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ABSTRACT  

Deep-water megaspflay fauflts may promote or flfimfit earthquake rupture and tsunamfi genesfis. To better under-

stand  how  megaspflay  fauflts  affect  earthquake  rupture  and  assocfiated  tsunamfi  potentfiafl,  we  use  the  Dfiscrete 

Eflement Method (DEM) to modefl the upper pflate as a wedge that fis partfitfioned finto a sefismfic (veflocfity-weak-

enfing, VW) finner wedge and an asefismfic outer (veflocfity-strengthenfing, VS) wedge, combfined wfith a spflay fauflt 

rootfing at the decoflflement. We examfine the effects of the wfidth of the outer (VS) wedge, as weflfl as the dfip and 

frfictfion aflong the spflay fauflt durfing earthquake rupture. Our resuflts suggest that aflong-strfike varfiatfions fin the 

wfidth of the VS outer wedge aflong the Chfifle Margfin may pflay a key rofle fin spflay fauflt actfivfity fin the ruptured 

segment of the 2010 Maufle earthquake. In addfitfion, our modefl fit to the pubflfished sflfip dfistrfibutfion for the 2010 

Maufle earthquake suggests that megaspflay fauflt actfivatfion dfid not sfignfificantfly fimpact earthquake sfize aflong the 

south-centrafl Chfifle Margfin. In contrast, our modefl fit to the sflfip dfistrfibutfion for the 2011 Tohoku earthquake 

shows  that  megaspflay  fauflt  reactfivatfion  may  have  moderatefly  affected  earthquake  cosefismfic  rupture.  Spflay 

fauflts can sflfip cosefismficaflfly, contrfibutfing to assocfiated tsunamfis. However, the presence of a VS outer wedge fis 

the predomfinant constrafint on rupture sfize and tsunamfi generatfion.   

1. Introductfion 

Pre-exfistfing  forearc  structures  may  finfluence  the  sefismfic  hazard 

potentfiafl  (B́ecefl  et  afl.,  2017; Oflsen  et  afl.,  2020; Poflet  and  Kanamorfi, 

2000; Wang and Tréhu, 2016). Key features fincflude deep-water meg-

aspflay fauflts, whfich branch upward from a megathrust pflate finterface 

and may extend up to the seafloor (Lfieser et afl., 2014; Meflnfick et afl., 

2012; Park et afl., 2002). The megaspflay fauflts are often characterfized by 

steep  dfips  and  can  be  reactfivated  durfing  flarge  cosefismfic  ruptures, 

contrfibutfing  to  the  generatfion  of  transoceanfic  tsunamfis  (Lotto  et  afl., 

2019; Moore  et  afl.,  2007; Wendt  et  afl.,  2009).  The  condfitfions  under 

whfich  megaspflay  fauflts  promote  or  flfimfit  earthquake  rupture  and 

tsunamfi genesfis, however, are stfiflfl uncflear. 

Thrust  megaspflay  fauflt  systems  may  act  as  barrfiers  to  sefismfic 

rupture. As an exampfle, the actfivatfion of the thrust-type Santa Marfia 

thrust  fauflt  system  (SMFS)  at  Isfla  Santa  Marfia  fin  south-centrafl  (SC) 

Chfifle,  may  have  contrfibuted  to  segmentfing  and  flfimfitfing  finfite  mega-

thrust sflfip durfing the  Mw 8.8 2010  Maufle earthquake, whfich had  an 

epficenter about 20 km away (Meflnfick et afl., 2006, 2012; Tong et afl., 

2010). In contrast, normafl megaspflay fauflts may facfiflfitate earthquake 

rupture  and  tsunamfi  generatfion.  One  exampfle  fis  the  apparent  reac-

tfivatfion of a normafl fauflt wfithfin the upper pflate durfing the Mw 9.0 2011 

Tohoku earthquake (Ito et afl., 2011; Tsujfi et afl., 2011). The tsunamfi that 

accompanfied  that  event  caused  severe  damage  aflong  the  coastflfine  of 

Japan. The upflfift and seaward dfispflacement of the footwaflfl of the spflay 

normafl fauflt may have contrfibuted to the flarge horfizontafl dfispflacement 

aflong the megathrust (McKenzfie and Jackson, 2012; Tsujfi et afl., 2011). 

Thus,  the sense  of  fauflt sflfip (fi.e.,  normafl or  thrust)  may  controfl  both 

earthquake sfize and tsunamfi potentfiafl. Thfis hypothesfis, however, fis not 

weflfl understood and has not yet been carefuflfly tested. 

A  structurafl  configuratfion  comparabfle  to  the  one  finvoflved  fin  the 

Tohoku earthquake fis finterpreted fin the Shumagfin Gap, offshore Aflaska, 

where  a  normafl-type  megaspflay  fauflt  may  have  been  actfivated  by 

sefismfic ruptures propagated from adjacent flocked segments (B́ecefl et afl., 

2017).  The  actfivatfion  of  the  normafl  fauflt  may  have  caused  the  flarge 

hfistorfic tsunamfi fin the Shumagfin Gap. Interestfingfly, Mw 7.8 Sfimeonof 

and Mw 8.2 Chfignfik earthquakes recentfly occurred fin the vficfinfity of the 

Shumagfin Gap fin Jufly 2020 and Jufly 2021, respectfivefly, wfith epficenters 

cflose to that configuratfion. In contrast to the Tohoku earthquake, these 

two events onfly caused waves of fless than a foot (Grassfi, 2021; Ruppert 
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and Gardfine, 2021). 

One potentfiafl controflflfing factor that may contrfibute to the dfifference 

between the tsunamfi genesfis for the Tohoku earthquake and the recent 

Aflaska earthquakes fis the varfiatfion fin propertfies of a pre-exfistfing meg-

aspflay fauflt, fincfludfing fauflt dfip and effectfive frfictfion coefficfient. The dfip 

may controfl the upflfift of the seafloor and the cosefismfic rupture due to 

the compflex stress finteractfions between the mafin fauflt and spflay fauflts 

(Kame et afl., 2003; Wendt et afl., 2009). The effectfive frfictfion coefficfient 

aflong the megaspflay fauflt may determfine the actfivatfion of the megas-

pflay fauflt, whfich may moduflate the amount of sflfip on the megathrust 

fauflt (Lotto et afl., 2019). Furthermore, the geometrfic and mechanficafl 

propertfies of the spflay fauflt that can affect the earthquake and tsunamfi 

sfize may vary aflong the strfike, finfluencfing the actfivfity of the spflay fauflt 

durfing and after the mafinshock. A possfibfle demonstratfion of thfis effect fis 

aflong the SC Chfifle Margfin, where forearc spflay fauflts were actfivated by 

the great 2010 Maufle earthquake fin some segments of the rupture zone 

but not fin adjacent ones (Lfieser et afl., 2014). 

Another pflausfibfle controflflfing factor that may affect the earthquake 

sfize, tsunamfi sfize, or spflay fauflt actfivatfions are varfiatfions fin effectfive 

frfictfion coefficfient aflong the megathrust fauflt (Cubas et afl., 2013; Wang 

and  Morgan,  2019; Wang  et  afl.,  2021).  Prevfious  studfies  have  shown 

correflatfions between the wfidths of outer wedges, whfich are presumed to 

sflfip asefismficaflfly due to the veflocfity strengthenfing (VS) rheoflogy of the 

underflyfing megathrust, and the cosefismfic ruptures and stress transfer 

trfiggered  by  great  megathrust  earthquakes  (Contreras-Reyes  et  afl., 

2010; Lotto et afl., 2017; Wang et afl., 2021). In contrast, the megathrust 

beneath the sefismfic finner wedge experfiences veflocfity-weakenfing (VW) 

behavfior that enabfles earthquake rupture and finner wedge extensfion. 

The  presence  of  a  VS  outer  wedge  finduces  compressfive  stress  at  the 

asefismfic/sefismfic transfitfion zone, whfich suppresses the propagatfion of 

the cosefismfic ruptures (Wang and Hu, 2006; Wang et afl., 2021). Thfis 

cosefismfic stress transfer may finfluence the sense of sflfip and the degree of 

reactfivatfion aflong a pre-exfistfing megaspflay fauflt fin an offshore forearc. 

To assess the flocafl sefismfic hazard, therefore, fit may not be enough 

sfimpfly to determfine the presence and propertfies of a megaspflay fauflt, as 

we aflso must understand how outer wedge wfidth controfls the actfivatfion 

and sense of sflfip aflong the megaspflay fauflt durfing a sefismfic event. Here, 

we bufifld on prevfious numerficafl sfimuflatfions of megathrust sflfip processes 

(Wang et afl., 2021) to examfine the rofle of spflay fauflts wfithfin the upper 

pflate. Motfivated by the Dynamfic Couflomb Wedge modefl (Wang and Hu, 

2006), we use the numerficafl Dfiscrete-Eflement-Method (DEM) to sfimu-

flate  a  two-dfimensfionafl  upper  pflate  drfiven  by  dfispflacement  of  a  rfigfid 

backwaflfl.  Thfis  study  afims  to  1)  finvestfigate  the  factors  (fi.e.,  frfictfion 

condfitfions  aflong  megathrust  and  spflay  fauflt,  dfips)  that  controfl  the 

actfivatfion and sense of sflfip (fi.e., normafl or thrust) of a spflay fauflt; 2) 

better  understand  how  spflay  fauflts  finfluence  fauflt  dfispflacement  and 

tsunamfi generatfion; and finaflfly, 3) expflore the rofle of fauflt reactfivatfion 

fin determfinfing the earthquake sfize and tsunamfi potentfiafl for the 2010 

Maufle and 2011 Tohoku earthquakes. 

2. Approach and methodoflogy 

2.1. Infitfiafl geometry and mechanficafl propertfies 

The program code, RICEBAL, fis used for the DEM sfimuflatfions, and 

detafifls about the DEM methodoflogy can be found fin the prevfious pub-

flficatfions (Morgan, 2015; Wang and Morgan, 2019). We bufifld on recent 

modeflfing efforts that focused on observatfions of extensfionafl deforma-

tfion fin the Japan Trench forearc and Chfifle Margfin (Wang et afl., 2021). 

The  finfitfiafl  wedge  fis  constructed  by  randomfly  generatfing  partficfles 

wfithfin  a  two-dfimensfionafl  domafin  and  aflflowfing  them  to  settfle  under 

gravfity (Ffig. 1). The assembflage of compacted partficfles fis then scuflpted 

finto the desfired wedge shape wfith a startfing taper angfle of 10◦(α+β), 
and  subjected  to  gravfity  tfiflted  at  an  angfle  of  8◦from  the  vertficafl, 

sfimuflatfing a fixed megathrust dfip angfle (β) of 8◦. The geometry of the 

upper pflate fis sfimpflfified as a trfianguflar wedge fin fits finfitfiafl state, and the 

sflfidfing surface underflyfing the wedge (fin green fin Ffig. 1) fis the sfimuflated 

pflanar  megathrust  pflate  boundary.  Thfis  reference  configuratfion  fis 

comparabfle to pubflfished geometrfies for severafl subductfion margfins (Ito 

et  afl., 2011; Maksymowficz,  2015; Wang et afl., 2019). The finfitfiafl fuflfl 

wfidth of the wedge fis 200 km, consfistent wfith a typficafl downdfip rupture 

dfistance aflong the subductfion margfin (Moreno et afl., 2010, 2012; Wefi 

et  afl.,  2012).  Focusfing  on  the  first-order  effects  of  megaspflay  fauflt 

propertfies  on  earthquake  rupture  and  tsunamfi  potentfiafl  durfing  an 

Ffig. 1.DEM Modefl Setup. The flower pflate fin gray fis fixed, whfifle the upper pflate fin orange or yeflflow moves above fit. The vfirtuafl spflay fauflt pflane (bflack flfine) fis 

defined  by  prescrfibfing  dfifferent  finterpartficfle  frfictfion  coefficfients  at  contacts,  and  the  pflane  dfip  can  be  varfied  and  pre-defined.  The  backwaflfl  moves  aflong  the 

megathrust fauflt pflane at a constant rate of vx =1 m/s durfing the pre-earthquake stage, but waflfl dfispflacement ceases (vx =0 m/s) durfing the earthquake unfloadfing 

stage. Detafifls about the partficfle contacts and surface type pre-assfignments can be found fin the suppflementary materfiafl (Tabfle S1 and Text S2). (For finterpretatfion of 

the references to coflor fin thfis figure flegend, the reader fis referred to the Web versfion of thfis artficfle.) 
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earthquake cycle, we employ constant values of basal friction across 
each inner wedge or outer wedge for a given simulation stage, ignoring 
the spatial and temporal variations that likely occur in nature. The 
friction coefficients along the megasplay fault (denoted by green lines in 
Fig. 1) are also constant for a given simulation stage. To clearly inves
tigate certain controlling factors, our simplified model employs a sharp 
updip transition at the inner and outer wedge boundary. Details about 
the setup and the preset parameters can be found in the supplemental 
materials (Text S1, Table S1, and Table S2). 

2.2. Boundary conditions and simulation workflow 

Each numerical simulation is carried out in two stages: pre- 
earthquake loading and dynamic rupture (Fig. S1). We note that the 
downdip boundary of the upper plate is defined as a rigid boundary of 
the wedge, on which a constant rate of wall displacement introduces 
compression parallel to the megathrust fault plane. This displacement is 
applied during the pre-earthquake loading stage, simulating the far-field 
tectonic displacement. Thus, we do not simulate variations in fault slip 
downdip of this boundary, which defines the downdip limit of the 
seismogenic zone. The colored yellow and orange particles within the 
wedge are free to rotate and move, while the colored green and gray 
particles, defining the basal sliding surface, are fixed in space (Fig. 1). 

During the first loading stage, the backwall is displaced at a steady 
rate, while the megathrust slip of the wedge is resisted by constant basal 
friction. This causes the build-up of elastic strain energy within the 
wedge and increased shear stresses along the megathrust. Stage 1 is 
terminated following 8 km of backwall displacement, at which point the 
fault is poised for failure. The 8 km of backwall displacement is analo
gous to the slip accumulated during multiple earthquake cycles. 

The second stage is to simulate the dynamic weakening to trigger 
earthquake unloading. The framework of rate-and-state friction (RSF) 
provides empirical relations among the measured friction coefficient, 
slip rate, and slip state, where the parameter (a - b) characterizes the 
velocity-dependence of friction coefficient at steady-state, with a > b 
resulting in velocity-strengthening (VS) aseismic fault segments and a <
b resulting in velocity-weakening (VW) seismogenic fault segments 
(Dieterich, 1979; Scholz, 1998). The relationship among pore pressure 
ratio, the value of a-b, and frictional strength have been derived by 
laboratory experiments of the fault rock composition for the subduction 
zones at the hydrothermal conditions (Okamoto et al., 2020; Rabinowitz 
et al., 2018; Ujiie et al., 2013). In our unloading Stage 2, we do not 
explicitly apply RSF to simulate the dynamic rupture but instead directly 
manipulate the value of the interparticle friction coefficient assigned 
along the decollement to simulate dynamic weakening and strength
ening of the fault during the earthquake. This provides us with direct 
control on the onset of the earthquake unloading. The instantaneous 
reduction in basal friction along the decollement (Fig. S1a in supple
mental materials) is similar to the change from static to dynamic friction 
during an earthquake (Rabinowicz, 1951). More information about the 
modeling workflow can be found in the supplemental materials (Text S2 
and Fig. S1) and our previous work (Wang and Morgan, 2019; Wang 
et al., 2021). Before the dynamic rupture stage, we introduce a megas
play fault with a prescribed dip, ranging from landward (forethrust) to 
seaward (backthrust) dipping (gray dashed lines in Fig. 1). For each 
simulation, we assign one of four values of friction along the megasplay 
faults to assess the effect. Then, to simulate velocity weakening during 
coseismic rupture (Stage 2), the basal friction is instantly decreased 
beneath the inner wedge, resulting in dynamic slip along the underlying 
fault. Concurrently, the basal friction beneath the outer wedge is 
maintained at a higher value, simulating a more resistant frontal wedge. 
Changes in geometry and stress in the system are documented through 
Stage 2 until the fault slip ceases. 

2.3. Experimental design and different model setups 

Two sets of simulations are carried out to address two specific ob
jectives: Setup 1 uses non-cohesive wedges to investigate possible con
trols on splay fault activation and seafloor uplift. In particular, the 
simulations examine whether the width of the outer wedge (VS zone) 
influences the reactivation and sense of slip along pre-existing splay 
faults of different orientations. Setup 2 investigates the effects of both 
landward and seaward dipping splay faults with specific orientations on 
coseismic slip distributions and seafloor uplift. This fault configuration 
builds upon our previous study that used non-faulted cohesive wedges to 
reproduce the published slip distributions for the 2010 Maule earth
quake and the 2011 Tohoku earthquake (Wang et al., 2021). Here, we 
assess if the presence of splay faults, as interpreted by others (Melnick 
et al., 2006; Tsuji et al., 2011), yields significantly different slip distri
butions that might affect the coseismic rupture and tsunami potential for 
both the 2010 Maule rupture zone and the 2011 Tohoku rupture zone. 

To demonstrate the effect of the splay fault slip during the earth
quake specifically, we introduce the fault prior to the dynamic rupture 
stage (Stage 2). Although we could also prescribe the splay faults before 
the preconditioning stage (Stage 1), they would accumulate different 
deformation and stress levels during loading, and thus each model 
would accumulate different elastic strain energy before Stage 2, making 
it difficult to specifically examine the effect of the splay fault activity 
during the seismic event. 

2.3.1. Setup 1: effects of outer wedge width and splay fault orientation 
In our first experimental setup, non-cohesive models are constructed 

with pre-existing splay faults with different orientations, all of which 
root into the decollement at 50 km distance from the toe. Fault orien
tations range from 10◦ to 60◦ with landward dips, and 20◦–80◦ with 
seaward dips. Outer wedge widths range from 0% to ~25% of the full 
wedge length. In all models, the internal friction coefficient (μ′

int) was 
maintained at 0.30 for both the inner and outer wedges (Table S1). The 
effective basal friction coefficients for the inner and outer wedges, 
μ′

bas inner and μ′

bas outer, respectively, were both set to 0.10 at the start of 
the pre-earthquake loading stage. During the earthquake rupture phase, 
μ′

bas inner was instantly decreased to 0.00 while μ′

bas outer was maintained 
at 0.10. In all models, the splay fault is introduced just before earth
quake unloading, allowing us to test the impact of coseismic slip along 
the fault on the earthquake size and surface deformation. Simulation 
results are compared to a reference model without a prescribed meg
asplay fault. 

2.3.2. Setup 2: effects of fault friction on prescribed splay fault orientations 
The second experimental setup examines the effects of a splay fault 

on coseismic displacements and seafloor uplift for models designed 
based on structural interpretations for the 2010 Maule earthquake and 
2011 Tohoku earthquake (Melnick et al., 2012; Tsuji et al., 2011). To 
define more realistic properties for these systems, cohesion was intro
duced by adding bonds at the contacts among particles within the initial 
wedge following particle deposition and wedge sculpting. We employ 
the same mechanical parameters as in our previous study here (Wang 
et al., 2021), which defined realistic configurations for these two set
tings. The friction coefficients prescribed to the models (Table S1) are 
based on our previous simulations (Wang et al., 2021) and other studies 
(Dielforder, 2017; Fulton et al., 2013; Wang and Hu, 2006) that con
strained the strength of the megathrust and forearc in both the Maule 
and Tohoku areas. As above, the splay faults are introduced into the 
models just before earthquake unloading. The Maule models employ a 
seaward dipping fault of 80◦, which is positioned based on the seismic 
interpretation of Melnick et al. (2006). A range of fault friction co
efficients between 0.00 and 0.10 was tested. The Tohoku models use a 
landward dipping fault of 30◦, located based on the interpretations of 
(Tsuji et al., 2011), again using the same range of fault friction values as 
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above. The wfidths of the hfigh frfictfion (VS) outer wedge were fixed for 

these modefls to match those used prevfiousfly (Wang et afl., 2021), set to 

~90 km from the toe for the Maufle modefls and fless than 5 km from the 

toe for Tohoku modefls fin the finfitfiafl modefl setups. 

3. Resuflts 

3.1. Effect of outer wedge wfidth on stress transfer and spflay fauflt actfivfity 

The first set of sfimuflatfions usfing Setup 1 examfined the effects of the 

wfidth of the asefismfic outer wedge (VS zone) on stress transfer and spflay 

fauflt actfivfity (Ffigs. 2 and 3). Landward dfippfing spflay fauflts (forethrust) 

or seaward dfippfing spflay fauflts (backthrust) orfiented at 45◦are fintro-

duced just prfior to earthquake unfloadfing usfing dfifferent outer wedge 

wfidths rangfing from 0% to 25% of the fuflfl wedge wfidth. Stress transfer 

durfing earthquake unfloadfing was determfined by dfifferencfing the mean 

stress  (σm) fiefld  from pre- to post-earthquake. We refer  to thfis as the 
cumuflatfive change fin σm (Ffig. 2a–d, and Ffig. 3a–d). The correspondfing 
dfistortfionafl strafin finvarfiant fiefld fis aflso examfined for each sfimuflatfion to 

observe the finternafl deformatfion (Ffig. 2e–h and 3e to 3h). Detafifls about 

how the σm and the dfistortfionafl strafin finvarfiant fieflds are caflcuflated can 
be  found  fin  our  prevfious  studfies  (Morgan,  2015; Wang  and  Morgan, 

2019). 

3.1.1. Landward dfippfing megaspflay (forethrust) fauflt actfivfity 

The finafl states of sfimuflatfions wfith the 45◦flandward dfippfing spflay 

fauflt are pflotted fin Ffig. 2. As shown fin Ffig. 2a–d, σm wfithfin the finner 
wedge decreases (shown fin fintensfifyfing shades of bflue, fi.e., cofld coflor) 

durfing the earthquake, whereas σm rfises (fintensfifyfing shades of red, fi.e., 
warm coflor) fin the regfion  of the VS outer wedge (azure dashed  flfine) 

cflose to the transfitfion zone. As the ratfio of the outer wedge (VS zone) 

wfidth to the fuflfl wedge flength decreases from 25% to fless than 1% (from 

Ffig. 2a–d), the area of fincreased σm (warm coflor regfions fin Ffig. 2a–d) 
progressfivefly decreases, demonstratfing that the narrower the VS outer 

wedge, the easfier fit fis for cosefismfic ruptures to propagate to the toe. 

The  cumuflatfive  dfistortfionafl  finvarfiant  pflots,  shown  fin Ffig.  2e–h, 

exhfibfit  a  correspondfing trend,  reflected fin  varfiatfions  fin  dfispflacement 

aflong the spflay fauflt wfith decreasfing outer wedge wfidth. The spflay fauflt 

favors thrust faufltfing when there fis a flarge outer wedge (Ffig. 2e) but 

exhfibfits normafl dfispflacement when the outer wedge wfidth fis very smaflfl 

(Ffig. 2g and h). The presence of the resfistant outer wedge constrafins the 

cosefismfic rupture and wedge extensfion durfing the earthquake unfload-

fing, and concurrentfly finfluences the sense of sflfip aflong the megaspflay 

fauflt. In generafl, Ffig. 2e–h shows a progressfive transfitfion from a thrust 

sense of sflfip to a normafl sense of sflfip. 

The orfientatfion of the maxfimum prfincfipafl stress (σ1) fis aflso caflcu-
flated and pflotted for 1.5 km ×1.5 km eflement to track the stress rotatfion 

fin  the  wedge  (Ffig.  S2 fin  suppflementafl  materfiafls).  The σ1 vector  and 
cumuflatfive change fin σm are pflotted together. Ffig. S2a shows the finfitfiafl 
state of the wedge, whfich fis the reference state for each case that ex-

perfiences  earthquake  unfloadfing  (Ffigs.  S2b–S2e).  At  the  finfitfiafl  state 

(before  the  earthquake  unfloadfing),  the σ1 vectors  are  fincflfined  to  the 
decoflflement,  demonstratfing  a  compressfive  stress  regfime  due  to  the 

frfictfionafl  resfistance  to  sflfidfing.  Durfing  the  earthquake  unfloadfing 

(Ffigs.  S2b–S2e),  the σ1 vector  rotates  to  subvertficafl  wfithfin  the  finner 
wedge fin response to the weakened fauflt beneath fit, findficatfing stress 

drop (cofld coflor regfion). 

We aflso pflot the σ1 vector wfith the finafl dfistortfionafl strafin finvarfiant 
fiefld  (Ffigs.  S2f–S2j)  for  the  regfions  hfighflfighted  by  gray  boxes  fin 

Ffigs. S2a–S2e. Comparfing the finfitfiafl state (Ffig. S2f) wfith the finafl state 

Ffig. 2.Effect of outer wedge wfidth on stress and strafin fin modefls wfith 45◦flandward dfippfing spflay fauflt wfith frfictfion coefficfients of zero. (a)–(d) Sfimuflated cosefismfic 

changes fin mean stress (σm) fiefld for each earthquake, denotfing stress transfer wfithfin wedge; red findficates an fincrease fin mean stress (σm); bflue findficates a decrease. 
(e)–(h) Ffinafl cumuflatfive dfistortfionafl strafin finvarfiant fiefld for each case. Bflack flfines findficate spflay fauflt boundarfies. Azure dashed flfines represent a range of outer 

wedges. Gray trfiangfles findficate roots of spflay fauflts. (For finterpretatfion of the references to coflor fin thfis figure flegend, the reader fis referred to the Web versfion of 

thfis artficfle.) 
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of each case (Ffigs. S2g–S2j), we see that fin cases wfith flarge wfidths of the 

veflocfity-strengthenfing  outer  wedge,  the σ1 vectors  remafin  fincflfined 
wfithfin the toe of the wedge (Ffigs. S2g and S2h), whereas fin cases wfith 

very smaflfl outer wedges, the σ1 vectors are very smaflfl and nearfly hor-
fizontafl, findficatfing nearfly compflete unfloadfing of the wedge toe (Ffigs. S2fi 

and S2j). We do not see sharp transfitfions across the megaspflay fauflts 

(areas hfighflfighted by red cfircfles fin Ffigs. S2g–S2j), whfich findficates that 

the fauflts do not cause sfignfificant stress partfitfionfing. 

3.1.2. Seaward dfippfing megaspflay (backthrust) fauflts 

The finafl states of sfimuflatfions wfith the 45◦seaward dfippfing meg-

aspflay fauflt show sfimfiflar patterns of stress and strafin to those wfith the 

flandward dfippfing megaspflay fauflts (Ffig. 3). As shown fin Ffig. 3a–d, σm 
decreases across the finner wedge and rfises near the boundary wfith the 

VS outer wedge durfing earthquake unfloadfing. Ffig. 3a–d shows that the 

area of reduced σm (cofld coflor regfion) aflso decreases as the ratfio of the 
outer  wedge  to  fuflfl  wedge  flength  (azure  dashed  flfines)  decreases.  In 

partficuflar, when the outer wedge fis very smaflfl (Ffig. 3d), the stress de-

creases  throughout  the  entfire  wedge,  demonstratfing  whoflesafle  stress 

drop and wedge reflaxatfion durfing the earthquake. However, fin contrast 

to the modefls wfith flandward megaspflay fauflts (Ffig. 2e and h), there fis no 

evfidence of a normafl sense of shear aflong any of the seaward dfippfing 

megaspflay fauflts, even fin the cases wfith very smaflfl outer wedge ratfios 

(<15%)  shown  fin Ffig.  3g  and  h.  Interestfingfly,  the  presence  of  flarger 

outer wedges (VS zone) sometfimes causes the formatfion of new fland-

ward dfippfing thrust fauflts (Ffig. 3e). 

Pflots  of σ1 vectors  on  the  cumuflatfive  change  fin σm and  the  finafl 
dfistortfionafl strafin finvarfiant fiefld for the seaward dfippfing spflay fauflts 

(Ffig. S3 fin suppflementafl materfiafls), show sfimfiflar trends as observed for 

flandward dfippfing fauflts (Ffig. S2). The σ1 vectors decrease fin magnfitude 
and  become  sub-horfizontafl  wfith  decreasfing  wfidth  of  the  VS  outer 

wedge. Furthermore, the cosefismfic actfivfity of the seaward dfippfing spflay 

fauflt  does  not  sfignfificantfly  partfitfion  stresses  durfing  the  earthquake 

unfloadfing (areas hfighflfighted by red cfircfles fin Ffigs. S3g–S3j). 

3.2. Effect of outer wedge wfidth on seafloor dfispflacement 

We measure seafloor upflfift for each sfimuflatfion by comparfing the pre- 

earthquake and finafl wedge surface, usfing vertficafl dfispflacement of the 

wedge surface. Thfis upflfift, presumed to occur durfing the earthquake, fis a 

dfirect findficator of tsunamfi potentfiafl. We appfly a medfian fiflter to smooth 

perturbatfions fin the upflfift dfistrfibutfion fintroduced by the dfiscrete nature 

of the DEM partficfle assembflage. The resuflt reveafls systematfic varfiatfions 

fin upflfift that correflate wfith varfiatfions fin the outer wedge wfidth (Ffig. 4). 

Horfizontafl  seafloor  dfispflacement  fis  caflcuflated  sfimfiflarfly,  and  fis  pre-

sented fin the suppflementary materfiafls (Ffig. S4). For both flandward and 

seaward  dfippfing  spflay  fauflts,  the  thfickest  part  of  the  wedge,  flocated 

between the downdfip flfimfit and 160 km, exhfibfits subsfidence (negatfive 

upflfift, orange boxes fin Ffig. 4a and b), whfich decreases progressfivefly fin 

the seaward dfirectfion. 

Ffig. 4a and b shows sflfight varfiatfions fin the upflfift profifles fin the vfi-

cfinfity of the spflay fauflts (at about 50 km). However, the greatest varfi-

atfions  occur  fin  assocfiatfion  wfith  the  wfidth  of  the  outer  wedge.  The 

flargest outer wedge wfidth resuflts fin sfignfificantfly reduced seafloor upflfift 

near  the  toe,  whereas  seafloor  upflfift  progressfivefly  fincreases  wfith 

decreasfing outer wedge wfidth, and the peak fin the upflfift shfifts towards 

the toe (Ffig. 4a and b). The finafl horfizontafl dfispflacement of the seafloor 

correflates dfirectfly wfith the vertficafl dfispflacement (Ffig. S4). In generafl, 

the wfidth of the veflocfity strengthenfing outer wedge fis antficorreflated to 

both vertficafl and horfizontafl dfispflacement, fimpflyfing that the wfidth of 

the outer wedge pflays a key rofle fin tsunamfi potentfiafl. 

Ffig. 3.Effect of outer wedge wfidth on stress and strafin fin the modefl wfith 45◦seaward dfippfing spflay fauflt. (a)–(d) Sfimuflated cosefismfic changes fin mean stress (σm) 
fiefld for each earthquake. (e)–(h) Ffinafl cumuflatfive dfistortfionafl strafin finvarfiant fiefld for each case. Coflors and symbofls are the same as fin Ffig. 2. (For finterpretatfion of 

the references to coflor fin thfis figure flegend, the reader fis referred to the Web versfion of thfis artficfle.) 
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3.3. Effect of megaspflay fauflt dfip on strafin and seafloor dfispflacement 

The second set of sfimuflatfions usfing Setup 1 was conducted for two 

fixed outer wedge wfidths at 0% and 25% of the fuflfl wedge wfidth and 

wfith dfifferent spflay fauflt orfientatfions. The dfistortfionafl strafin finvarfiant 

fieflds are pflotted fin Ffig. 5 for cases wfith 0% outer wedge and Ffig. 6 for 

those wfith 25% outer wedge. The σ1 vector for each case fis aflso derfived 
and pflotted fin Ffig. S5 and Ffig. S6 (suppflementafl materfiafls). 

Two reference modefls are shown wfithout spflay fauflts (Ffigs. 5a and 

6a). In the case of no outer wedge (Ffig. 5a), smaflfl normafl-type shear 

zones are evfident at very shaflflow depths and cflose to the wedge toe, 

findficatfing  extensfion  across  the  wedge.  In  the  case  of  the  25%  outer 

wedge (Ffig. 6a), a smaflfl forethrust devefloped at the outer to finner wedge 

transfitfion (~50 km). 

As  a  resuflt  of  earthquake  unfloadfing,  megaspflay  fauflts  wfithfin  the 

wedges wfith no outer wedge essentfiaflfly experfienced flfimfited shear strafin 

(Ffigs. 2h, 3h and 5e), fi.e., no cosefismfic actfivatfion (Ffig. 5b–d, 5f, and 5g). 

Consequentfly, the σ1 vectors fin the vficfinfity of the pre-exfistfing megas-
pflay fauflt pflane are sfimfiflar for aflfl cases (Ffig. S5 fin suppflementary ma-

terfiafls). In contrast, megaspflay fauflts wfithfin the modefls wfith the flarge 

outer wedges aflfl exhfibfited some cosefismfic actfivatfion (Ffigs. 2e, 3e and 6b 

to 6g). Moreover, aflfl flandward dfippfing spflay fauflts were aflfl actfivated as 

thrust fauflts (Ffig. 2e and 6b to 6d). Interestfingfly, the seaward dfippfing 

spflay fauflts (Ffig. 3e and 6e to 6g) aflso exhfibfit apparent actfivatfion as 

thrust fauflts. Essentfiaflfly, the modefls wfith prescrfibed megaspflay fauflts 

show dfifferent degrees of actfivatfion dependfing on outer wedge wfidth. 

However, the actfivfity of the megaspflay fauflt and fits dfip, fin generafl, have 

a flfimfited effect on the σ1 vector. 
Seafloor upflfift for each case fis shown fin Ffig. 7. In generafl, seafloor 

upflfift for modefls wfith flandward spflay fauflts (Ffig. 7a and c) and wfith 

seaward spflay fauflts (Ffig. 7b and d) are essentfiaflfly fidentficafl. Zoomfing fin 

to  the  regfions  near  the  wedge  toes  (bflack  rectangfles  fin Ffig.  7),  we 

observe that the curves for modefls wfith flandward dfippfing spflay fauflts 

are  sflfightfly  separated  near  the  wedge  toes  (Ffig.  7a).  In  contrast,  the 

curves  for  the  modefls  wfith  seaward  dfippfing  spflay  fauflts  essentfiaflfly 

overflap (Ffig. 7b and d). Compared to the outer wedge wfidth (Ffig. 4), the 

dfip of the megaspflay fauflt has a flfimfited effect on seafloor upflfift. 

The horfizontafl seafloor dfispflacement  fis aflso derfived  for each  case 

(Ffig. S7 fin suppflementafl materfiafls). As the geometry of the sfimuflated 

sflope  surface  fis  much  sfimpfler  than  the  nature  seafloor  surface,  the 

horfizontafl dfispflacement fis consfistentfly flarger than, but broadfly corre-

flated  wfith,  the  vertficafl  dfispflacement.  Agafin,  the  horfizontafl  dfispflace-

ment of the modefls wfith flandward dfippfing megaspflay fauflts (Ffigs. S7a 

and S7c) and the ones wfith seaward dfippfing megaspflay fauflts (Ffigs. S7b 

and S7d) are very comparabfle (Ffig. S7), and thus we concflude that the 

varfiatfion fin geometry of the spflay fauflt has flfittfle effect on the tsunamfi 

potentfiafl. 

In summary, the wfidth of the VS outer wedge controfls the seafloor 

dfispflacement near the wedge toe predomfinantfly, whereas the effect of 

the megaspflay fauflt dfip fis flfimfited. 

4. Appflficatfions to the Maufle and Tohoku earthquakes 

We used Setup 2 to refine our prevfious sfimuflatfions that sought to 

match  pubflfished  sflfip  dfistrfibutfions  for  the  2010  Maufle  earthquake 

(Moreno et afl., 2012; Wang et afl., 2020) and 2011 Tohoku earthquake 

(Sun et afl., 2017), respectfivefly. Our prevfious finvestfigatfion showed that 

the  magnfitude  of  peak  fauflt  sflfip  has  an  finverse  reflatfionshfip  wfith  the 

outer wedge (Wang et afl., 2021). That study aflso provfided fimportant 

constrafints for the best-fit wfidths of the outer wedges fin each flocatfion, 

and we use sfimfiflar vaflues for thfis study. Therefore, our cosefismfic sflfip 

dfistrfibutfions  for  sfimpflfified  modefls  wfith  no  spflay  fauflts  (bflack  dotted 

curves  fin Ffigs.  8  and  9)  yfiefld  consfistent  peak  sflfip  vaflues  wfith  those 

obtafined for the Maufle and Tohoku cosefismfic segments (Wang et afl., 

2021). Here, we finvestfigate the finfluence of the megaspflay fauflts on the 

cosefismfic rupture extents and tsunamfi potentfiafl. We conduct mufltfipfle 

sfimuflatfions, prescrfibfing spflay fauflts wfith dfifferent frfictfion coefficfients 

(Tabfle S1) before the start of the earthquake unfloadfing stage. The cu-

muflatfive change fin σm and the correspondfing σ1 vector are aflso pflotted 
for aflfl of the cases fin Ffigs. S8 and S9 (suppflementary materfiafls). 

4.1. 2010 Maufle earthquake 

Prevfious  finterpretatfions  based  on  the  tomographfic  modefl  for  the 

2010 Mw 8.8 Maufle earthquake rupture segment (Contreras-Reyes et afl., 

2010, 2017)  show  the  outer  wedge  zone  to  be  reflatfivefly  flarge.  The 

derfived sflfip dfistrfibutfions for the 2010 Maufle earthquake (Moreno et afl., 

2012; Wang et afl., 2020) are shown fin the pfink band and dashed curve fin 

Ffig. 8b. The modefled peak sflfip fis nearfly 20 m and fis flocated ~90 km 

from the trench. Our sfimuflatfion wfithout a spflay fauflt reproduces thfis 

peak and fits posfitfion reasonabfly weflfl (bflack dotted curve fin Ffig. 8b). We 

then fintroduce an 80◦seaward dfippfing spflay fauflt that resembfles the 

thrust-type  Santa  Marfia  fauflt  system  fin  the  Maufle  segment  (Ffig.  8a). 

Based on the finterpreted profifle by Meflnfick et afl. (2012), the root of the 

spflay fauflt presumabfly overflaps the updfip end of the sefismogenfic zone 

(finner wedge). The frfictfion coefficfient aflong the spflay fauflt fis unknown, 

so dfifferent vaflues are tested fin these sfimuflatfions. 

As shown fin Ffig. 8b to c, the presence of a pre-exfistfing hfigh-angfle 

spflay  fauflt  wfith  any  frfictfion  coefficfient  has  mfinfimafl  effect  on  the 

earthquake sflfip dfistrfibutfion. Lfikefly, the flarge outer wedge (VS zone) fin 

Ffig. 4.Effect of outer wedge wfidth on seafloor upflfift. (a) Seafloor upflfifts for 45◦flandward spflay fauflt dfip. (b) Seafloor upflfifts for 45◦seaward spflay fauflt dfip. Azure 

dashed flfines represent outer wedge wfidths. Gray trfiangfles findficate roots of spflay fauflts. 
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the Maufle rupture zone (Contreras-Reyes et afl., 2010; Wang et afl., 2021) 

reduces fauflt actfivatfion and suppresses assocfiated changes fin sflfip. Thfis 

transfitfion  zone  between  the  finner  and  outer  wedges  resuflts  fin  a 

newfly-formed compressfive regfime, reflected by the fincreased σm regfions 
(warm coflor regfions fin Ffigs. S8c, S8e, S8g, and S8fi) durfing the earth-

quake unfloadfing, causfing flocaflfized upflfift and subsfidence (Ffig. 8d). Aflfl of 

the modefls exhfibfit a promfinent zone of hfigh sflfip as weflfl as flarge seafloor 

dfispflacement at ~90 km (Ffig. 8b–e), whfich fis attrfibuted to the change fin 

frfictfion condfitfion at the boundary between the outer and finner wedge. 

The actfivfity of the megaspflay fauflt affects the stress state after the 

earthquake, as reflected by the cumuflatfive change fin σm (warm coflor 
regfions hfighflfighted by green cfircfles fin Ffigs. S8b, S8d, S8f, and S8h). The 

fincrease fin σm fis finversefly correflated to the amount of shear strafin that 
occurred aflong the megaspflay fauflt (regfions fin green cfircfles fin Ffig. S8), 

fimpflyfing  the  actfivfity  of  the  spflay  fauflt  accommodates  some  of  the 

newfly-formed compressfive stress regfimes. For the modefl wfith the flowest 

vaflue of the frfictfion aflong the spflay fauflt, the deep sectfion of the spflay 

fauflt fis aflso actfivated (regfion hfighflfighted by the red box fin Ffig. S8b). As 

the vaflue of frfictfion on the megaspflay fauflt fincreases, the shear strafin 

aflong fit decreases (hfighflfighted by the red box fin Ffigs. S8b, S8d, and S8f). 

Upflfift  of  the  hangfing  waflfl  (<90  km),  and  subsfidence  of  the  footwaflfl 

(>90 km) aflso decreases: fit fis greatest for the flowest vaflues of frfictfion 

(Ffig. 8e), and most pronounced above the footwaflfl. 

The  dfifferences  among  the  curves  for  the  horfizontafl  seafloor 

dfispflacement (bflue shadfing fin Ffig. 8e) are more apparent than for the 

vertficafl  dfispflacement  (yeflflow  shadfing  fin Ffig.  8e),  fimpflyfing  that  the 

horfizontafl dfispflacement may be more sensfitfive to the frfictfion coefficfient 

and actfivfity of the megaspflay fauflt. In generafl, the horfizontafl seafloor 

Ffig. 5.Ffinafl cumuflatfive dfistortfionafl strafin finvarfiant fieflds for modefls wfith no outer wedge (0%). Azure dashed flfines represent outer wedge wfidths. Gray trfiangfles 

findficate roots of spflay fauflts. 
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dfispflacement fis about twfice that of the vertficafl dfispflacement Thus, the 

horfizontafl  seafloor  dfispflacement  may  be  a  key  contrfibutor  to  the 

tsunamfi genesfis. However, the cosefismfic sflfip and seafloor dfispflacement 

are  predomfinantfly  controflfled  by  the  flarge  outer  wedge  fin  the  Maufle 

rupture  segment  (Ffig.  8b  and  d).  To  sum  up,  our  sfimuflatfion  resuflts 

suggest that the effect of the spflay fauflt actfivfity on the tsunamfi potentfiafl 

fis reflatfivefly finsfignfificant fin the Maufle rupture segment. 

4.2. 2011 Tohoku earthquake 

The  2011  Tohoku  earthquake  rupture  segment  fis  known  to  have 

experfienced a trench breakfing rupture wfith over 60 m peak sflfip (Sun 

et afl., 2017; Wefi et afl., 2012). Accordfing to prevfious studfies, a flandward 

spflay fauflt was reactfivated by the 2011 Tohoku earthquake (Tsujfi et afl., 

2011). We, therefore, construct a modefl wfith a flandward spflay fauflt and 

a  very  smaflfl  outer  wedge  (Ffig.  9a),  based  on  the  pubflfished  sefismfic 

profifle by (Ito et afl., 2011; Tsujfi et afl., 2011). Our modefl wfithout a spflay 

fauflt (bflack dotted curve fin Ffig. 9b) yfieflded a peak sflfip of about 64 m 

cflose to the trench, whfich fis reasonabfly consfistent wfith the derfived sflfip 

dfistrfibutfions  (pfink  band  and  dashed  curve  fin Ffig.  9b)  for  the  2011 

Tohoku earthquake (Sun et afl., 2017; Wang et afl., 2021). 

We aflso expflore here how the presence of a flandward dfippfing spflay 

fauflt mfight affect the rupture extent and tsunamfi sfize. We fix the fauflt 

dfip at 30◦, comparabfle to the sefismfic finterpretatfion (Tsujfi et afl., 2011), 

and examfine dfifferent frfictfion vaflues aflong the fauflt. Ffig. 9c shows that 

the  cosefismfic  megathrust  fauflt  sflfip  and  fits  ampflfitude  are  affected 

moderatefly by the frfictfion aflong the spflay fauflt. The separatfion between 

the modefl wfithout a spflay fauflt (bflack dotted curve fin Ffig. 9c) and the 

Ffig. 6.Ffinafl cumuflatfive dfistortfionafl strafin finvarfiant fieflds for modefls wfith flarge outer wedges (25%). Coflors and symbofls are the same as fin Ffig. 5. (For finter-

pretatfion of the references to coflor fin thfis figure flegend, the reader fis referred to the Web versfion of thfis artficfle.) 
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varfious fauflted modefls (bflue, red, and green curves fin Ffig. 9c) demon-

strates that dfispflacement aflong the spflay fauflt (aflso hfighflfighted by the 

red  box  fin Ffigs.  S9b,  S9d,  and  S9f)  can  accommodate  some  of  the 

cosefismfic sflfip aflong the decoflflement. 

The dynamfic weakenfing that occurred beneath the wedge gfives rfise 

to  stress  drop  (cofld  coflor  regfions  fin Ffigs.  S9c,  S9e,  S9g,  and  S9fi), 

fimpflyfing that the rupture has propagated aflfl the way to the trench. The 

shear strafin aflong the pre-exfistfing fauflt mafinfly takes pflace at shaflflow 

depths  as  a  resuflt  of  the  flower  pre-consoflfidatfion  stresses  of  shaflflow 

sedfiments, resufltfing fin flower buflk strengths (Ffigs. S9b, S9d, and S9f). To 

some  extent,  the  actfivfity  of  the  megaspflay  fauflt  finfluences  the  stress 

state  at  the  boundary  between  the  outer  and  finner  wedge  after  the 

earthquake. Thfis fis reflected by the cumuflatfive change fin σm (cofld coflor 
regfions hfighflfighted by yeflflow cfircfles fin Ffigs. S9c, S9e, S9g, and S9fi). The 

decrease fin σm fis finversefly correflated to the shear strafin that occurred 
aflong the megaspflay fauflt (regfions fin yeflflow cfircfles fin Ffig. S9). 

Furthermore,  our  sfimuflatfion  resuflts  show  that  the  cosefismfic 

dfispflacement  of  the  megaspflay  fauflt  has  a  moderate  effect  on  both 

vertficafl (yeflflow shadfing fin Ffig. 9d) and horfizontafl dfispflacement (bflue 

shadfing fin Ffig. 9d) near the wedge toe. Lower frfictfion vaflues aflong the 

spflay fauflt correspond wfith fincreased upflfift of the hangfing waflfl of the 

flandward spflay fauflt durfing earthquake unfloadfing (yeflflow shadfing fin 

Ffig. 9e). In generafl, the horfizontafl seafloor dfispflacement fis about three 

tfimes  more  than  vertficafl  fin  the  offshore  forearc  (Ffig.  9e),  agafin  con-

firmfing that the horfizontafl seafloor dfispflacement pflays a key rofle fin the 

tsunamfi genesfis. The dfifferences among the curves for horfizontafl sea-

floor  dfispflacement  are  more  apparent  than  for  vertficafl  dfispflacement 

(Ffig. 9e), findficatfing that the horfizontafl dfispflacement fis more sensfitfive to 

the frfictfion coefficfient of the megaspflay fauflt (forethrust) fin the Tohoku 

area. 

5. Dfiscussfion 

5.1. Reflatfionshfip among outer wedge wfidth, spflay fauflt actfivfity, and 

tsunamfi potentfiafl 

Prevfious studfies show the strong controfl of the wfidth of the outer 

wedge  (VS  zone)  on  the  rupture  extents  and  sflfip  dfistrfibutfion  (Con-

treras-Reyes  et  afl.,  2010; Wang  et  afl.,  2021).  Consfistent  wfith  that 

findfing, our first set of sfimuflatfions of non-cohesfive modefls aflso dem-

onstrates  that  the  wfidth  of  the  VS  outer  wedge  affects  the  stress  and 

strafin aflong the spflay fauflt (Ffigs. 2 and 3). Lfikefly, dfifferent spflay fauflt 

actfivfitfies aflong dfifferent rupture segments trfiggered by the same sefismfic 

event (Lfieser et afl., 2014) are due to varfiatfions fin outer wedge wfidth 

aflong the margfin. The wfidth of the outer wedge graduaflfly fincreases from 

south to north of the Maufle segment aflong the SC Chfifle Margfin (Con-

treras-Reyes  et afl., 2017). Spflay  fauflt actfivfity durfing the  2010 Maufle 

earthquake aflso appears to have fincreased from south to north (Lfieser 

et afl., 2014), whfich fis consfistent wfith our numerficafl resuflts (Ffig. 2e–g). 

Therefore, our numerficafl sfimuflatfion suggests that the wfidth of the outer 

wedge correflates wfith the actfivfity of the pre-exfistfing fauflt fin the Maufle 

rupture segment. 

Furthermore, our anaflysfis of the seafloor dfispflacement (Ffig. 4 and 

Ffig. S4) shows that, to the first order, the wfidth of the outer wedge may 

finversefly  correflate  wfith  the  seafloor  dfispflacement.  Interestfingfly,  a 

normafl spflay fauflt can be actfivated durfing a megathrust earthquake fif 

the  outer  wedge  fis  sufficfientfly  smaflfl.  However,  the  amount  of 

dfispflacement  on  a  normafl  fauflt  fis  flower  than  on  thrust  spflay  fauflts 

(Ffigs. 2 and 3). Therefore, fif sfignfificant thrust actfivfity occurs aflong a 

spflay fauflt, thfis may fimpfly the presence of a wfide outer wedge, reducfing 

the tsunamfi potentfiafl flocaflfly (Ffig. 4 and Ffig. S4). 

Ffig. 7.Effect of spflay fauflt dfips on seafloor upflfift. (a) Seafloor upflfift for modefls wfith flandward spflay fauflts wfithout an outer wedge. (b) Seafloor upflfift for modefls 

wfith seaward spflay fauflts wfithout an outer wedge. (c) Seafloor upflfift for modefls wfith flandward spflay fauflts wfith flarge outer wedges. (d) Seafloor upflfift for modefls 

wfith seaward spflay fauflts wfith flarge outer wedges. Azure dashed flfines represent outer wedge dfimensfion. Gray trfiangfles flocate roots of spflay fauflts. 
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5.2. Effects of megaspflay fauflt propertfies on sefismfic hazard 

Based on our first set of sfimpflfified modefls usfing dfifferent spflay fauflt 

dfips wfith the same vaflues of fauflt frfictfion, we demonstrate that varfia-

tfions fin dfip have a mfinfimafl effect on the stress and strafin aflong the spflay 

fauflt durfing the unfloadfing phase (Ffig. 5 and Ffig. 6). Moreover, we see 

reflatfivefly finsfignfificant dfifferences fin the seafloor dfispflacement (Ffig. 7). 

Thus, compared to the wfidth of the outer wedge, varfiatfions fin megas-

pflay fauflt dfip are unflfikefly to sfignfificantfly affect tsunamfi potentfiafl dur-

fing one sefismfic event. Thfis can be expflafined by the flfimfited amount of 

cosefismfic  sflfip  aflong  the  spflay  fauflt  durfing  one  earthquake  unfloadfing 

event.  The  actfivfity  of  the  megaspflay  fauflt  resufltfing  from  one  sefismfic 

event does not resuflt fin sfignfificant stress partfitfionfing across the spflay 

fauflt efither. Sfignfificantfly greater cumuflatfive dfispflacement fis necessary 

to  detect  such  stress  partfitfionfing  (Morgan,  2015).  Furthermore,  the 

precondfitfionfing of the wedges resuflts fin sfimfiflar finfitfiafl stress states on 

the prescrfibed fauflts regardfless of thefir orfientatfion, flfimfitfing fauflt sflfip 

durfing  unfloadfing.  If  the  spflay  fauflts  have  exfisted  prfior  to  the  pre-

condfitfionfing, they mfight have accumuflated dfifferent deformatfion and 

stress flevefls durfing floadfing, whfich coufld be reflected fin dfifferences fin 

sflfip durfing the unfloadfing (Morgan, 2015). 

In our second set of modefls, however, we prescrfibe the spflay fauflts 

wfith fixed dfips for each sfimuflatfion case, and then test dfifferent vaflues of 

frfictfion  coefficfient  aflong  the  spflay  fauflt.  Accordfing  to  our  sfimuflatfion 

resuflts  for  the  2010  Maufle  earthquake  (Ffig.  8),  the  domfinant  factor 

controflflfing the rupture extent and tsunamfi sfize fis the wfidth of the VS 

outer wedge. The sfimuflatfion resuflts show that the actfivfity of the spflay 

fauflt affects the postsefismfic stress state and sflfightfly constrafins the rfise of 

σm at the boundary between outer and finner wedge. However, the wfidth 
of the outer wedge (VS zone) fis reflatfivefly flarge (Contreras-Reyes et afl., 

2010; Wang  et  afl.,  2021).  The  frfictfion  of  the  seaward  spflay  fauflt, 

therefore, does not contrfibute much to the cosefismfic rupture extent and 

tsunamfi potentfiafl fin the Maufle rupture zone (Ffig. 8b and d), and the 

cosefismfic dfispflacements aflong the spflay are very smaflfl. 

Compared to the Maufle rupture segment, the veflocfity strengthenfing 

outer wedge of the Tohoku rupture area fis flfikefly very smaflfl and aflflowed 

the wedge to experfience trench breakfing rupture (Ide et afl., 2011; Ito 

et afl., 2011; Wang and Tréhu, 2016). In our sfimuflatfions, the frfictfion on 

the  megaspflay  fauflt  and  the  correspondfing  actfivfity  have  a  moderate 

effect on the cosefismfic sflfip (Ffig. 9b and c) and the horfizontafl dfispflace-

ment (bflue shadfing fin Ffig. 9d and e). Our sfimuflatfion resuflts suggest that 

the mafin contrfibutor of the tsunamfi potentfiafl fis horfizontafl dfispflacement 

(>50 m), whfich fis consfistent wfith the prevfious numerficafl studfies (Song 

et afl., 2017), and the evfidence derfived from the bathymetrfic (Fujfiwara 

Ffig. 8.Cosefismfic rupture and seafloor dfispflacement for 2010 Maufle earthquake from sfimuflatfions. (a) Infitfiafl wedge setup (before the precondfitfionfing stage) re-

sembfles wedge profifle wfith the crustafl structure of Santa Marfia Fauflt System fin SC Chfifle Margfin near 2010 Maufle earthquake (Meflnfick et afl., 2012). Wedge supports 

an 80◦seaward spflay fauflt and flarge outer wedge. (b) Sfimuflated sflfip dfistrfibutfions, compared to a range of sflfip modefls from Wang et afl. (2020) shown fin pfink shadfing. 

(c) Enflargement of sflfip dfistrfibutfions wfithfin gray box shown fin (b). (d) Sfimuflated seafloor dfispflacement. (e) Enflargement of dfispflacement wfithfin gray box shown fin 

(d).  Dashed  orange  flfines  show  geometry  of  upper  pflate,  and  soflfid  orange  flfine  denotes  posfitfion  of  spflay  fauflt  pflane.  Yeflflow  shadfing  hfighflfights  vertficafl  seafloor 

dfispflacement, and bflue shadfing hfighflfights horfizontafl seafloor dfispflacement. (For finterpretatfion of the references to coflor fin thfis figure flegend, the reader fis referred 

to the Web versfion of thfis artficfle.) 
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et afl., 2011, 2017) and GPS (Sato et afl., 2011) data. Compared to the 

horfizontafl seafloor dfispflacement fin the Maufle rupture segment (Ffig. 8e), 

the one fin the Tohoku rupture segment (Ffig. 9e) sfignfificantfly contrfibutes 

to the tsunamfi genesfis. Therefore, the actfivfity of the flandward dfippfing 

spflay fauflt may have affected the tsunamfi potentfiafl durfing the sefismfic 

event  fimpflficfitfly,  supportfing  the  sefismfic  finterpretatfion  by Tsujfi  et  afl. 

(2011). Thfis major dfifference between Maufle and Tohoku rupture seg-

ments fis very flfikefly attrfibuted to the wfidth of the veflocfity strengthenfing 

outer wedge. 

In summary, our sfimuflatfion resuflts demonstrate that the effects of 

megaspflay  fauflts  durfing  a  sfingfle  earthquake  unfloadfing  event  are 

flfimfited. The presence of megaspflay fauflts and thefir reactfivatfion may not 

necessarfifly contrfibute to flarge earthquake sfize and tsunamfi potentfiafl. 

Lfikefly, a more crfitficafl factor fis the change fin basafl frfictfion aflong the 

megathrust fauflt throughout one earthquake cycfle. The propertfies of the 

spflay fauflt are second-order factors that may moderatefly finfluence the 

rupture extents and tsunamfi sfize. If the VS outer wedge fis smaflfl enough, 

the actfivfity of the megaspflay fauflt trfiggered by the earthquake, to some 

extent, contrfibutes to the horfizontafl seafloor dfispflacement, fincreasfing 

the  tsunamfi  potentfiafl.  In  contrast,  the  seafloor  dfispflacement  fis  con-

strafined by a flarge VS outer wedge, fimpflyfing smaflfl tsunamfi potentfiafl 

regardfless of the actfivfity of the megaspflay fauflt. Therefore, thfis findfing 

suggests that the cosefismfic normafl fauflt sflfip fin the Shumagfin Gap may 

not have pflayed as sfignfificant a rofle fin rupture extent or tsunamfi genesfis 

as suggested by others (B́ecefl et afl., 2017). 

5.3. Other controflflfing factors for cosefismfic rupture and tsunamfi potentfiafl 

Our sfimuflated cosefismfic sflfip for the 2010 Maufle segment and the 

sfimuflated seafloor dfispflacement (fincfludfing both horfizontafl and vertficafl 

ones) are comparabfle to the pubflfished sflfip dfistrfibutfion (Moreno et afl., 

2012; Wang et afl., 2020) and prevfious resuflts derfived from the bathy-

metrfic  data  for  2010  Maufle  rupture  segment  (Maksymowficz  et  afl., 

2017),  respectfivefly.  Moreover,  the  sfimuflated  cosefismfic  sflfip  for  the 

Tohoku earthquake fis consfistent wfith prevfious studfies (Ito et afl., 2011; 

Sun  et  afl.,  2017).  In  generafl,  our  sfimuflated  horfizontafl  seafloor 

dfispflacement for the Tohoku earthquake fis flarge, findficatfing consfider-

abfle tsunamfi potentfiafl for the 2011 Tohoku earthquake segment (Fujfi-

wara et afl., 2017; Ito et afl., 2011). 

In thfis study, we use a sfimpflfified 2D modefl to examfine whether the 

wfidth of the VS outer wedge, the presence of the megaspflay fauflt fitseflf, 

and thefir finteractfions are findficatfive of the flocafl sefismfic rfisk and tsunamfi 

potentfiafl.  Besfides  these  two  factors,  there  are  stfiflfl  other  pre-exfistfing 

structurafl  features  and  mechanficafl  propertfies  to  be  expflored  fin  the 

forearc, fincfludfing the geometry of the accreted sedfiment cflose to wedge 

toe  (Poflet  and  Kanamorfi,  2000),  backstop  geometry  (Kopp  and 

Ffig.  9.Cosefismfic  rupture  and  seafloor  dfispflacement  for  2011  Tohoku  earthquake  from  sfimuflatfions.  (a)  Infitfiafl  wedge  setup,  modefled  after  finterpreted  sefismfic 

reflectfion profifle near 2011 Tohoku earthquake, wfith 30◦flandward spflay fauflt and smaflfl outer wedge (Tsujfi et afl., 2011). (b) Sfimuflated sflfip dfistrfibutfions, compared 

to preferred range of sflfip modefls from Sun et afl. (2017) shown fin pfink shadfing. (c) Enflargement of sflfip dfistrfibutfions wfithfin gray box shown fin (b). (d) Sfimuflated 

seafloor dfispflacement. (e) Enflargement of dfispflacement wfithfin gray box shown fin (d). The dashed orange flfines show the geometry of the upper pflate, and the soflfid 

orange  flfine  denotes the  posfitfion  of  the  spflay  fauflt  pflane.  The  yeflflow  shadfing  hfighflfights  the  vertficafl  seafloor  dfispflacement,  and the  bflue  shadfing  hfighflfights  the 

horfizontafl seafloor dfispflacement. (For finterpretatfion of the references to coflor fin thfis figure flegend, the reader fis referred to the Web versfion of thfis artficfle.) 
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Kukowski, 2003), width and thickness of subducted sediments downdip 
(Olsen et al., 2020), basement morphology (Barker et al., 2018; Bilek 
et al., 2003; Morgan and Bangs, 2017), basal friction along decollement 
(Cubas et al., 2013), and internal friction within the wedge (Wang and 
Morgan, 2019). Nevertheless, our current models enable us to better 
understand how splay faults and frictional variations along the mega
thrust contribute to tsunami genesis and interact with other factors. 

6. Conclusions 

We carried out two sets of simulations to examine the effects of splay 
fault dips on rupture extents and seafloor uplift. Our first set of simu
lations using non-cohesive models demonstrates that the width of VS 
outer wedge along the margin has the most significant effect on splay 
fault activity and thus on tsunami generation at different localities. The 
variations in outer wedge width (VS zone) along strike in the Maule 
rupture zone can help explain the various splay fault activities observed 
at different localities during the 2010 event. 

In the second part of the study, we build more realistic cohesive 
models to assess the effects of splay faults on simulated megathrust 
displacements, which may better match published coseismic slip dis
tributions for the 2010 Maule and 2011 Tohoku earthquakes. Different 
values of friction coefficient along the splay fault plane can lead to 
varying amounts of displacement along the splay fault during earth
quake unloading. However, our simulation results indicate that the 
earthquake rupture extent and tsunami potential are predominantly 
controlled by friction variations along the megathrust fault, governed by 
outer wedge (VS zone) width, rather than friction along the megasplay 
fault. Our numerical results demonstrate that activation of a megasplay 
fault likely had minimal effect on earthquake coseismic rupture and 
tsunami potential during the 2010 Maule rupture, but could have had a 
moderate effect during the 2011 Tohoku rupture. 

Our results show that the presence of megasplay normal faults does 
not necessarily imply significant seismic hazards in a subduction system. 
The effect of megasplay fault dip and its corresponding coseismic dis
placements along the splay fault on rupture extents and tsunami genesis 
is limited. We suggest that the properties of the splay fault are second- 
order factors affecting coseismic slip distribution and tsunami poten
tial, whereas the critical factor is the variation in basal friction along the 
megathrust fault. 
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