

deformation associated with the Wenchuan earthquake. Moreover, we have not 1296 

considered the role of sedimentation and fault slip in range-bounding basins (e.g. 1297 

King et al., 1988; Densmore et al., 2012; Simpson, 2014), which emerges in our 1298 

Wenchuan modeling and should have major influence in other range-basin settings as 1299 

well. In the context of our modeling framework, adding a sedimentation component in 1300 

the footwall basins would both reduce footwall subsidence (because of sediment infill) 1301 

and the adjacent hanging wall uplift due to flexural isostatic response to loading, but 1302 

the net effect remains unconstrained. To better constrain the role of basin 1303 

sedimentation in earthquake volume balance, future studies are needed to better 1304 

describe how sediments are distributed in range-front basins, which likely vary as 1305 

functions of fluvial sediment transport and the properties (e.g. geometry, structure, 1306 

and rheology) of the range-frontal basins (Huang et al., 2014; references). Recent 1307 

studies also highlight the importance of the kinematics of basin margins related to 1308 

fault slip and lithospheric deformation in basin subsidence (Simpson, 2014), which 1309 

should be considered as well. However, we do not expect including the sedimentation 1310 

component would affect our major interpretations that earthquake sequences tend to 1311 

be topographically constructive in settings like the eastern Tibetan mountains, and that 1312 

landslide erosion can affect topographic wavelength.  1313 

 1314 

(4) We do not consider the evolution of relief with time, as in a landscape evolution 1315 

model, or the effect of geomorphic transport processes driven by climatic variations 1316 

(Whipple, 2009; Perron, 2017). Neither do we account for the transient changes of 1317 

landslide propensity in response to climatic triggers during post-earthquake time 1318 

periods (e.g. Marc et al., 2015; Parker et al., 2015), which are also important 1319 

mechanisms of how earthquakes work to influence landscape erosion. Thus we cannot 1320 

simulate how fault systems, earthquake cycles, and mountainous landscapes 1321 

co-evolve over time. 1322 
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 1323 

Overall, although our model has these many shortcomings and simplifications, our 1324 

results have meaningful implications. One the one hand, we find that, especially when 1325 

considering the modulating effect of post-seismic processes, the vast majority of large 1326 

earthquakes in a setting such as the eastern margin of the Tibetan Plateau are likely 1327 

constructive – dispelling any apparent paradox in which large earthquake might be 1328 

thought of as “net erosive”. At the same time, our results suggest that the erosive 1329 

component of earthquakes can be important in shaping first-order features of 1330 

large-scale topography, especially considering the evolving characteristics of fault 1331 

systems and how these characteristics may affect patterns of erosion versus uplift. 1332 

Thus episodic, seismically- induced landslides erosion should be considered in more 1333 

complete models of landscape evolution and crustal deformation over earthquake 1334 

cycles, particularly considering the cumulative effect of multiple faults of varying 1335 

maturity.  1336 

 1337 

Symbol Notations 1338 

A   Fault rupture area, km2 1339 

a Local peak ground seismic acceleration, gravitational acceleration g 1340 

ac Threshold acceleration to landsliding, gravitational acceleration g 1341 

Atopo  Fraction of topography available for landsliding , dimensionless 1342 

b Inferred acceleration at 1 km from seismic energy source for a given 1343 

landslide-triggering mechanism, gravitational acceleration g 1344 

bsat   Saturated acceleration of b, gravitational acceleration g 1345 

d   Distance to seismic energy source, km 1346 

D   Fault displacement, km 1347 

E   Young's modulus , Pa 1348 

f Partitioning coefficient of deformation over earthquake cycles, 1349 

dimensionless 1350 

e5, e6, e7  Empirical scaling parameters for ground motion, dimensionless 1351 

Iasp   Seismic energy spot length scale, km 1352 

L   Fault rupture length, km 1353 

Lsf   Fault surface rupture length, km 1354 

Mo   Seismic moment, N·m 1355 

Mw   Moment magnitude, dimensionless 1356 

P0   Scaling parameter for predicting landslide pattern, m3 km-2 1357 

PVls   Landslide volumetric density, m3 km-2 1358 

R0   Mean asperity depth, km 1359 

Rref   Reference distance, km 1360 

S   Site effect on amplification of ground motion, dimensionless 1361 

S    Average site effect on amplification of ground motion, dimensionless 1362 

Smod  Landscape modal slope, ° 1363 

τ   Maxwell relaxation time, yr 1364 

T   Recurrence time of Wenchuan-like events, yr 1365 
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Te   Lithospheric effective elastic thickness, km 1366 

Tsv   Empirical steepness normalization constant, ° 1367 

Vls   Landslide volume, km3 1368 

Vup   Total uplift volume, km3 1369 

Vup
aseismic Aseismically uplifted volume, km3 1370 

Vup
isostasy Isostatically uplifted volume induced by landslide erosion, km3 1371 

Vup
seismic  Seismically uplifted volume, km3 1372 

W   Fault width, km 1373 

Wf   Width of far field window , km 1374 

Wn   Width of near field window, km 1375 

β   Landslide spatial pattern factor, dimensionless 1376 

δsn   Normalized landscape failure susceptibility, dimensionless 1377 

δV   Landscape failure susceptibility, m3 km-2 1378 

V    Global-averaged landscape failure susceptibility, m3 km-2 1379 

θ   Fault dip, ° 1380 

λ   Ratio between Vup
isostasy and Vls, dimensionless 1381 

μ   Shear modulus, Pa 1382 

ν   Poisson ratio, dimensionless 1383 

ρA   Density of asthenosphere, kg m-3 1384 

ρL   Density of lithosphere, kg m-3 1385 

Ω   Seismic volume balance ratio, dimensionless 1386 

Ω* Volume balance ratio over full earthquake cycles accounting for uplift 1387 

driven by both seismic and aseismic processes, dimensionless 1388 

Ωco-seismic Co-seismic volume balance ratio (landslide erosion : co-seismic uplift), 1389 

dimensionless 1390 

    Average volume balance ratio over the sampling parameter space 1391 
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Figures (14 figures in the main text + 3 figures in the appendix) 1663 

 1664 

Figure 1. 1665 

 1666 

 1667 

 1668 

Figure 1. Illustrated diagram of the fault setting modeled in this study, composed of 1669 

elastic lithosphere with thickness Te and density ρL, viscoelastic asthenosphere with 1670 

density ρA, and a thrust fault plane with dip θ. The fault plane is assumed to be large 1671 

enough to accommodate all earthquake magnitudes of interest (up to Mw8-9 in this 1672 

context), and the rupture dimensions are determined from Mw-based scaling relations 1673 

for dip-slip fault earthquakes (cf. Table 6, Leonard, 2010).  1674 

  1675 



41 

 

 1676 

Figure 2. 1677 

 1678 

 1679 

 1680 

Figure 2. Schematic diagrams of seismic and aseismic deformation of the fault zone 1681 

over earthquake cycles, the meaning of factor f, and two cases of high and low f. (a) 1682 

Tectonic uplift versus time in the context of earthquake cycles: total tectonic uplift 1683 

(red solid curve) is composed of co-seismic (gray solid line, occurring during 1684 

earthquakes represented by the yellow stars), post-seismic (gray solid curve) and 1685 

aseismic (gray dashed curve) deformations. (b) Tectonic uplift versus time in a high f 1686 

case where seismic deformation contributes most to total uplift, i.e., high inter-seismic 1687 

coupling as observed in the Himalayas (Stevens and Avouac, 2015). (c) Tectonic uplift 1688 

versus time in a low f case where aseismic uplift is significant. Note that these 1689 

schematic diagrams are for regional loading scenarios where inter-seismic 1690 

deformation at the fault zone is neglected, whereas in localized loading scenarios 1691 

deformation may show different trends over time (e.g. Cattin and Avouac, 2000; 1692 

Simpson, 2015).  1693 
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 1695 

Figure 3. 1696 

 1697 

 1698 

 1699 

Figure 3. Cumulative rupture length as a function of earthquake magnitude over 10 1700 

Mw8 earthquake cycles concerning rupture length (subsurface) and surface rupture 1701 

length. The normalized cumulative rupture length is normalized by the rupture length 1702 

of one single maximum magnitude (Mw = 8 in this case) event, which is assumed to be 1703 

equivalent to the full fault length. Smaller magnitude earthquakes rupture different 1704 

segments of the fault. Rupture length is calculated using the Mw-based empirical 1705 

scaling relationships for dip-slip fault earthquakes reported in Leonard (2010). 1706 

 1707 
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 1709 

Figure 4.  1710 

 1711 

 1712 

 1713 

Figure 4. Spatial patterns of seismically induced deformations over full earthquake 1714 

cycles and variations over controlling parameters. (a) Normalized vertical 1715 

displacements of co-seismic deformation (red lines) and the combined co-seismic and 1716 

post-seismic deformation (gray curves) with varying fault dip and Te values versus 1717 

distance to fault trace normalized by fault width. (b) Normalized vertical 1718 

displacements caused by co-seismic deformation (red lines), post-seismic deformation 1719 

(dashed gray curves) and the combined co-seismic and post-seismic deformation 1720 

(solid gray curves) with a fault dip θ of 45° and varying Te values versus distance to 1721 

fault trace normalized by fault depth, and the same type of results for a fault dip θ of 1722 

15° is plotted in (c). (d) Normalized vertical displacement of landslide erosion as a 1723 
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function of landslide spatial pattern factor β. (e) Normalized vertical displacement of 1724 

flexural- isostatic compensation to landslide erosion (β = 1) over changing Te. In (d) 1725 

and (e), the modeled landslides are set to occur only on the hanging wall (x/fault 1726 

depth > 0). Note the different horizontal scales in the x-axes, and the x-axis in (a) is 1727 

normalized to fault width whereas for other panels the x-axis is normalized to fault 1728 

depth (fault depth = fault width × sinθ). Here we consider earthquake rupture depth is 1729 

equal to fault depth and Te.  1730 

 1731 
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 1733 

Figure 5.  1734 

 1735 

 1736 

 1737 

Figure 5. Seismically induced volumes and the isostatic ratio over input parameters 1738 

and assumptions about landslide-triggering factors, including Vup
seismic versus (a) Te 1739 

and (b) θ; Vls versus (c) R0, (d) Smod, (e) assumed landslide-triggering factor including 1740 

seismic waves of different frequencies, PGV, and PGA; near field isostasy ratio versus 1741 

(g) Te, (f) δsn, and (h) 1/β. Vup
seismic considers both far field and near field scenarios, 1742 

i.e., the solid and dashed lines in (a) and (b), respectively. Adopted values of relevant 1743 

model parameters are reported in each panel.  1744 

 1745 
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 1747 

 1748 

 1749 

Figure 6.  1750 

 1751 

 1752 

 1753 

Figure 6. Sensitivity analysis of earthquake volume balance ratio Ω, Vls, Vup and λ to 1754 

changes in the studied parameters over different earthquake magnitudes and 1755 

seismological factors responsible for triggering landslides (e.g. S waves of different 1756 

periods, PGV and PGA) for near field scenario. Panels showing blank results (e.g. 1757 

panels e, i, m and q) mean no landslides are triggered with the given conditions. The 1758 

signs indicate the changes of the ratios and uplift volumes when increasing a 1759 

parameter: positive means increase and negative means decrease. 1760 
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 1762 

Figure 7. 1763 

 1764 

 1765 

 1766 

Figure 7. Contour plots of the relative earthquake volume balance ratio, defined as the 1767 

difference between the earthquake volume balance ratio Ω and the average volume 1768 

balance ratio Ω̅ over the sampling space. We consider Mw=9 here and a range of 1769 

representative seismological factors (S wave of 1 s period, PGV and PGA) responsible 1770 

for triggering landslides in a far field scenario. Blank areas (on panels a, d, and g) 1771 

represent no landslides being triggered for the given conditions. The values of the 1772 

input parameters and sampling ranges are detailed in Section 3.6. Please see more 1773 

contour plots for various earthquake magnitudes and a more complete set of 1774 

landslide-triggering factors in the Appendix.  1775 
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 1777 

 1778 

Figure 8.  1779 

 1780 

 1781 
 1782 

Figure 8. Variations of seismically induced uplift and landslide volumes across 1783 

earthquake magnitudes over different parameters and possible seismological 1784 

landslide-triggering factors. (a) Vup
seismic versus Mw under changing Te (colored) in 1785 

near field (dashed lines) and far field (solid lines) scenarios. (b) Vup
seismic versus Mw 1786 

under changing θ (colored) in near field (dashed lines) and far field (solid lines) 1787 

scenarios. (c) Vls versus Mw under changing seismological factors responsible for 1788 

triggering landslides. (d) Vls versus Mw under changing seismological factors 1789 

responsible for triggering landslides. (e) Vls versus Mw under changing landscape 1790 

failure susceptibility. (f) Vls versus Mw under changing landscape steepness. Adopted 1791 

values of relevant model parameters are reported in each panel.  1792 
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 1794 

Figure 9.  1795 

 1796 

 1797 

 1798 

Figure 9. Earthquake volume balance ratio across earthquake magnitudes over 1799 

possible seismological factors responsible for triggering landslides, accounting for (a) 1800 

near field and (b) far field scenarios. (c) and (d) illustrate the representative patterns 1801 

(color-labeled as category A, B, C and D) as plotted in (a) and (b), respectively. The 1802 

related parameters are set at their medians of the ranges reported in Section 2.7. The 1803 

input parameters are: θ = 45°, Te = 20 km, R0 =10 km, Smod = 30°, 1/β = 1, and δsn = 1. 1804 

 1805 
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 1808 

Figure 10.  1809 

 1810 

 1811 

 1812 

Figure 10. Seismically induced uplift and landslide volumes versus seismic moment 1813 

release and earthquake magnitude. (a) Vls versus Mo under changing seismological 1814 

factors responsible for triggering landslides. (b) Vls/Mo versus Mw under changing 1815 

seismological factors responsible for triggering landslides. (c) Contribution to the 1816 

total landslide volume over multiple earthquake cycles versus Mw, considering 1817 

changing seismological factors responsible for triggering landslides. For Vls 1818 

calculations, the input parameters are: R0 =1-40 km, Smod = 30°, δsn = 1, and 1/β = 1. 1819 

(d) Vup
seismic versus Mo for near field (dashed curve) and far field (solid curve) 1820 

scenarios. (e) Vup
seismic/Mo versus Mw for near field (dashed curve) and far field (solid 1821 

curve) scenarios. (f) Contribution to the total seismic uplift volume over multiple 1822 

earthquake cycles versus Mw, considering near field (dashed curve) and far field (solid 1823 

curve) cases. For Vup
seismic calculations, we choose θ = 45°, Te = 20 km, and determine 1824 

rupture dimensions using Mw-based scaling relations and earthquake depth combining 1825 

fault width and dip angle. 1826 

 1827 
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 1829 

Figure 11.  1830 

 1831 

 1832 

 1833 

Figure 11. Wavelength of seismically produced topography versus (a) Mw and (b) Te, 1834 

considering topographic wavelength caused by (a) co-seismic deformation (gray 1835 

curve, wavelength defined as the horizontal range within 20% of maximum 1836 

deformation), landslide erosion (red curve, wavelength defined as the horizontal width 1837 

of the full landslide erosion zone, using the relation from Marc et al., 2017) as a 1838 

function of earthquake magnitude, and (b) post-seismic processes (the sum of 1839 

inter-seismic relaxation and flexural- isostatic compensation). For (a), we set θ = 45°, 1840 

1/β = 1, Smod = 30°, δsn = 1, and assume landslides are mainly triggered by 1 Hz 1841 

(period = 1 s) seismic waves. R0 is assumed to be equivalent to the fault depth (fault 1842 

width × sinθ) for simplicity (Marc et al., 2016b). Fault width is calculated using the 1843 

scaling relations in Leonard (2010). For (b), we test earthquake magnitudes from 5 to 1844 

9 and the trends maintain similar, with varying Te and other parameters same as in (a). 1845 

 1846 
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Figure 12. 1848 

 1849 

 1850 
 1851 

Figure 12. Ω*/Ω (volume balance ratio accounting for both seismic and aseismic 1852 

uplift : seismic volume balance ratio) as a function of f, the proportion of seismically 1853 

induced uplift relative to the total uplift caused by seismic and aseismic deformations 1854 

over one seismic cycle, under changing (a) isostatic response coefficient λ and (b) 1855 

seismic volume balance ratio Ω. Although there are no direct measurement of f, we 1856 

use the seismic coupling coefficient χ, the proportion of seismic slip over long-term 1857 

slip, as a first-order approximation of f. (c) χ values in typical tectonic settings as 1858 

compiled by Bird and Kagan (2004), with error bars indicating 95% confidence 1859 

intervals. (d) χ values in major tectonically compressional regions and convergent 1860 

plate boundary systems with error bars indicating uncertainties from spatial variations 1861 

and/or calculation method: the Himalayas (Ader et al., 2012), the Longmen Shan 1862 

mountain range at the eastern margin of the Tibetan Plateau (Li et al., 2018b), the 1863 

Hikurangi subduction system (Stirling et al., 2012), the Ryukyu subduction system 1864 

(Taiwan-Gagua ridge, Theunissen et al., 2010), Cascadia, Alaska, Chile, and Mexico 1865 

(Scholz and Campos, 2012), and the central America as an example of low χ-region 1866 

(Scholz and Campos, 2012). 1867 
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 1870 

Figure 13. 1871 

 1872 

 1873 

 1874 

Figure 13. Spatial variations of seismically induced deformations for the 2008 Mw7.9 1875 

Wenchuan case. (a) Mapview of the epicentral region of the Wenchuan earthquake, 1876 

with co-seismic displacement and distribution of earthquake-triggered landslides. (b) 1877 

Vertical displacement caused by co-seismic deformation and landslide erosion derived 1878 

from observations and modeling. Model parameters are determined from the 1879 

Wenchuan field data, with θ = 65°, 1/β = 0.68, Smod = 31°, δsn = 5, R0 = 9.5 km, 1880 

assuming 1 Hz seismic waves are the main seismological factor responsible for 1881 

triggering landsliding (Liu-Zeng et al., 2009; Xu et al., 2009; Marc et al., 2016b; Li et 1882 

al., 2017; Li et al., 2018). (c) Displacement of seismically induced deformations 1883 

(co-seismic deformation, landslide erosion, combined co-seismic and post-seismic 1884 

deformation, flexural isostatic response to landslide erosion) projected along the 1885 

direction perpendicular to the fault trace, i.e. the grey arrow in (a). (d) Volume ratio 1886 

between landslide erosion and seismically induced uplift on the hanging wall for the 1887 

observed and modeled co-seismic case (solid and dashed red curves, respectively) and 1888 

over the full earthquake cycle (gray curves) versus the distance to fault trace, with Te 1889 

of 10, 20, 30 and 40 km. 1890 

 1891 
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 1892 

Figure 14. 1893 

 1894 

 1895 

 1896 

Figure 14. Volume balance and the overall topographic effects of earthquake cycles at 1897 

the eastern margin of the Tibetan Plateau modeled via Monte Carlo random sampling 1898 

of Te (7-40 km) and R0 (1-20 km) for earthquake events with Mw ~5-8. Other model 1899 

parameters are determined from the Wenchuan field data, considering hanging wall, 1900 

near field scenarios. (a) Seismic volume balance ratio (Ω, landslide erosion : uplift) 1901 

versus Mw: 1000 times’ Monte Carlo simulations are run for each earthquake 1902 

magnitude bin (ΔMw = 0.1) to account for variations of Te and R0; the results are 1903 

reported as the medians (red solid curve) and an envelope bounded by the 16th-84th 1904 

percentiles (gray dashed curves) of the modeled Ω population. (b) Kernel probability 1905 

density of Ω for each earthquake magnitude bin (gray curves, with each curve 1906 

representing the probability density for the 1000 Ω values from the Monte Carlo 1907 

simulations for a specified Mw bin) and for the average of Ω weighted by seismic 1908 

uplift and occurrence frequency of each Mw bin (colored curves) considering different 1909 

estimates of the recurrence time of Wenchuan-like events, T, as indicated by the 1910 

colored curves and the color bar. Our results suggest the overall topographic effect of 1911 

earthquake cycles tends to be constructive (with >90% probability for Ω < 1) rather 1912 

than erosive (with <10% probability for Ω > 1). The red bar indicates the Wenchuan 1913 

event. (c) and (d) are for co-seismic scenarios (Ωco-seismic = Vls/Vup
co-seismic), with the red 1914 

square on (d) representing the Wenchuan case.  1915 
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Appendix 1917 

 1918 

Figure A1. 1919 

 1920 

 1921 

 1922 

Figure A1. Contour plots of the relative earthquake volume balance ratio, defined as 1923 

the difference between the earthquake volume balance ratio Ω and the average volume 1924 

balance ratio Ω̅ over the sampling space. We consider Mw=6 here and a range of 1925 

seismological factors (S waves of different periods, PGV and PGA) responsible for 1926 

triggering landslides in a far field scenario. Blank areas represent no landslides being 1927 

triggered for the given conditions. 1928 
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 1929 

Figure A2. 1930 

 1931 

 1932 

 1933 

Figure A2. Contour plots of the relative earthquake volume balance ratio, defined as 1934 

the difference between the earthquake volume balance ratio Ω and the average volume 1935 

balance ratio Ω̅ over the sampling space. We consider Mw= 7 here and a range of 1936 

seismological factors (S waves of different periods, PGV and PGA) responsible for 1937 

triggering landslides in a far field scenario. Blank areas represent no landslides being 1938 

triggered for the given conditions. 1939 
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 1941 

Figure A3. 1942 

 1943 

 1944 

 1945 

Figure A3. Contour plots of the relative earthquake volume balance ratio, defined as 1946 

the difference between the earthquake volume balance ratio Ω and the average volume 1947 

balance ratio Ω̅ over the sampling space. We consider Mw= 8 here and a range of 1948 

seismological factors (S waves of different periods, PGV and PGA) responsible for 1949 

triggering landslides in a far field scenario. Blank areas represent no landslides being 1950 

triggered for the given conditions. 1951 
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 1953 

Figure A4. 1954 

 1955 

 1956 

Figure A4. Contour plots of the relative earthquake volume balance ratio, defined as 1957 

the difference between the earthquake volume balance ratio Ω and the average volume 1958 

balance ratio Ω̅ over the sampling space. We consider Mw= 9 here and a range of 1959 

seismological factors (S waves of different periods, PGV and PGA) responsible for 1960 

triggering landslides in a far field scenario. Blank areas represent no landslides being 1961 

triggered for the given conditions. 1962 
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FigureA4.
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