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Abstract 20 

Two adjacent segments of the Chile margin exhibit significant differences in the earthquake 21 

magnitude and rupture extents, reflected by the 1960 Valdivia and 2010 Maule earthquake. In 22 

this study, we use the Discrete Element Method to explore the controls on megathrust fault slip 23 

during the earthquake, informed by interpretations of the structure across these two segments. 24 

We simulate the upper plate as wedges overlying megathrust faults that are divided into two 25 

frictional domains, modeled after dynamic Coulomb wedge models. We find that the inner 26 

wedge width strongly influences megathrust rupture extents. Our selected model yields a 27 

reasonable fit to the published slip distributions for the 2010 Maule rupture. Our simulated slip 28 

distributions suggest that the Valdivia earthquake likely experienced its highest slip close to the 29 

trench, differing from published models. We also demonstrate how the frictional conditions 30 

beneath the outer wedge can affect the size of megathrust earthquakes. 31 
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 32 

Plain Language Summary 33 

The South-central Chilean margin is host to some of the largest megathrust earthquakes on Earth, 34 

including the Mw 9.5 1960 Valdivia earthquake and the Mw 8.8 2010 Maule earthquake. 35 

Although their earthquake rupture segments are very close to each other, the resulting 36 

earthquakes are significantly different. In this study, we use the Discrete Element Method to 37 

explore the controls on these differences. We use assemblages of discrete particles to simulate 38 

wedges that define the two-dimensional subduction upper plate. Each wedge is partitioned into a 39 

strong inner wedge, capable of supporting large elastic strains that can be released during 40 

earthquakes, and a lower strength frontal domain that resists the earthquake rupture. We simulate 41 

earthquake unloading by instantaneously reducing the basal friction beneath the inner wedge, 42 

then document the resulting changes in geometry and stress throughout the wedge. We find that 43 

the dimensions and frictional properties of the frontal domain affect earthquake size. Our models 44 

yield reasonable fits to the modeled slip distributions for the 2010 Maule rupture. However, 45 

differences between the Valdivia earthquake rupture models and our simulated slip distributions 46 

suggest that the highest, slip during the earthquake, occurred close to the trench, in contrast to 47 

published models. 48 

  49 
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1 Introduction 50 

The South-central Chilean subduction margin is host to some of the largest megathrust 51 

earthquakes on Earth, including the greatest ever recorded earthquake, the Mw 9.5 1960 Valdivia 52 

earthquake. The largest earthquake along the margin since then was the Mw 8.8 2010 Maule 53 

earthquake, which partially overlaps and extends farther north from the Valdivia rupture (Figure 54 

1a). Despite the proximity of the two source areas, the earthquake magnitudes, rupture extents, 55 

and efficiency of generating transoceanic tsunamis differ significantly between the 1960 and 56 

2010 events. The 1960 Valdivia event ruptured a length of ~1000 km of the Nazca-South 57 

America plate boundary along the strike from 37°S to 46°S (Figure 1a). The subsequent trans-58 

Pacific tsunami was so large that waves up to 25 m high reached the coast of Chile (Moreno et 59 

al., 2009; Contreras‐Reyes et al., 2010). By comparison, the 2010 Maule earthquake ruptured a 60 

length of ~600 km from 33°S to 39°S (Figure 1a), producing a much smaller tsunami with 61 

average waves of 10 m  (Contreras‐Reyes et al., 2010; Moreno et al., 2010). In addition, the 62 

maximum coseismic slip triggered by the 1960 Valdivia earthquake was over 40 m (Moreno et 63 

al., 2009), whereas the maximum slip accompanying the 2010 Maule earthquake was estimated 64 

to be ~20 m (Moreno et al., 2010; Tong et al., 2010). Furthermore, fault slip models for the 2010 65 

Maule earthquake rupture suggested that the rupture did not extend to the trench (Delouis et al., 66 

2010; Moreno et al., 2010; Tong et al., 2010; Maksymowicz et al., 2017). In contrast, although 67 

dependent on poor quality data, tsunami models and joint displacement inversions suggested 68 

trench-breaking coseismic rupture for the 1960 Valdivia earthquake (Barrientos and Ward, 1990; 69 

Moreno et al., 2009). 70 

A plausible explanation for the difference in earthquake magnitudes and slip distributions 71 

for these two events is along strike variations in the position of the updip seismic-aseismic 72 

transition, and associated controls on earthquake magnitude (Wang and Hu, 2006; Contreras‐73 

Reyes et al., 2010). As shown in Figure 1b, the overlying forearc theoretically can be divided 74 

into outer and inner wedges (Wang and Hu, 2006). The outer wedge, composed of relatively 75 

young unconsolidated sediments, may define a velocity strengthening zone during earthquakes 76 

(Scholz, 1998; Moore and Saffer, 2001). The inner wedge, consisting of older and stronger 77 

accreted sediments and rock, is more prone to fault locking during the interseismic period, and 78 

velocity weakening during earthquake ruptures (Wang and Hu, 2006). The boundary between the 79 

inner and outer wedge can be defined by the location of the backstop (Contreras‐Reyes et al., 80 
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2010). Contreras‐Reyes et al. (2010) interpreted that the dimension of the outer wedge in the 81 

1960 rupture area is much smaller than the one in the 2010 rupture area (Table S1, Supporting 82 

Information). Hence, there is an inverse correlation between the outer wedge dimension and 83 

earthquake size (Wang and He, 2008; Contreras‐Reyes et al., 2010; Contreras-Reyes et al., 84 

2017). However, this hypothesis is based on limited data and uncertain interpretations of both 85 

wedge width and earthquake slip. In particular, there are significant uncertainties about the true 86 

slip distributions for the earthquakes (Langer, 2020). Furthermore, limited coverage and poor-87 

quality seismic records for the 1960 Valdivia earthquake make the derived slip distribution 88 

further questionable. 89 

Another factor that may play a key role in controlling the magnitude of the coseismic 90 

rupture is the change in effective friction along the megathrust fault (Wang and Morgan, 2019). 91 

In particular, the lateral variations in fault strength beneath the outer wedge may influence the 92 

earthquake rupture behavior (Hu and Wang, 2008). However, we still have limited understanding 93 

of the relative effects of frictional behavior and outer wedge width in determining earthquake 94 

magnitude, and which may be responsible for the differences between the ruptures along the 95 

Valdivia and Maule segments. 96 

Building on recent modeling efforts investigating the controls on distributed extensional 97 

deformation in the Japan Trench forearc following the Tohoku earthquake (Wang and Morgan, 98 

2019), we use numerical simulations to understand potential connections between great 99 

megathrust earthquakes, fault properties, and upper plate structure. This study seeks to 1) 100 

determine the effect of position of the inner to outer wedge transition on earthquake slip 101 

distribution for comparison to the 1960 Valdivia rupture; and 2) explore how frictional changes 102 

beneath the outer wedge interact with outer wedge width to influence the magnitude of fault slip. 103 

 104 

2 Approach and Methodology 105 

RICEBAL, a Discrete-Element-method based program, is used to construct the models 106 

used here. Details about the DEM methodology can be found in the supplementary materials, as 107 

well as previous publications (Morgan, 2015; Wang and Morgan, 2019). The particle sizes and 108 

their mechanical properties are tabulated in the supplementary materials (S1).  109 

The initial wedge is constructed by randomly generating particles within a two-110 

dimensional 200 km wide domain and letting them settle under gravity. The settled particles are 111 
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then sculpted to the desired wedge shape with a starting taper angle of 12° (α+β), based on 112 

published geometries for the SC Chile Margin (Maksymowicz, 2015), and subjected to gravity 113 

tilted at an angle of 8° from the vertical, simulating a fixed megathrust dip angle (β) of 8°. The 114 

initial full length of the wedge is 200 km, comparable to the downdip rupture distance along the 115 

central Chile Margin (Figure 1a). Following particle deposition and wedge sculpting, bonds are 116 

added between particles in contact within the wedge to impart cohesion. 117 

The wedge is divided into inner and outer wedge domains, distinguished by the assigned 118 

values of basal friction on the underlying megathrust fault (Figure 1c). The mechanical 119 

properties of the domains and interfaces are controlled by the particle properties and interparticle 120 

friction coefficients assigned for each domain. The derivation of the bulk internal friction (𝜇𝑖𝑛𝑡
′ ) 121 

and basal friction (𝜇𝑏𝑎𝑠
′ ) of the inner and outer wedges, respectively (Table S2, Supporting 122 

Information), is explained in the supplementary materials and previous studies (Morgan, 2015; 123 

Wang and Morgan, 2019). We use a highly simplified model that focuses on the first-order 124 

effects of fault properties and outer wedge dimension on earthquake sizes during an earthquake 125 

cycle. Therefore, we employ constant values of basal friction across each of the inner or outer 126 

wedges for a given simulation stage, ignoring the spatial and temporal variations that likely 127 

occur in nature.  The resulting model, partitioned into an inner and outer wedge, is referred to as 128 

State 0. 129 

Each numerical simulation is carried out in two stages: (1) pre-earthquake loading under 130 

enhanced “static” basal friction values, representing the interseismic period, and (2) dynamic 131 

earthquake rupture under reduced basal friction beneath the inner wedge. This friction change is 132 

a simplified way to simulate velocity-weakening, thought to accompany great earthquakes within 133 

the subduction seismogenic zones, theoretically causing rupture propagation or even extensional 134 

failure (Wang and Hu, 2006; Wang and Morgan, 2019). In combination, the two stages 135 

approximate a full earthquake cycle. During the first stage, the backwall (positioned at 0 km) is 136 

displaced at a steady rate, while the slip of the wedge is resisted by basal friction. This causes the 137 

build-up of elastic strain energy within the wedge and increased shear stresses along the 138 

megathrust. State 1 is reached following 8 km of backwall displacement, when the fault is 139 

preconditioned and poised for failure. Earthquake rupture is induced during Stage 2 by rapidly 140 

decreasing the basal friction beneath the inner wedge, which results in dynamic slip along the 141 

underlying fault. Concurrently, the basal friction beneath the outer wedge was either maintained 142 
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or increased, simulating a more resistant frontal wedge. State of the model is achieved once 143 

Stage 2 slip ceases. More information about the modeling workflow can be found in the 144 

supplementary materials (S2) and the previous work (Wang and Morgan, 2019).  145 

We carried out two different simulation setups, each one using different combinations of 146 

basal friction and friction changes for a range of different outer wedge dimensions, as shown in 147 

Table S2 (Supporting Information). In all models, the internal friction coefficient (𝜇𝑖𝑛𝑡
′ ) was 148 

maintained at 0.10 for both the inner and outer wedges.  149 

Our first model setup (Table S1, Supporting Information) was designed to determine how 150 

the dimension of the outer wedge (velocity strengthening zone) affects the distribution of fault 151 

slip during earthquake rupture. The effective basal friction coefficients for the inner and outer 152 

wedges, 𝜇𝑏𝑎𝑠_𝑖𝑛𝑛𝑒𝑟
′  and 𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟

′ , respectively, were both set to 0.04 at the start of the pre-153 

earthquake loading stage. During the earthquake rupture phase, 𝜇𝑏𝑎𝑠_𝑖𝑛𝑛𝑒𝑟
′  was instantly 154 

decreased to 0.02 while 𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟
′  was maintained at 0.04. Simulations were conducted for a 155 

range of outer wedge dimensions, ranging from 0% - ~60% of the full wedge length. 156 

The second model setup (Table S2, Supporting Information) was used to investigate how 157 

the magnitude of friction, beneath the outer wedge and whether it increases or decreases during 158 

earthquake rupture, controls earthquake magnitude and resulting fault slips. As above, the 159 

effective basal friction values for both the inner and outer wedges, 𝜇𝑏𝑎𝑠_𝑖𝑛𝑛𝑒𝑟
′  and 𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟

′  160 

respectively, were initially assigned to 0.04 during the pre-earthquake loading stage. Then during 161 

the earthquake rupture phase, 𝜇𝑏𝑎𝑠_𝑖𝑛𝑛𝑒𝑟
′  was instantly decreased to 0.02 to simulate velocity 162 

weakening, while 𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟
′  was changed to different values, ranging from 0.04 to 0.08. 163 

 164 

3 Simulation Results 165 

The instantaneous reduction in basal friction beneath the inner wedge allowed the 166 

simulated wedge to slip along the fixed lower plate as it unloaded, interacting with the outer 167 

wedge, which also had the potential to slip and unload. The final coseismic slip distributions for 168 

both inner and outer wedges were calculated by tracking average particle displacements within 169 

2000×1000 m domains immediately above the fault zone.  170 

For Setup 1, seventeen simulations were conducted using different ratios of outer wedge 171 

length to full wedge length, ranging from 0% to ~60%; the final displacements, from the 172 

backwall (at 0 km) to the wedge toe, at the end of unloading are summarized in Figure 2a-2b. A 173 
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clear pattern emerges, revealing a trend of increasing local fault displacement from near the 174 

backwall to the toe, until slip is suppressed by the presence of the resistant outer wedge. Thus, 175 

we see that the distance to the peak coseismic fault displacement correlates inversely with the 176 

width of the outer wedge, and slip magnitude decreases noticeably near the transition from the 177 

inner to the outer wedge (Figure 2a). The peak slip occurs very close to the toe if the outer wedge 178 

is very small, i.e., less than 10% of the megathrust fault length (Figure 2a) but shifts away from 179 

the toe as the outer wedge width increases. Lastly, the maximum slip magnitude increases 180 

exponentially as the dimension of the outer wedge decreases (Figure 2b). A small step in 181 

displacement noted on each curve at ~40 km reflects reactivation of a fault that formed during 182 

the interseismic loading stage (Figure 1c), as is explained in the supplementary material; this 183 

fault does not contribute significantly to the rupture distribution. 184 

With Setup 2, we compared three different outer wedge widths, and examined the effects 185 

of four different friction changes beneath the outer wedge (Figure 2c, d, and e). We see that the 186 

magnitude friction, and whether it increases or decreases, influences the cumulative fault slip, 187 

defined as the area under the slip-displacement curve. Again, in Figure 2c-2e, all models exhibit 188 

a step-in slip magnitude near the boundary between the inner and outer wedges, however, the 189 

larger the reduction in outer wedge friction, the greater the cumulative fault slip. For 𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟
′  190 

larger than 0.04 (i.e., velocity strengthening), the coseismic slip distributions beneath the outer 191 

wedge are similar and small (blue dashes and pink circles in Figure 2c-2e). In the case of 192 

constant velocity (𝜇𝑏𝑎𝑠_𝑜𝑢𝑡𝑒𝑟
′  = 0.04, black line), the outer wedge experiences higher fault slip. 193 

As above, the step-in displacement at ~40 km is due to a pre-existing fault. 194 

 195 

4 Discussion 196 

4.1 Controls on Earthquake Magnitudes and Coseismic Slips 197 

We can select the results of our Setup 1 simulations that produce fault slip distributions 198 

that reasonably match both the 1960 Valdivia and 2010 Maule earthquakes. Shown in Figures 3a 199 

and b (left panels), are the selected simulation results (solid lines) that best fit the published 200 

constraints discussed previously (dashed lines). For comparison, we also revisit modeled slip 201 

distributions for the recent well-instrumented 2011 Tohoku earthquake off Japan, which is 202 

known to have ruptured all the way to the trench (Figure 3c, left panel). For each of the preferred 203 

slip distributions, we also plot corresponding model-derived stress changes that accompanied the 204 
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simulated earthquakes (Figure 3d-3f, right panels), to demonstrate the role of the frictionally 205 

stronger outer wedges in modulating fault slip. The calculation of stress changes, documented as 206 

cumulative changes in mean stress, σm during earthquake unloading, is explained in the 207 

supplementary materials (S3). In all cases, the earthquake causes a reduction in inner wedge 208 

stress, some of which is transferred toward the toe, resulting in an increase in stress within the 209 

outer wedge. We discuss each case further below. 210 

Based on the previous interpretation based on the tomographic model for the 2010 Mw 211 

8.8 Maule earthquake rupture segment (Contreras‐Reyes et al., 2010; Contreras-Reyes et al., 212 

2017), the outer wedge zone is thought to be relatively large, and the modeled peak slip is about 213 

20 m (Table S1, Supporting Information). Our model with an outer wedge that is ~49 % of the 214 

subduction interface and an outer wedge friction value of 0.04, matches these constraints well 215 

(Figure 3a). The case where the outer wedge is ~ 49% of the subduction interface provides a 216 

reasonable match to the estimated slip distribution. The simulated and calculated coseismic slip 217 

distributions are compared in the left panel of Figure 3a; the simulated co-seismic stress change 218 

is shown in the right panel. The peak slip from our numerical simulation (black curve) is about 219 

21 m, centered ~ 100 km from the trench. This is consistent with the derived slip distributions 220 

(blue dash curve) for the 2010 Maule earthquake (Moreno et al., 2010). The average slip is about 221 

9.5 m, and if we assume an along strike rupture distance of 550 km (Moreno et al., 2010), the 222 

moment magnitude (Mw) can be calculated as: 223 

Mw = 2/3 × log (µ × rupture area × slip length) – 10.73 224 

using a standard shear modulus, µ for the crust of 3×10
10

 N/m. This yields an earthquake 225 

magnitude of around 8.8, which matches that of the Maule earthquake. The simulated coseismic 226 

stress change shows that unloading of the inner wedge transferred significant stress into the outer 227 

wedge, around 120 km, near the boundary with the inner wedge, whereas the toe of the wedge 228 

experienced essentially no change in stress. This demonstrates that the outer wedge resisted 229 

megathrust slip, limiting rupture propagation to the trench, which is consistent with expected 230 

velocity-strengthening behavior and observations that the Maule rupture did not propagate to the 231 

trench (Contreras‐Reyes et al., 2010; Delouis et al., 2010; Moreno et al., 2010; Ryder et al., 232 

2012; Maksymowicz et al., 2017). In reality, the frictional transition between the inner and outer 233 

wedge in nature is probably more gradational than we have simulated here, which can explain 234 

the more gradual decrease in slip towards the toe documented for the Maule event. Nevertheless, 235 
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the coseismic slip distribution derived from our simplified model, in general, agrees with 236 

previous estimates for the width of the outer wedge, as well as the coseismic slip distribution 237 

related to the 2010 Maule earthquake (Contreras‐Reyes et al., 2010; Moreno et al., 2010; Tong et 238 

al., 2010). 239 

By comparison, the Valdivia rupture segment is thought to have a much smaller outer 240 

wedge, based on recent seismic interpretations (Contreras‐Reyes et al., 2010; Bangs et al., 2020). 241 

The simulation with an outer wedge of 10% of the subduction interface provides a reasonable fit 242 

(Figure 3b, left panel), although with some informative differences. The peak coseismic slip 243 

from our simulations is ~45 m, comparable to the peak slip of ~44 m derived for the 1960 244 

Valdivia earthquake (Moreno et al., 2009). The average modeled slip for this case is about 22 m. 245 

If the along strike rupture distance is 1000 km (Moreno et al., 2009), this yields an earthquake 246 

magnitude of ~9.4. As seen in the right panel of Figure 3e, the wedge experienced primarily 247 

coseismic stress drop, except very near the toe of the wedge, where a stress rise is observed 248 

above the strong outer wedge fault. However, despite the outer wedge resistance, our simulations 249 

suggest that the toe experienced more than 30 m of slip (Figure 3b, left panel). These slip values 250 

are consistent with previous studies that suggested the highest slip of the 1960 earthquake was 251 

over twice the peak slip triggered by the 2010 earthquake, and that the earthquake ruptured all 252 

the way to the trench (Moreno et al., 2009; Contreras‐Reyes et al., 2010). In our simplified 253 

simulation, the highest slip patch is very close to the trench (~20 km for the black curve in 254 

Figure 3b, left panel), in contrast to the derived peak for the earthquake occurs ~100 km from the 255 

trench (green curve in Figure 3b, left panel), and suggests very little slip at the toe.  256 

To better understand the discrepancies between our simulated displacements and the 257 

derived coseismic slip distribution for the 1960 Valdivia earthquake, we look to the 2011 258 

Tohoku-oki earthquake, Mw is 9.0, as a good analogue. This earthquake ruptured all the way to 259 

the trench (Ide et al., 2011; Ito et al., 2011; Tsuji et al., 2011), and the highest coseismic slip was 260 

~ 64 m very close to the trench (Tsuji et al., 2011; Wei et al., 2012; Sun et al., 2017). This slip 261 

distribution is more consistent with our simulation with a very small outer wedge, i.e., less than 262 

5% of the full wedge dimension (Figure 3c). In this case, the stress decreased throughout the 263 

wedge, as the small outer wedge offered little resistance to slip. Thus, the earthquake rupture 264 

propagated all the way to the trench, with the peak slip patch very close to the trench. 265 

Considering that the magnitude of the 1960 Valdivia event was even larger than the 2011 266 
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Tohoku earthquake, the slip distribution triggered by the 1960 earthquake was perhaps more 267 

comparable to that of the 2011 Tohoku-oki earthquake. Furthermore, we infer that the highest 268 

slip patch for the 1960 earthquake was probably much closer to the trench than previously 269 

interpreted (Moreno et al., 2009), but the true slip distribution was not well resolved due to the 270 

limited capabilities and distribution of seismometers at the time. 271 

 272 

4.2 Effects of Velocity Strengthening on Coseismic Ruptures 273 

Our results from Setup 2 provide further insights into how spatial and temporal variations 274 

in fault strength during earthquakes can influence earthquake rupture behavior. Figure 2c-2e 275 

demonstrate how coseismic changes in outer wedge friction affect the slip distribution and 276 

magnitude. If the outer wedge experiences coseismic strengthening (i.e., basal friction increases 277 

from 0.04 to 0.06-0.08) as inferred in Wang and Hu (2006) model, this results in a ~25% 278 

reduction in the magnitude of outer wedge slip, reflecting the increased fault resistance. The peak 279 

slip magnitude is also slightly reduced, most noticeably for the smallest outer wedge (Figure 2e). 280 

The trends revealed by all these simulations demonstrate that both dimension and 281 

frictional properties of an outer wedge will play a significant role in how slip is distributed across 282 

a megathrust fault during an earthquake, and whether the rupture can extend all the way to the 283 

toe, where it might generate a large tsunami. A large outer wedge that is frictionally strong 284 

resists seaward slip and absorbs much of the stress released from the inner wedge during an 285 

earthquake, limiting displacement at the wedge toe. 286 

 287 

5 Conclusions 288 

Our simulations demonstrate that both the dimension and the frictional properties of the 289 

outer wedge affects earthquake magnitude, slip distribution and rupture extents. Our simulated 290 

slip distributions yield important insights into the wedge properties and frictional changes that 291 

accompanied the 2010 Maule earthquake and the 1960 Valdivia earthquake rupture, along the 292 

central Chile margin, as well as for the 2011 Tohoku-oki earthquake off Japan. With the 293 

constraints by the published peak slip, dimension of the outer wedge, as well as plausible values 294 

of megathrust friction during pre-earthquake loading and coseismic earthquake rupture, our 295 

models show consistency with the published coseismic slip distribution for the 2010 Maule and 296 

2011 Tohoku-oki earthquake. In contrast, our simulation results imply the discrepancies between 297 
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our simulated displacements and the derived coseismic slip distribution for the 1960 Valdivia 298 

earthquake. The weak match between the derived Valdivia slip model and our preferred 299 

simulation, leads us to suggest that in reality the highest slip patch probably occurred much 300 

closer to the trench, rather than ~100km away as has been suggested (Moreno et al., 2009). This 301 

conclusion is supported by new evidence for the maximum slip at the toe for the well-302 

instrumented Tohoku-oki earthquake (Ide et al., 2011; Sun et al., 2017).  303 

The parameter study carried out using Setup 1 demonstrates that seismic hazards can be 304 

identified and accessed much more easily by determining the forearc structure. An interpretation 305 

of forearc structure bundled with corresponding numerical simulations can constrain the 306 

coseismic slip distributions for poorly instrumented earthquakes. Moreover, the numerical 307 

simulations, calibrated to match available slip distributions and the estimated dimensions of the 308 

frontal wedge, can be used to run parameter tests to create a template showing the correlation 309 

among the dimension of the outer wedge, coseismic rupture, and the slip distributions for various 310 

coseismic friction changes. This template could allow us to quickly predict earthquake sizes for 311 

different localities lacking records of megathrust earthquake, assuming the geometry of the 312 

frontal wedge can be estimated. 313 

Simulation Setup 2 further shows that the magnitude of the earthquake is sensitive to 314 

frictional changes during fault rupture. The outer wedge frictional behavior can play a significant 315 

role in controlling peak slip and earthquake magnitude when the dimension of the outer wedge is 316 

sufficiently small, such as in the Valdivia rupture segment. Combining estimates of the 317 

dimensions and basal frictional changes of the outer wedges, therefore, can help us better predict 318 

the future sizes of the earthquakes and their risks. 319 
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Figures  390 

 391 
Figure 1 (a) The location map of the South Central (SC) Chile Margin, approximately showing 392 

the 1960 Valdivia Earthquake rupture area (yellow ellipse) and the 2010 Maule Earthquake 393 

rupture area (red ellipse). The yellow and red rupture areas correlate with the Chiloé and Maule 394 

segment, repsectively. (b) Conceptual model for the overriding continental plate consisting of an 395 

outer wedge (nominally aseismic zone, green dashed line) and inner wedge (seismic, velocity-396 

weakening zone, red dashed line). (c) DEM model setup of the wedge profile; note that gravity is 397 

inclined, introducing a dipping basal surface. 398 

  399 
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 400 
Figure 2 (a) Coseismic slip distributions along the decollement for different ratios of the outer 401 

wedge. (b) Peak slip values from the coseismic slip distributions versus outer wedge ratio. 402 

Coseismic slip distributions along the decollement for different changes in basal friction beneath 403 

the outer wedge for outer wedge ratios of (c) 0.54 (d) 0.35, and (e) 0.16.  404 
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 406 
Figure 3. Simulated coseismic slip scenarios compared with derived slip models for the (a) 2010 407 

Maule earthquake rupture (Moreno et al., 2010), (b) 1960 Valdivia earthquake rupture (Moreno 408 

et al., 2009), and (c) 2011 Tohoku earthquake rupture (Sun et al., 2017). Simulated coseismic 409 

changes in mean stress to demonstrate stress transfer within the wedge for each earthquake: (d) 410 

2010 Maule earthquake, (e) 1960 Valdivia earthquake, and (f) 2011 Tohoku earthquake. Red 411 

indicates increase in mean stress blue indicates decrease. The black dashed line locates the 412 

boundary between the inner and outer wedges, marking a change in basal friction behavior. 413 
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