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 Resumen 
 Las  zonas  de  subducción  tipo  chilena  se  dan  en  márgenes  convergentes  entre  una 

 placa  oceánica  y  continental.  El  contacto  entre  placas  da  lugar  a  la  mega-falla 

 inversa  o  megathrust  en  inglés.  Aquí  es  donde  se  localiza  la  zona  sismogénica  y 

 donde  los  terremotos  más  destructivos  ocurren.  Estos  son  repentinas  dislocaciones 

 que  ocurren  una  vez  la  resistencia  de  la  falla  se  ve  superada  debido  a  los  esfuerzos 

 tectónicos  generados  por  la  colisión  entre  la  placa  superior  e  inferior.  Se  ha 

 reportado  que  los  terremotos  responden  a  periodos  de  carga  y  descarga  de 

 esfuerzos  elásticos,  proceso  conocido  como  el  ciclo  sísmico,  que  finalmente  culmina 

 con  el  deslizamiento  relativo  entre  ambas  placas.  El  deslizamiento  máximo  tiende  a 

 desarrollarse  en  zonas  de  alta  fricción  conocidas  como  asperezas  sísmicas, 

 mientras  que  regiones  con  menor  deslizamiento  (baja  fricción),  muchas  veces 

 inhibiendo  la  propagación  de  terremotos,  corresponden  a  barreras  sísmicas.  Esto  se 

 debe  a  que  las  zonas  de  alta  fricción  permanecen  acopladas  durante  el  proceso  de 

 carga  (intersísmico),  generando  déficit  de  deslizamiento  que  debe  ser 

 eventualmente  liberado.  Generalmente  las  barreras  se  asocian  a  un  bajo 

 acoplamiento  intersísmico.  Esta  distribución  heterogénea  de  propiedades 

 friccionales puede ser definida como la estructura friccional del megathrust. 

 Gracias  a  observaciones  geológicas  e  instrumentales  se  ha  podido  inferir  que 

 segmentos  de  distinta  extensión  parecieran  ser  caracterizados  por  ciclos  sísmicos 

 de  distinta  duración,  dando  lugar  a  la  segmentación  sísmica.  La  segmentación  de 

 terremotos  a  lo  largo  de  zonas  de  subducción  es  importante  ya  que  da  ideas  de  la 

 máxima  extensión  de  un  terremoto,  lo  cual  impacta  directamente  el  riesgo  sísmico. 

 Es  probable  que  la  presencia  de  distintos  segmentos  sísmogénicos  respondan  a 

 una  heterogénea  estructura  friccional  del  megathrust.  No  obstante,  los  mecanismos 

 controlando  tal  estructura  y  por  lo  tanto  la  segmentación  sismogénica  y  su 

 persistencia,  aún  no  son  totalmente  comprendidos.  Algunas  pistas  acerca  de  los 

 factores  modulando  la  estructura  friccional  viene  de  la  correlación  espacial  entre 

 estructuras  geológicas  de  la  placa  oceánica-continental  (estructura  geológica  del 

 ante arco) y la extensión de terremotos. 

 Esta  tesis  propone  como  hipótesis  que  la  estructura  geológica  del  ante-arco  controla 

 la  estructura  friccional  del  megathrust.  Para  validar  esta  hipótesis,  se  propone 
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 utilizar  el  margen  chileno  dado  su  amplio  registro  sísmico  y  la  variedad  de 

 ambientes  geológicos,  convirtiendo  a  la  zona  de  subducción  chilena  como  un 

 verdadero laboratorio natural. 

 Mediante  el  empleo  de  Análisis  por  Componentes  Principales,  se  logra  estimar  la 

 correlación  espacial  entre  distintos  campos  geofísicos  y  geológicos  utilizados  para 

 iluminar  la  estructura  friccional.  A  partir  de  esto  se  muestra  que  el  primer 

 componente  de  los  campos  muestra  una  clara  relación  con  la  distribución  de 

 sismicidad,  sugiriendo  que  el  primer  componente  representa  el  primer  orden  de  la 

 estructura  friccional  del  margen  Chileno.  Esto  es  utilizado  para  construir  el  primer 

 modelo  formal  de  segmentación  para  Chile,  el  cual  puede  ser  aplicado  para  la  mejor 

 evaluación  de  riesgo  sísmico  en  el  país  y/o  en  otra  zona  de  subducción.  Por  otro 

 lado,  los  resultados  indican  que  la  zona  norte  del  país  (18  -33  S)  es  caracterizada  °  ° 

 por  un  megathrust  mucho  más  inestable,  propiciado  por  un  ante-arco  denso  y 

 pesado.  El  sur  (33  -44  S),  sin  embargo,  es  gobernado  por  un  régimen  °  ° 

 condicionalmente  estable,  lo  cual  es  causado  por  un  antearco  más  liviano  y  menos 

 denso.  Esto  explicaría  porqué  el  norte  de  Chile  pareciera  experimentar  terremotos 

 de  mediana  magnitud  pero  alta  recurrencia  temporal,  al  contrario  del  sur  donde 

 gigantes  terremotos  sacuden  el  margen,  pero  con  una  recurrencia  menor. 

 Interesantemente,  de  los  segmentos  unitarios  obtenidos  se  infieren  potenciales 

 asperezas  sísmicas  que  se  correlacionan  con  la  presencia  de  estructuras  oceánicas 

 y corticales de la placa de Nazca y Sudamérica, respectivamente. 

 Adicionalmente,  del  modelo  de  segmentación,  se  logran  distinguir  posibles  barreras 

 sísmicas.  A  través  de  simulaciones  numéricas  del  ciclo  sísmico,  se  demuestra  que 

 la  naturaleza  física  de  barreras  sísmicas  puede  ser  generado  por  la  presencia  de 

 material  Velocity  Weakening  que  promueve  un  comportamiento  condicionalmente 

 estable.  Los  múltiples  patrones  de  deslizamientos  albergados  por  estas  barreras  son 

 similares  a  los  observados  en  fallas  reales,  apoyando  la  idea  de  que  nuestra 

 conjetura  de  barreras  condicionalmente  estables  es  plausible.  Por  otro  lado,  las 

 simulaciones  muestran  que  estas  barreras  pueden  estar  acopladas,  desafiando  la 

 visión  de  que  solo  asperezas  sísmicas  pueden  desarrollar  este  comportamiento. 

 Además  explicando  la  observación  de  porque  algunos  sectores  reconocidos  como 
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 barreras  presentan  un  alto  acople.  Usando  la  teoría  de  mecánica  de  la  fractura,  se 

 logra  construir  un  parámetro  adimensional  para  medir  la  eficiencia  de  las  barreras  y 

 el  cual  se  puede  aplicar  para  anticipar  el  comportamiento  de  barreras  naturales. 

 Esto  tiene  un  fuerte  impacto  en  los  avances  sobre  modelos  físicos  de  riesgo 

 sísmico. 

 Esta  tesis  proporciona  una  base  teórica  que  explica  la  relación  entre  la  estructura 

 geológica  del  ante  arco  y  la  estructura  friccional  del  megathrust,  sugiriendo  además 

 que  esta  última  es  persistente  a  escala  geológica.  Básicamente,  la  presencia  de 

 montes  marinos,  ridges  asísmicos  y/o  zonas  de  fractura  generarían  una  distribución 

 heterogénea  de  la  resistencia  de  la  falla  a  esfuerzos.  Similar  sería  el  efecto  de  la 

 estructura  de  la  densidad  del  ante-arco  mediante  su  efecto  en  el  estrés  normal, 

 explicando  entonces  los  mecanismos  detrás  de  la  segmentación  sismogénica  en  el 

 país  y  otras  zonas  de  subducción.  Finalmente  se  valida  nuestra  hipótesis  a  través 

 de  una  amplia  discusión  al  final  de  este  manuscrito  y  se  discuten  los  alcances  de 

 este  trabajo  en  el  riesgo  sísmico  del  país  y  la  física  de  terremotos  como  también  la 

 segmentación en fallas reales. 
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 Abstract 

 Chilean-type  subduction  zones  occur  in  convergent  margins  between  an  oceanic 

 and  continental  plate.  On  the  plate  interface  is  found  the  megathrust,  where  the 

 seismogenic  zone  takes  place.  Here,  more  devastating  earthquakes  happen,  the 

 so-called  subduction  zone  earthquakes.  They  are  explained  by  sudden  dislocations 

 once  the  fault  strength  is  overcome  due  to  the  tectonic  forces  driven  by  the  collision 

 between  both  plates.  It  has  been  reported  that  earthquakes  respond  to  elastic  train 

 loading  and  unloading,  a  process  known  as  the  seismic  cycle,  which  ultimately 

 promotes  relative  slip  between  the  upper  and  lower  plate.  The  maximum  slip  tends  to 

 occur  in  high  friction  zones  known  as  “seismic  asperities”  whereas  zones  of  low 

 friction  and  therefore  reduced  slip  are  “seismic  barriers”.  The  high  friction  on  the 

 asperities  provokes  both  plates  to  get  stuck,  a  feature  known  as  coupling,  proning 

 the  zone  to  accumulate  slip  deficit  that  eventually  must  be  released.  In  general, 

 seismic  barriers  are  related  to  zones  of  low  coupling.  This  heterogenous  frictional 

 property distribution can be understood as the megathrust frictional structure. 

 Given  the  recent  instrumental  records  and  geological  observations,  it  has  been 

 possible  to  observe  that  segments  of  different  extensions  seem  to  be  characterized 

 by  seismic  cycles  of  distinct  duration.  This  characteristic  has  been  attributed  to  the 

 “seismic  segmentation”.  Because  the  seismic  risk  is  controlled  by  the  maximum  size 

 of  a  rupture,  earthquake  segmentation  along  subduction  zones  is  significantly 

 important.  Likely  the  seismic  segmentation  is  a  reflection  of  an  heterogeneous 

 frictional  structure  of  the  megathrust.  However,  the  underlying  mechanisms 

 controlling  the  megathrust  frictional  structure  and  thus  seismic  segmentation  are  not 

 fully  understood.  Insights  regarding  the  multiple  factors  modulating  the  frictional 

 structure  come  from  the  correlation  between  geological  features  of  both  plates 

 (fore-arc geological structure) and the distribution of earthquakes. 

 In  this  thesis  it  is  hypothesized  that  “the  geological  structure  of  the  fore-arc  exerts 

 control  on  the  megathrust  frictional  structure”.  To  validate  this  statement,  it  is 

 proposed  to  use  the  Chilean  margin  due  to  its  extended  register  of  earthquakes, 

 spanning  at  least  500  years  of  records.  Further,  because  of  its  varied  geological 
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 environments,  Chile  is  a  perfect  natural  laboratory  to  investigate  earthquake 

 phenomena. 

 Through  the  Principal  Component  Analysis  (PCA)  the  spatial  correlation  between 

 different  geophysical/geological  proxies,  usually  used  to  illuminate  the  frictional 

 structure,  is  estimated.  It  is  shown  that  the  first  component  (PCA)  exhibits  a  clear 

 relation  with  the  seismicity  distribution,  suggesting  that  the  first  principal  component 

 represents  the  first-order  frictional  structure  of  the  Chilean  megathrust.  From  this,  the 

 first  formal  segmentation  model  for  the  Chilean  margin  is  constructed,  which  can  be 

 applied  to  improve  earthquake  hazard  assessments.  Our  results  indicate  that  the 

 north  of  Chile  (18  -33  S)  is  characterized  by  a  very  unstable  megathrust  caused  by  a  °  ° 

 heavy  and  very  dense  fore-arc.  On  the  other  hand,  the  south  of  Chile  (33  -44  S)  °  ° 

 would  be  governed  by  a  conditionally  stable  regime.  This  explains  why  the  northern 

 part  of  the  country  hosts  several  intermediate  magnitude  earthquakes  with  a  high 

 recurrence  whilst  the  south  is  the  net  of  huge  ruptures.  Notably,  the  unitary  segments 

 derived  from  the  segmentation  models  are  inferred  to  display  the  presence  of 

 seismic  asperities.  Remarkably,  their  distribution  is  strongly  associated  with  the 

 localization  of  geological  features  of  the  Nazca  and  SouthAmerican  plates, 

 respectively. 

 Additionally,  from  the  segmentation  model,  several  seismic  barriers  are  interpreted. 

 By  running  numerical  simulations  of  the  seismic-cycle,  it  is  demonstrated  that  the 

 physical  nature  of  seismic  barriers  can  be  explained  by  the  presence  of  Velocity 

 Weakening  material  promoting  a  conditionally  stable  regime.  Indeed,  the  ample  slip 

 pattern  displayed  by  conditionally  stable  barriers  is  similar  to  that  reported  on  natural 

 barriers.  Further,  the  seismic  barriers  in  the  simulations  can  be  coupled,  challenging 

 the  idea  that  only  seismic  barriers  can  present  this  feature.  Likewise,  some  natural 

 barriers  are  reported  to  lie  on  zones  of  high  coupling.  Considering  fracture 

 mechanics,  a  non-dimensional  parameter  is  constructed  to  estimate  the  barrier 

 efficiency  (ability  to  stop  earthquakes).  This  parameter  can  be  applied  to  natural 

 barriers  to  anticipate  their  slip  behavior,  impacting  on  physics-based  hazards 

 assessments. 
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 Regarding  the  interplay  between  geological  and  frictional  structure,  this  thesis 

 provides  a  theoretical  basis  to  explain  possible  feedback  processes  involved. 

 Basically,  the  presence  of  seamount  chain,  aseismic  ridges,  and  fracture  zones 

 would  cause  the  fault  to  experience  an  heterogeneous  strength.  Similarly,  the 

 fore-arc  density  structure  by  modulating  the  normal  stress  above  the  plate  interface 

 may  be  impacting  the  fault  strength,  explaining  the  possible  mechanisms  behind 

 earthquake  segmentation  in  Chile  and  other  subduction  zones.  Accordingly,  because 

 the  geological  structure  is  a  long  term  feature  of  the  margin,  it  is  shown  that  the 

 frictional  structure  is  a  persistent  feature  and  thus  the  seismic  segmentation  prevails 

 over time. 
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 1. Introduction 

 1.1  Subduction zones and megathrust earthquakes 

 Subduction  zones  take  place  where  two  tectonic  plates  collide,  being  one  of  them 

 subducted  below  the  other  (Fig.  1.1).  The  subducted  and  overriding  plates  often 

 correspond  to  an  oceanic  and  continental  plate  respectively,  such  as  the  Chilean  and 

 Cascadian  margin,  for  instance.  The  upper  region  of  the  contact  between  both  plates 

 is  known  as  the  megathrust  and  it  hosts  the  so-called  seismogenic  zone  (Fig.  1.1). 

 Because  of  the  huge  tectonic  forces  interacting  between  both  plates  and  frictional 

 processes,  they  may  get  coupled,  leading  to  the  megathrust  and  elastic  medium  to 

 accumulate  huge  deformation,  elastic  strain  and  slip  deficit  (Lamb,  2006;  Meade  and 

 Conrad,  2008).  However,  this  accumulation  of  elastic  energy  can  not  be  stored  in  the 

 medium  indefinitely  and  it  must  be  released  through  some  mechanisms  once  the 

 strength  of  the  seismogenic  zone  is  overcome.  Notice  that  the  strength  depends 

 mainly  on  normal  stress  and  friction  properties  distribution,  here-after  call  the 

 frictional  structure  (Davis  et  al.,  1983).  The  main  process  occuring  are  the 

 megathrust  earthquakes  and  they  can  be  understood  as  sudden  dislocation  on  the 

 seismogenic zone releasing both, part of the slip deficit and elastic deformation. 

 They  are  explained  by  the  elastic  rebound  theory  (Mitiyasu,  1976)  and  are 

 characterized  by  irradiate  seismic  waves  to  the  medium,  causing  often  huge  damage 

 on  human  population,  that's  why  subduction  earthquakes  are  cataloged  as  one  of  the 

 most  devastating  hazards  over  the  world.  As  observations  and  earthquake  records 

 have  been  increasing,  it  has  been  proposed  that  earthquake  occurrence  is  a  process 

 of  load  un  unloading  of  stresses  on  the  megathrust,  a  process  known  as  the  seismic 

 cycle  (Wesson  et  al.,  2015).  Interesting,  different  parts  of  a  subduction  margin  along 

 strike,  seem  to  be  characterized  by  distinct  seismic  cycle  time  duration,  which 

 implies  that  probably  stresses  on  the  megathrust  are  not  equally  distributed  and  thus 

 provoking  earthquakes  of  different  magnitude  and  recurrence  along  strike.  This 

 distribution  of  earthquakes  of  different  size  filling  distinct  portions  of  the  margin  was 

 studied  in  the  early  70s  and  the  concept  to  refer  to  it  was  introduced  as  seismic 

 segmentation  (Schwartz  and  Coppersmith,  1984).  It  was  proposed  that  such 

 segments  were  characterized  by  hosting  the  largest  earthquake  known  as  a 
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 characteristic  earthquake,  which  was  expected  to  be  persistent  in  space  time  (  Sykes 

 and Nishenko, 1984  ). 

 Figure  1.1  Illustration  subduction  zone:  The  convergence  between  Nazca  and  South  America 

 plates.  On  top  of  a  shaded-relief  map  of  topography  and  bathymetry  (GEBCO_2019  grid).  Pink  arrow 

 depicts  the  convergence  rate  between  Nazca  and  South  America  plates  (Kendric  et  al.,  2003).  In  soft 

 and  dark  blue  the  oceanic  plate  and  oceanic  mantle  respectively.  Brown  and  red  colors  depict  the 

 continental  plate  and  mantle  wedge.  Orange  represents  the  continental  basement  and  yellow  the 

 outer  fore-arc.  Gray  ellipse  the  contact  plate  or  plate  interface  where  the  megathrust  and  seismogenic 

 zone  are.  Black  contour  lines  showing  the  irradiated  seismic  waves  from  a  subduction  earthquake 

 hypocenter. 

 However,  as  time  passed,  it  was  observed  that  such  segments  were  able  to  host 

 earthquakes  of  smaller  size  before  the  characteristic  earthquakes  occurred,  implying 

 that  the  frictional  structure  of  the  megathrust  was  heterogeneous.  An  initial  model  to 

 explain  these  observations  was  proposed  in  the  early  80s  by  Lay  and  Kanamori 

 (1981),  the  so-called  “asperity  model”.  Basically,  regions  of  the  megathrust  related  to 

 high  friction  remain  coupled  during  prolonged  time  -interseismic  phase-  and  they  are 

 defined  as  seismic  asperities,  which  accumulates  large  slip  deficit.  The  slip  deficit  is 

 released  in  a  sudden  dislocation  through  an  earthquake  lasting  several  seconds 

 even  minutes,  a  stage  of  the  cycle  known  as  coseismic  phase.  Afterwards,  the  areas 

 surrounding  the  asperities,  often  characterized  by  presenting  lower  friction, 
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 accommodate  slip  deficit  slowly  by  stable  slip  mechanism  during  several  years.  This 

 is  defined  as  the  postseismic  stage  and  it  is  the  end  of  a  seismic  cycle.  Finally,  the 

 seismogenic  zone  gets  coupled,  initiating  the  interseismic  phase,  and  therefore  the 

 seismic cycle again. 

 The  asperity  model  was  useful  to  understand  why  sometimes  seismic  segments 

 were  broken  by  smaller  earthquakes.  The  basic  idea  is  that  during  small  earthquakes 

 isolated  asperities  fail  whereas  bigger  events  likely  involve  the  interaction  of  more 

 asperities.  The  cause  of  preventing  earthquakes  propagating  from  one  asperity  to 

 another  was  explained  by  the  presence  of  seismic  barriers,  recognized  as  areas  of 

 low  friction  promoting  rupture  arrest  (Aki,  1983).  Therefore,  it  was  suggested  that 

 probably  large  seismic  segments  were  characterized  by  the  presence  of  barriers 

 separating  asperities,  which  during  some  stage  of  the  seismic  cycle  all  were 

 synchronized  and  slipped,  provoking  a  huge  earthquake,  the  characteristic 

 earthquake.  Moreover,  the  term  characteristic  earthquake  was  losing  validity 

 because  it  was  observed  that  seismic  segments  started  to  be  the  net  of  seismic 

 events  bigger  than  the  characteristic  earthquake  and  usually  similar  earthquakes 

 breaking  seismic  segments  seemed  not  to  share  the  same  properties  between  them, 

 such  as  the  amount  of  slip  or  irradiated  energy  (Rong  et  al.,  2003).  Nevertheless, 

 worldwide  earthquake  records  on  different  subduction  zones  would  seem  to  exhibit  a 

 spatial  seismic  segmentation  of  first  order  (  Philibosian,  B.  &  Meltzner,  2020  ), 

 implying  a  segmented  frictional  structure  across  megathrusts  which  probably 

 respond  to  a  heterogeneous  distribution  of  fault  strength.  Changes  on  the 

 mechanical  properties  of  the  elastic  medium,  tectonic  setting  variations,  difference 

 on  plate  velocity  convergence,  plate  ages,  fault  roughness,  seismogenic  width, 

 among  others,  have  been  proposed  to  explain  such  heterogeneous  megathrust 

 frictional regime (Wirth et al., 2022), yet the dominant factors are still debated. 

 1.2  Illuminating the frictional structure 

 The  frictional  regime  on  faults  can  be  addressed  by  considering  the  rate  and  state 

 friction  law.  This  offers  a  theoretical  framework  able  to  describe  the  multiple  frictional 

 regime  that  a  fault  can  host.  This  law  was  introduced  from  laboratory  rock 
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 experiments  showing  a  direct  relation  between  friction  and  slip  velocity  (  Dieterich, 

 1979;  Tullis, 1988  ).  The mathematical expression  of this law can be written as; 

 (1.1) τ
σ

 𝑛 
= µ* +  𝑎𝑙𝑛 (  𝑉 

 𝑉 *
)   +     𝑏𝑙𝑛 (  𝑉 *θ

 𝐷 
 𝑐 

)

 (1.2)  𝑑 θ
 𝑑𝑡 =  1 −  𝑉 θ

 𝐷 
 𝑐 

 Here  and  are  the  shear  strength  parallel  to  the  fault  and  the  normal  stress τ σ
 𝑛 

 perpendicular  to  the  fault,  respectively,  the  sliding  velocity  and  a  state  variable,  𝑉 θ µ

 *  and  *  are  reference  values  for  friction  and  velocity,  respectively,  is  a  critical  slip  𝑉  𝐷 
 𝑐 

 distance  for  state  evolution,  and  and  are  positive  coefficients  controlling  the  𝑎  𝑏 

 velocity  and  state  effects,  respectively.  The  full  spectrum  of  slip  behaviors  can  be 

 associated  to  two  main  different  frictional  regimes,  that  is,  how  friction  bahaves 

 depending  on  the  fault  slip  velocity.  If  a-b  >  0,  Velocity  Weakening  behavior  (VW) 

 arises:  after  a  sudden  increase  in  velocity,  the  friction  goes  down,  inducing  slip 

 acceleration,  that  is  unstable  slip,  often  related  to  earthquake  nucleation  and 

 propagation.  On  the  other  hand,  if  a-b  <  0,  Velocity  Strengthening  (VS)  behavior 

 emanates:  with  increasing  slip  velocity,  friction  goes  up,  producing  a  slow  down 

 associated  with  earthquake  arrest  and  stable  slip.  Importantly,  there  is  a  bifurcation 

 in  the  VW  domain  controlling  the  frictional  stability  of  the  fault,  modulated  by  a  critical 

 stress given by the following equation (Scholz, 1998): 

 (1.3) σ
 𝑐    

=    
 𝑘     𝐷 

 𝑐 

−( 𝑎 − 𝑏 )

 Here  is  the  stiffness  of  the  media  surrounding  the  fault.  The  fault  moves  under  𝑘 

 unstable  sliding  if  .  When  ,  the  fault  can  experience  conditionally σ
 𝑐    

< σ
 𝑛 

σ
 𝑐    

> σ
 𝑛 

 stable  behavior,  that  is  aseismic  slip  but  shifting  to  unstable  sliding  under  important 

 normal  stress  perturbations  triggered  by  fault  slip  conditions.  Further,  VW  material 

 has  been  proposed  to  govern  the  behavior  of  asperities  whereas  VS  behavior  would 

 cause  the  barriers  to  stop  earthquake  rupture  propagation.  Despite  the  increased 
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 knowledge  on  possible  frictional  regimes  governing  natural  faults,  the  frictional 

 structure  controlling  earthquake  behavior  remains  poorly  understood.  How  VW  and 

 VS  material  may  interact  and  provoke  the  current  spatial  segmentation  along 

 subduction  zones  is  controversial.  Mapping  this  spatial  organization  and 

 heterogeneous  frictional  structure  and  thus  knowing  what  it  is  the  frictional  structure 

 of megathrust is an issue since we can not measure it at the fault itself. 

 Different  geophysical  or  geological  proxies  have  been  used  to  try  to  map  how  the 

 frictional  structure  is  organized  on  megathrust,  for  instance  gravity  anomalies, 

 coastal  geomorphology,  seismicity  distribution,  among  others  (Song  and  Simons, 

 2003,  Saillard  et  al.,  2017,  Legrand  et  al.,  2012).  The  former  evidenced  that  regions 

 of  negative  gravity  anomalies  were  correlated  with  areas  experiencing  large 

 coseismic  slip.  From  this,  it  was  suggested  that  negative  gravity  anomalies  were 

 pointing  out  to  zones  of  high  friction,  inducing  the  upper  plate  to  be  dragged  towards 

 major  depths,  provoking  a  negative  gravity  signature  (Song  and  Simons,  2003). 

 Consequently,  high  stress  loading  was  built  up  and  therefore  earthquakes  happened. 

 However,  later  it  was  shown  that  both  positive  and  negative  gravity  anomalies 

 correlate  with  coseismic  slip  patches  (Tassara,  2010;  Bassett  and  Watts  2015a, 

 2015b).  Hence,  it  was  proposed  that  gravity  anomalies  were  influencing  vertical 

 stress  on  the  megathrust  driven  by  density  changes,  which  ultimately  exert  control 

 on  seismic  behavior  and  seismic  segmentation  (Tassara,  2010).  Similarly,  geodetic 

 observations  have  been  used  to  describe  kinematically  the  plate  interaction  through 

 measuring  the  degree  of  locking  on  the  megathrust  (Moreno  et  al.,  2010,  Metois  et 

 al.,  2016).  That  is  how  much  of  the  convergence  rate  is  accommodated  by  aseismic 

 slip.  High  locking  implies  two  very  locked  plates,  related  to  seismic  slip  whereas  low 

 locking  exhibits  high  creeping  rates,  that  is  stable  slip.  Since  differences  on  slip 

 behavior  also  have  been  shown  to  respond  to  frictional  conditions  on  the  fault  (Rubin 

 and  Ampuero,  2005),  locking  has  been  used  to  map  different  frictional  behavior  on 

 megathrusts  too,  for  instance  high  creeping  rates  often  are  associated  with  VS 

 material  (Wang  and  Bilek,  2014).  Further,  locking  patterns  along  the  trench  also 

 report  a  segmented  margin,  usually  showing  a  spatial  correspondence  between  high 

 locked  patches  and  large  coseismic  slip  (Loveless  and  Meade,  2011;  Protty  et  al., 

 2014).  Surprisingly,  both  gravity  and  locking  proxies  also  seem  to  be  linked  to  the 

 geological  structures  of  both  plates  (Wang  and  Bilek,  2014;  Bassett  and  Watts, 
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 2015a-2015b),  supporting  them  that  both  geological  and  frictional  structure  might  be 

 connected through some process. 

 1.3  Persistence of seismic segmentation and hazard assessments 

 Likewise,  how  persistent  the  seismic  segmentation  can  be  is  another  open  question. 

 If  we  accept  that  gravity  is  a  proxy  to  the  frictional  structure,  and  that  gravity 

 responds  to  long  term  mass  variation  of  the  forearc,  then  we  could  hypothesize  that 

 seismic  segmentation  could  be  persistent  over  geological  time.  Assessing  this  could 

 be  done  by  looking  at  the  seismic  record  to  see  if  the  segmentation  prevails  over 

 time.  However,  since  the  earthquake  records  of  entire  seismic  cycles  are  lacking,  the 

 scientific  community  can  not  ensure  with  confidence  that  the  current  spatial 

 segmentation  is  representative  of  the  long-term  behavior.  However,  some  insights 

 regarding  whether  the  seismic  segmentation  is  permanent  is  its  correlation  with 

 tectonic  features  of  both  upper  and  lower  plates  (Loveless  et  al.,  2010). 

 Observations  evidencing  such  correlation  was  that  rupture  areas  of  earthquakes 

 were  located  close  to  incoming  features  of  the  oceanic  plate,  for  instance  seamount 

 chains  or  aseismic  ridges  (Wang  and  Lin,  2022,  Contreras-Reyes  and  Carrizo, 

 2011).  Likewise,  other  rupture  areas  extension  were  delimited  by  crustal 

 discontinuities  and  anomalous  geomorphology  such  as  crustal  faults  and  peninsulas 

 respectively  (Collot  et  al.,  2004;  Melnick  et  al.,  2009).  Nevertheless,  how  these 

 tectonic  features,  part  of  the  geological  structure,  are  impacting  on  the  fault  strength, 

 which  in  turn  depends  on  frictional  and  mechanical  properties,  remain  poorly 

 understood.  Therefore,  attempts  on  illuminating  the  frictional  structure  of  the 

 megathrust is essential to better comprehend the current seismicity pattern. 

 Importantly,  although  the  characteristic  earthquake  concept  has  been  invalidated 

 throughout  time,  seismic  segmentation  has  not.  Seismic  segments  are  important 

 because  they  can  provide  the  possible  largest  rupture  extension  that  the  segment 

 can  experience  (  Sykes  and  Nishenko,  1984  ).  This  could  help  to  estimate  the 

 maximum  earthquake  size  in  a  segment,  which  is  a  significant  parameter  controlling 

 seismic  hazard.  Similarly,  the  recurrence  time  of  earthquakes  works  as  essential 

 inputs  on  probabilistic  models  assessing  potential  rupture  escenarios  (Marinieri  et 

 al.,  2021).  Nonetheless,  current  knowledge  of  the  return  period  of  big  earthquakes  is 
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 poorly  constrained,  being  paleo  and  historical  records  the  most  used  data  to  infer 

 earthquake  recurrence  time  (Cisterna  et  al,  2005).  Therefore,  unveiling  whether 

 current  seismic  patterns  are  permanent  over  broad  time  scales,  can  significantly  help 

 to improve mitigation measurements to avoid human casualties and destruction of 

 critical  infrastructure.  Likewise,  counting  with  an  estimation  of  possible  segments 

 size  in  a  particular  subduction  zone  together  with  their  possible  time  dependent 

 rupture  potential  is  vital  to  advance  on  seismic  hazard  assessments.  The  former  idea 

 has  been  addressed  recently  by  creating  segmentation  maps  of  several  subduction 

 zones,  but  considering  only  information  of  past  earthquake  records  (  Philibosian,  B.  & 

 Meltzner,  2020  ).  A  possible  issue  coming  from  this  is  the  bias  originated  by  the  short 

 register  time  of  seismic  cycles.  A  practical  solution  would  be  to  reproduce  those 

 segmentation  models  but  using  independent  geophysical  proxies,  such  as  gravity 

 and locking fields. 

 1.4  Chile as a study case 

 As  it  was  previously  mentioned,  several  are  the  subduction  margins  showing  a  first 

 order  seismic  segmentation  along  strike,  yet  what  are  the  mechanisms  behind  it  are 

 not  fully  understood.  Evidence  of  this  is  clearly  exposed  on  the  Chilean  margin. 

 Previous  works  have  shown  that  the  Chilean  megathrust  is  seismically  segmented 

 (Ruiz  and  Madariaga,  2018).  For  instance,  historical  and  instrumental  earthquake 

 records  seem  to  point  out  a  clear  difference  between  the  north  (18°-33°S)  and  south 

 (33°-46°S) of Chile, implying a first order segmentation (Tassara, 2010). 

 In  the  former  area,  usually  earthquakes  are  of  moderate  size  (<8.5)  and  their 

 recurrence  time  is  ~100  years  while  in  the  latter,  earthquakes  tend  to  be  larger 

 considering  both,  magnitude  and  return  period  (Beck  et  al.,  1998;  Vargas  et  al., 

 2005;  Leon  et  al.,  2019  ;  Kempf  et  al.,  2020;  Moernaut  et  al.,  2018).  It  is  possible  that 

 the  previous  observations  are  being  caused  by  a  heterogeneous  distribution  on 

 properties  of  the  megathrust,  especially  inducing  important  changes  on  asperities 

 fault  strength  from  north  to  south.  Interestingly,  northern  and  southern  Chile  also 

 exhibit  a  sharp  geological  segmentation,  being  highly  reflected  by  the  presence  of 

 the  Central  and  Southern  Andes  orogenic  segments  (Tassara  et  al.,  2006;  Tassara  & 

 Yáñez,  2003)  (Fig.  1.2).  An  abrupt  variation  on  cordillera  altitude  is  the  main  feature 
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 provoking  the  Andean  Segmentation.  This  morpho  structural  correlation  of  the  Andes 

 with  a  first  order  seismic  segmentation  motivates  us  to  investigate  whether  this 

 observation  is  merely  a  coincidence  or  it  responds  to  a  physical  interaction  between 

 the geological structure and frictional structure of the Chilean megathrust. 

 At  the  same  time,  another  question  arises;  is  it 

 possible  that  there  is  a  second  or  third  order 

 segmentation  present  along  the  Chilean 

 megathrust?  And  if  it  does,  how  can  we  identify 

 it  and  how  much  we  can  investigate  its  frictional 

 regime.  To  investigate  this,  the  Chilean  margin 

 offers  an  unique  and  ideal  opportunity  given 

 ~500  years  of  seismicity  historical  records  and 

 well  registered  instrumental  recent  events  (Fig. 

 1.2).  Also,  due  to  its  varied  and  rich  geological 

 environments,  we  can  explore  how  many 

 differences  in  the  geological  structure  might  be 

 influencing  the  earthquake  patterns.  Further, 

 we  could  extrapolate  our  results  to  those 

 subduction  zones  with  similar  geological 

 characteristics. 

 Figure  1.2  Chilean  tectonic  setting:  On  top  of  a 

 shaded-relief  map  of  topography  and  bathymetry 

 (GEBCO_2019  grid).  Warm  colors  display  the  coseismic 

 slip  for  most  recent  instrumental  earthquakes  (1960 

 Valdivia  M9.5,  2010  Maule  M8.8,  Illapel  2015  M8.3, 

 Atacama  1995  M8,  Tocopilla  2007  M7.8  and  Iquique 

 2014  M8.1.  (Moreno  et  al.,  2009,  2012,  Bravo  et  al., 

 2019,  Tilmann  et  al.,  2016,  Hayes  et  al.,  2017,  Motagh  et 

 al.,  2009,  Schur  et  al.,  2014).  Shade  ellipses  represent 

 main  seismic  gaps  (Beck  et  al.,  1998;  Carvajal  et  al., 

 2017;  Comte  &  Pardo,  1991).  White  lines  show  the  age 

 distribution  for  the  Nazca  plate  (Muller  et  al.,  2008).  Black  arrow  depicts  the  convergence  rate 

 between  Nazca  and  South  America  plates  (Kendric  et  al.,  2003).  The  right-hand  side  of  the  figure 

 shows  the  extent  and  names  of  first-order  segments  recognized  for  the  Andean  margin  (Tassara  et 

 al., 2006; Tassara & Yáñez, 2003). 

 24 



 1.5  Scientific Question, Hypothesis and Objectives 
 In  this  thesis  we  focus  on  solving  two  main  aspects  of  the  topics  previously 

 mentioned.  What  is  the  frictional  structure  of  the  Chilean  megathrust?  That  is,  how, 

 VW  and  VS  material,  for  instance,  are  organized  in  space  to  create  the  current 

 earthquake  pattern  (Fig.  1.3).  On  the  other  hand,  we  propose  to  explore  what  is  the 

 link  between  long-term  geological  structure  and  frictional  structure  and  how  this  link 

 can  give  us  insights  on  the  natural  persistence  of  the  seismic  segmentation  in  Chile 

 and  elsewhere  (Fig.  1.3).  Further,  we  could  use  the  obtained  information  to  discuss 

 implications on seismic hazard. 

 Figure  1.3  Schematic  representation  of  a  Chilean  type  subduction  zone.  Warm  colors  display 

 the  frictional  structure  with  its  different  slip  behavior.  Dashed  black  lines  represent  the  isotherms  for 

 150⁰C  and  350⁰C  .  Gray  dotted  regions  show  the  presence  of  sediments  favored  by  oceanic  features. 

 Red  zone  exhibiting  a  density  anomaly  within  the  inner  forearc  provoking  an  increase  in  vertical 

 stress.  Black  arrow  representing  the  motion  direction  of  the  oceanic  slab.  Note  that  interrogation 

 symbols point out how different tectonic features might be controlling the frictional structure. 
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 To guide this research, we propose the next hypothesis: 

 The  geological  structure  of  both  converging  plates  exerts  control  on  the  frictional 

 structure of the Chilean megathrust. 

 Testing  this  statement  will  be  carried  out  by  the  following  general  and  specific 

 objectives. 

 General objective: 

 Understand  through  what  physical  mechanisms  the  different  geological  factors  are 

 influencing and/or controlling the megathurts frictional structure (Fig. 1.3). 

 Specific objective: 

 1.  Create  a  large  database  compiling  all  geophysical  and  geological  available 

 data for the Chile margin. 

 2.  Characterize the frictional structure of the megathrust. 

 3.  Identify the most important geological feature of the Chilean forearc 

 4.  Estimate  the  correlation  degree  between  both  the  geological  and  frictional 

 structures along the Chilean margin. 

 5.  Comprehend the multiple roles of geology on the frictional structure. 

 1.6  Contents and Structure of the thesis 

 The  thesis  is  organized  in  5  main  sections.  Chapter  1  is  this  introduction,  which 

 provides  a  basic  theory  and  concepts  to  derive  scientific  questions  and  to  identify  the 

 knowledge  gap  in  the  area  reflected  in  our  hypothesis.  Additionally,  in  this  Chapter 

 we  make  a  brief  review  of  the  methodologies  carried  out  on  this  research  that  is 

 expressed  in  one  published  paper  presented  as  Chapter  2  and  one  submitted  paper 

 corresponding  to  Chapter  3.  Then,  the  articles  of  Chapter  2  and  3  are  presented  in 

 their  original  form.  Chapter  4  is  a  discussion  that  attempts  to  put  the  main  scientific 

 findings  in  a  larger  perspective  regarding  seismotectonics  in  subduction  zones  with 
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 implications  for  seismic  hazard  assessment.  This  follows  in  Chapter  5  by  the  main 

 conclusions of the thesis. 

 The  detailed  methodology  utilized  in  this  thesis  is  fully  described  in  the  articles 

 corresponding  to  Chapters  2  and  3.  However,  here  it  is  a  summarized  review  of 

 methods  to  introduce  the  key  concepts  which  will  be  helpful  to  both  give  an 

 adequate  context  throughout  the  thesis  reading  and  to  see  how  they  allow  to  fulfill 

 the specific objectives. 

 1.6.1.  Methods Chapter 2 (Review) 

 1.6.1.1  Proxies construction 

 The  basic  tool  used  in  Chapter  2,  correspond  to  the  Principal  Component  Analysis 

 (PCA),  which  uses  an  orthogonal  transformation  over  observations  of  possible 

 correlated  variables  in  order  to  obtain  a  new  set  of  coordinates  of  linearly 

 uncorrelated  variables  that  concentrate  along  their  axes  most  of  the  covariance  of 

 the  data.  In  our  case,  the  possible  correlated  variables  are  gravity  anomalies,  basal 

 friction  and  interseismic  locking,  all  of  them  covering  the  entire  Chilean  margin. 

 These  geophysical  and  geological  fields  can  be  understood  as  proxies  for  the 

 frictional structure of the megathrust and are constructed as follows. 

 The  former  was  obtained  by  employing  a  novel  method,  particularly  involving  the 

 Principal  Component  Analysis.  In  general,  gravity  anomalies  are  calculated  by 

 removing  from  the  gravity  field  an  averaged  regional  field  in  order  to  unmask 

 anomalous  zones  (Song  and  Simon.,  2003;  Bassett  and  Watts,  2015a)  .  However  this 

 method  induces  a  bias  since  the  average  regional  field  may  not  be  spatially 

 representative  of  the  entire  region.  Considering  the  PCA  method,  we  proceed  to 

 obtain  the  first  mode  of  the  gravity  field,  which  can  be  understood  as  a  regional 

 mean  but  contemplating  important  first  order  along  strike  variations;  for  instance  the 

 presence  of  the  Andes  cordillera  and  its  changes  in  altitude  parallel  to  the  trench. 

 Other  features  can  be  the  trench  itself  and  its  configuration.  These  structures 

 ultimately  may  mask  some  local  anomalous  zones  related  to  short  wave-lenght  scale 

 features,  thus  it  is  important  to  remove  them  in  order  to  have  less  biased  gravity 

 anomaly field. Then, the first mode is extracted and the gravity anomaly is obtained. 
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 Regarding  basal  friction,  this  procedure  is  carried  out  by  considering  the  classical 

 Non-Cohesive  Coulomb  Wedge  (NCCW)  theory  (Dahlen,  1984;  Davis  et  al.,  1983). 

 The  NCCW  was  built  through  a  force  balance  between  the  frictional  strength  of  the 

 megathrust  and  gravitational  body  forces  inside  the  wedge,  which  can  be  related  to 

 the  taper  angle  of  the  fore-arc  wedge.  The  taper  angle  is  simply  the  sum  between 

 topographic  slope  angle  and  dip  slab  angle.  Changes  on  the  taper  angles  can  come 

 from  variations  on  either  wedge  physical  properties  or  effective  basal  friction. 

 Importantly,  since  we  expected  that  wedge  geometry  would  be  permanent  over  time, 

 within  our  context,  changes  on  taper  angle  are  inferred  to  respond  to  deformation  at 

 geological  time  scale.  Assuming  that  taper  angle  variations  along  strike  reflect  an 

 heterogenous  basal  friction  distribution,  we  proceed  to  estimate  a  basal  friction  map. 

 To  do  so,  slope  angles  are  calculated  using  a  bathymetric-topographic  grid 

 along-strike  provided  by  GEBCO  data  and  dip  angles  are  extracted  from  Slab  2.0 

 model  (  https://www.gebco.net/data_and_products/gridded_bathymetry_data/  ;  Hayes 

 et  al.,  2018).  Once  the  values  of  taper  angle  are  listed  in  a  grid,  we  compute  the 

 basal  friction  by  using  equations  9,  17  and  19  of  Dhalen  (1984).  Please  note  that 

 gravity  anomalies  and  basal  friction  are  long-term  proxies  since  they  are  constrained 

 by geological properties such as density variations or wedge geometry respectively. 

 Finally,  the  third  proxy  used  in  Chapter  two  is  the  Interseismic  coupling  (ISC)  or 

 locking.  Locking  is  a  kinematic  description  of  the  interaction  between  two  plates,  in 

 our  case  the  Nazca  and  Southamerica  plates.  It  has  been  shown  that  locking  maps 

 describe  the  slip  behavior  that  a  fault  can  experience,  ranging  from  aseismic  to 

 seismic  pattern.  Here  we  use  a  map  of  locking  created  by  a  concatenation  at 

 the  scale  of  the  whole  Chilean  margin  of  maps  for  specific  regions  presented  by 

 Moreno  et  al.  (2010,  2012),  Tilmann  et  al.  (2016),  and  Li  et  al.  (2015).  All  these  maps 

 were  based  on  the  same  methodology,  that  is,  the  inversion  of  interseismic  GPS 

 velocity  vectors  to  backslip  (Savage,  1983)  at  the  megathrust  via  Green's  functions 

 that  are  computed  on  the  base  of  a  unique  3D  finite  element  elastic  model. 

 Therefore,  these  individual  maps  are  fully  compatible  and  can  be  integrated  into  a 

 coherent  image  of  interseismic  locking  along  the  entire  margin.  Here  we  emphasize 

 that  ISC  is  a  short  term  proxy  because  the  used  GPS  data,  spam  for  solely  two 

 decades. 
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 1.6.1.2  Principal Component Analysis 

 Once  we  have  built  the  three  proxies  of  long  and  short  term,  we  are  ready  to  subject 

 them  into  the  PCA  framework.  We  consider  trench-perpendicular  profiles  of  a 

 common  length  that  are  distributed  along  the  trench  axis  and  we  use  them  to 

 interpolate  the  proxies  and  thereby  to  have  them  equally  distributed  in  space.  By 

 concatenating  all  the  fields  into  a  singular  matrix,  we  compute  the  covariance  matrix, 

 which  allows  us  to  calculate  the  singular  values  and  eigen  vectors.  These  are  the 

 Principal  components  (PCs)  and  Empirical  Orthogonal  functions  (EOFs)  respectively. 

 Principal  Components,  each  of  them  associated  with  a  particular  mode  k  ,  provide 

 information  on  the  trench-perpendicular  variability  of  the  along-trench  pattern 

 informed  by  a  given  EOF.  Further,  the  k  modes  explain  a  particular  percentage  of  the 

 covariance  between  the  three  proxies.  In  addition,  it  is  possible  to  map  the  first-order 

 common  spatial  distribution  of  each  proxy  as  informed  by  the  first  k  modes 

 considered  in  the  analysis.  Finally,  EOFs,  PCs  and  the  first  three  modes  are  used 

 in  Chapter  2  to  investigate  whether  along-strike  and  perpendicular  trench  variations 

 of the fields are correlated with seismic patterns over the Chilean subduction zone. 

 1.6.2          Methods Chapter 3  (Review) 

 1.6.2.1  Numerical simulations 

 Numerical  simulation  of  earthquake  cycles  are  carried  out  in  order  to  explore  under 

 what  condition,  VW  patches  can  behave  as  seismic  barriers.  To  do  so,  we  used  the 

 QDYN  software  (Luo  et  al.,  2017a)  which  allows  us  to  perform  quasi-dynamic 

 earthquake-cycle  simulations.  Our  model  setting  consists  in  a  planar  fault  mimicking 

 a  typical  subduction  geometry,  which  is  loaded  by  uniform  steady  slip  at  depth 

 beyond  its  width.  We  capture  the  essence  of  the  3D  fault  problem  while  keeping  the 

 computations  affordable  by  doing  2.5D  simulations:  we  model  a  1D  fault  in  a  2D 

 elastic  medium.  The  fault  is  governed  by  the  RSF  law  with  the  aging  law  and  it  is 

 characterized  by  the  presence  of  a  conditionally  stable  patch  surrounded  by  two  very 

 seismic  asperities.  Our  model  considers  pure  dip-slip  and  frictional  properties  and 

 normal  stress  are  variable  along  strike,  specifically  within  the  conditionally  stable 

 zone  or  Central  Velocity  Weakening  Patch  (hereafter  CVWP).  We  run  docens  of 

 simulations  by  varying  the  critical  distance  Dc  and  normal  stress  in  the  CVWP  to 

 explore  whether  these  changes  promote  earthquake  arrest.  In  particular,  we 
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 performed  one  set  of  simulations  varying  between  0.1  and  0.4  m  and  another  set  𝐷 
 𝑐 

 varying  between  95  and  400  MPa.  The  simulations  span  a  large  number  of  𝝈 
 𝑛 

 earthquake  cycles  over  a  period  of  ~9  kyr  and  ~10  kyr,  depending  if  or  are  𝐷 
 𝑐 

σ
 𝑛 

 varied  respectively.  Our  numerical  results  are  summarized  mainly  in  slip  distributions 

 in  both  space  and  time  as  locking  considering  slip  rate  in  each  point  of  the  fault. 

 Likewise,  we  quantify  the  ratio  between  aseismic  and  seismic  slip  at  each  fault 

 location in order to describe the slip behavior of the CVWP. 

 1.6.2.2           Fracture mechanics 

 To  gain  more  insights  on  earthquake  physics,  we  found  useful  to  recur  to  Linear 

 Elastic  Fracture  Mechanics  (LEFM),  which  provides  a  theoretical  framework  to  study 

 rupture  propagation  and  arrest.  Whether  an  earthquake  can  break  through  a  barrier 

 depends  on  the  balance  between  the  mechanical  energy  available  in  the  incoming 

 rupture  (its  static  energy  release  rate  )  and  the  energy  dissipated  by  slip  in  the  𝐺 
 𝑜 

 barrier  (the  fracture  energy  ).  Earthquakes  propagate  if  ;  otherwise  they  𝐺 
 𝑐 

 𝐺 
 𝑜 

≥  𝐺 
 𝑐 

 stop  (Fossum  and  Freund,  1975).  In  order  to  verify  this  arrest  condition,  the  energy 

 quantities  are  calculated  for  all  earthquakes  interacting  with  the  CVWP,  either  by 

 arresting  within  it  or  crossing  it  totally.  Other  important  quantity  is  the  asperity  energy 

 release  rate  denoted  as  ,  which  arise  from  a  theoretical  analysis  and  it  depends  𝐺 
 𝑜𝑖 

 directly  on  squared  stress  drop,  length  asperity  and  it  is  inversely  proportional  to 

 shear modulus. 

 LEFM  is  used  to  quantify  the  barrier  efficiency,  that  is  the  ability  of  the  CVWP  to 

 prevent  earthquake  propagation.  We  approximate  by  assuming  uniform  stress  𝐺 
 𝑜 

 drop  in  the  asperity,  ,  and  in  the  barrier,  ,  which  leads  to  an  energy  ratio ∆τ
 𝑎    

∆τ
 𝑏    

 defined  as  (  ),  where  and  are  the  rupture  and  asperity  lengths Γ  𝑙 
 𝑙𝑜 ,

∆τ
 𝑏 

∆τ
 𝑎 

,
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑙  𝑙 
 𝑜 

 respectively.  The  equilibrium  condition  gives  a  non-dimensional  equation  of Γ =  1 

 the form 

 ,                                                                                              (1.4)  𝑓 (  𝑙 
 𝑙𝑜 ,

∆τ
 𝑏 

∆τ
 𝑎 

,
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

   ) =  0 

 30 



 Thus  the  normalized  rupture  arrest  length  is  controlled  by  the  energy  ratio  and 
 𝑙 

 𝑙 
 𝑜 

 𝐺 
 𝑐 

 𝐺 
 𝑜𝑖 

 the stress drop ratio  :  𝑇 =    
∆τ

 𝑏 

∆τ
 𝑎 

 (1.5) 
 𝑙 

 𝑙 
 𝑜 

=  𝑔 (
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

,  𝑇 )

 This  particular  example  suggests  that  the  resistance  of  a  barrier  to  rupture 

 penetration in general depends on the two non-dimensional parameters  and  . 
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑇 
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 Abstract 

 We  present  a  formal  seismic  segmentation  model  of  the  Chile  Margin  derived  from  a 

 multivariate  analysis  of  gravity  anomalies,  basal  friction  and  interplate  locking  from 

 GPS  velocities.  These  independent  proxies  of  the  frictional  structure  along  the 

 megathrust  integrate  over  timescales  of  10  1  –10  7  years.  We  analyze  their 

 covariance  using  Principal  Component  Analysis  (PCA)  and  extracting  the  Empirical 

 Orthogonal  Functions  (EOFs)  and  Principal  Components  (PCs).  We  find  that  (a)  the 

 first  and  first  +  second  PCA  modes  for  the  triple  combination  of  the  proxies  explain 

 (respectively)  41.4%  and  69.4%  of  the  total  variance  and  (b)  the  first-order  spatial 
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 pattern  of  each  isolated  proxy  is  largely  reproduced  when  it  is  combined  with  the 

 other  two  proxies.  This  suggests  that  the  three  proxies  share  a  first  order 

 along-trench  tendency  that  must  be  connected  through  a  common  physical  process. 

 Comparing  our  results  with  rupture  areas  of  earthquakes  and  using  the 

 rate-and-state  friction  theory,  we  infer  that  trench-perpendicular  PCs  reflect  the  limits 

 of  the  velocity-weakening  (VW)  seismogenic  zone.  Polarity  changes  in  along-trench 

 EOFs  (mostly  for  gravity)  mark  changes  between  unstable  and  conditionally  stable 

 frictional  regimes  inside  the  VW  zone  and  we  used  them  to  define  the  boundaries  of 

 17  unitary  segments.  These  segments  correlate  with  first-order  tectonic  features  of 

 the  Andes  at  >  -km  scales  as  well  as  with  zones  of  multi-segment  ruptures  at  10  3  10  2 

 -km  scale.  We  analyze  the  combined  influence  of  subducting  and  upper-plate 

 geologic  features  on  the  nature  of  persistent  seismic  barriers.  Our  results  have 

 implications  for  understanding  seismotectonic  processes  along  the  Andean  margin 

 and elsewhere. 
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 2.1 Introduction 

 Seismic  asperities,  as  defined  by  the  classic  conceptual  model  of  Lay  and  Kanamori 

 (1981),  are  high-friction  regions  of  a  fault  plane  that  are  locked  over  the  interseismic 

 period  and  can  suddenly  slip  during  an  earthquake,  releasing  the  elastic  strain 

 accumulated  around  the  fault.  Asperities  can  be  spatially  limited  by  barriers,  defined 

 by  Aki  (1979)  as  geometric  discontinuities  and/or  low  friction  areas  segmenting  the 

 fault.  After  decades  of  research,  there  is  now  ample  recognition  that  fault  planes  are 

 formed  by  a  heterogeneous  distribution  of  asperities  and  barriers  (e.g.,  Avouac, 

 2015;  Bilek  &  Lay,  2002;  Bürgmann,  2018;  Kanamori,  2014;  Lay  et  al.,  2012;  Seno  & 

 Yamasaki,  2003),  although  the  factors  and  mechanisms  controlling  this  frictional 

 heterogeneity  remain  poorly  understood.  Moreover,  a  better  comprehension  of  the 

 relationship  between  this  heterogeneous  frictional  structure,  the  along-strike 

 segmentation  of  seismogenic  faults  and  temporal  recurrence  of  large  earthquakes  is 

 fundamental  to  improve  the  assessment  of  seismic  hazards  (Gerstenberger  et  al., 

 2020; Kagan & Jackson, 1991; McCann et al., 1979; Sykes & Nishenko, 1984). 

 In  the  case  of  megathrust  faults  at  subduction  zones,  geophysical,  geomorphological 

 and  geodetic  data  have  been  used  as  proxies  for  mapping  changes  in  the  frictional 

 structure  along  the  interplate  boundary.  Some  of  these  proxies  can  be  associated 

 with  the  long-term  (  yr)  geological  structure  of  both  converging  plates,  as  10  6 −  10  7 

 expressed  by  gravimetric  and  bathymetric  anomalies  (e.g.,  Bassett  &  Watts,  2015a, 

 2015b;  Sobiesiak  et  al.,  2007;  Song  &  Simons,  2003;  Tassara,  2010;  Wells  et  al., 

 2003),  seismic  velocities  (e.g.,  Hicks  et  al.,  2014;  Hua  et  al.,  2020;  Liu  &  Zhao,  2018; 

 Yamamoto  et  al.,  2014)  and  friction  computed  from  the  Coulomb  wedge  theory  (e.g., 

 Dahlen,  1984;  Cubas  et  al.,  2013;  Fagereng,  2011).  At  an  intermediate  time-scale  ( 

 yr),  forearc  morphology  and  spatially  varying  uplift  rates  of  Quaternary  10  3 −  10  5 

 marine terraces have been 

 used  to  infer  trench-parallel  variations  in  megathrust  friction  that  can  be  related  to 

 earthquake  segmentation  (e.g.,  Jara-Muñoz  et  al.,  2015;  Marshall  &  Anderson,  1995; 

 Melnick  et  al.,  2009;  Saillard  et  al.,  2017).  Other  proxies  are  derived  from  geodetic 

 data  (e.g.,  Burgmann  et  al.,  2005;  Chlieh  et  al.,  2008;  Loveless  &  Meade,  2011; 

 Moreno  et  al.,  2010)  or  the  spatio-temporal  distribution  of  seismicity  (b-value;  e.g., 
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 Legrand  et  al.,  2012;  Rodríguez-Pérez  &  Zuñiga,  2018;  Schurr  et  al.,  2014;  Tormann 

 et  al.,  2015;  Wiemer  &  Wyss,  1997)  and  therefore  may  be  related  to  the  frictional 

 structure  at  short  time-scales  (  yr).  If  the  first-order  frictional  structure  of  the  10  0 −  10  2 

 fault  plane  is  time-independent,  then  all  these  different  proxies  should  be  spatially 

 correlated,  implying  that  the  emerging  distribution  of  asperities  and  barriers  is 

 persistent  over  many  seismic  cycles.  Since  each  individual  proxy  is  linked  with  the 

 frictional  structure  of  the  fault  through  a  particular  mechanism,  the  recognition  of  a 

 common  spatial  variability  can  be  used  not  only  to  probe  the  persistency  of  the 

 frictional  structure  over  time  but  also  to  illuminate  the  physical  nature  of  asperities 

 and  barriers.  In  this  contribution,  we  aim  to  test  these  hypotheses  using  the  Chile 

 Margin  as  case  study,  by  performing  a  multivariate  spatial  analysis  of  three 

 independent  proxies:  (a)  gravity  anomalies;  (b)  interseismic  geodetic  locking;  and  (c) 

 basal  friction  computed  from  wedge  taper  theory.  In  order  to  establish  an  adequate 

 framework  for  this  article,  we  offer  here  a  brief  review  on  the  basic  concepts  behind 

 these three proxies. 

 1.  Gravity  anomalies:  It  has  been  suggested  that  gravity  anomalies  along  subduction 

 zones  highlight  the  location  of  asperities  and  barriers  (Bassett  &  Watts,  2015a, 

 2015b;  Li  &  Liu,  2017;  Song  &  Simons,  2003;  Wells  et  al.,  2003).  Song  and  Simons 

 (2003)  proposed  a  global  correlation  between  large  coseismic  slip  and  negative 

 trench-perpendicular  gravity  anomalies  and  argued  that  these  regions  correspond  to 

 asperities  where  high  megathrust  friction  can  drag  down  the  upper-plate  crust 

 inducing  low  gravity  (a  view  also  shared  by  Wells  et  al.,  2003  and  Llenos  &  McGuire, 

 2007,  among  others).  In  contrast,  Sobiesiak  et  al.  (2007)  found  a  local  relationship 

 between  positive  gravity  and  large  slip  for  the  1995  Mw8  Antofagasta  (North  Chile) 

 earthquake,  and  Tassara  (2010)  suggested  a  dichotomy  with  large  coseismic  slip 

 associated  with  gravity  highs  and  lows  in  the  northern  and  southern  parts  of  the 

 Chile  Margin,  respectively.  The  latter  is  interpreted  as  mainly  related  to  variations  in 

 the  upper-plate  density  distribution  associated  with  the  geological  structure.  A  similar 

 conclusion  was  reached  by  Bassett  and  Watts  (2015a,  2015b)  and  Bassett  et  al. 

 (2016)  by  comparing  gravity  anomalies  and  seismogenic  parameters  at  several 

 subduction zones. 
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 2.  Geodetic  locking:  Another  observational  proxy  that  has  been  largely  used  to  infer 

 a  spatial  variability  of  megathrust  frictional  properties  at  short  time-scales  is  the 

 degree  of  geodetic  fault  locking  (or  interplate  coupling)  that  can  be  inverted  from 

 satellite-based  observations  (mostly  GPS  and  InSAR)  of  upper  plate  surface 

 deformation  during  the  interseismic  period  (e.g.,  Burgmann  et  al.,  2005;  Chlieh  et  al., 

 2008;  Loveless  &  Meade,  2011;  McCaffrey  et  al.,  2002;  Metois  et  al.,  2012,  2016; 

 Moreno  et  al.,  2010,  2012;  Wallace  et  al.,  2004).  This  proxy  is  based  on  a  kinematic 

 description  of  plate  subduction,  where  landward  surface  velocities  are  inverted  into 

 the  backslip  (downward)  velocity  along  the  megathrust  assuming  this  as  a 

 dislocation  inside  an  elastic  media  (Okada,  1985;  Savage,  1983).  Patches  of  high 

 interseismic  locking  (i.e.,  those  having  a  backslip  velocity  close  to  convergence 

 velocity)  can  be  inferred  to  represent  high  friction  asperities  that  could  be  prone  to 

 slip  in  a  future  earthquake,  an  interpretation  that  has  been  actually  confirmed  in  the 

 case  of  recent  large  earthquakes  (e.g.,  Loveless  &  Meade,  2011;  Li  et  al.,  2015; 

 Moreno et al., 2010; Tilmann et al., 2016). 

 3.  Megathrust  friction  could  be  estimated  from  the  trench-perpendicular  geometry  of 

 the  forearc  wedge,  that  is,  from  its  topographic  slope  and  slab  dip  angle,  when  this 

 geometry  is  considered  into  the  framework  of  the  theory  of  critically  tapered  Coulomb 

 wedges  (Davis  et  al.,  1983;  Dahlen,  1984;  Wang  &  Hu,  2006).  Under  the 

 assumptions  that  the  wedge  is  on  the  verge  of  failure  (i.e.,  it  is  in  a  critical  state 

 where  basal  shearing  is  in  equilibrium  with  the  internal  deformation  of  the  wedge) 

 and  that  material  properties  inside  the  wedge  are  known,  it  is  possible  to  infer  a 

 value  of  basal  friction.  This  method  has  been  applied  to  the  Chile  Margin  (i.e.,  Cubas 

 et  al.,  2013;  Maksymowicz,  2015)  and  other  subduction  zones  (Cubas  et  al.,  2013; 

 Fagereng,  2011;  Koge  et  al.,  2014),  contributing  with  relevant  information  about  the 

 long-term relation between megathrust friction and the structure of the forearc. 

 In  this  contribution,  we  develop  a  novel  statistical  approach  based  on  the  Principal 

 Component  Analysis  (PCA)  method  in  order  to  quantitatively  determine  the  degree  of 

 correlation  between  these  three  proxies  by  evaluating  their  common  spatial 

 variability  along  the  Chilean  subduction  zone.  After  a  brief  description  of  the 

 seismotectonic  setting,  we  explain  the  basis  of  the  PCA  approach  as  well  as  the 

 methods  used  for  the  computation  of  each  proxy.  We  then  describe  the  resulting 

 maps of gravity anomaly, locking degree, and basal 
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 friction,  focusing  on  the  presentation  of  the  reconstructed  fields  as  derived  from  the 

 first  common  mode  of  each  proxy  determined  by  the  PCA  analysis.  The  results  are 

 discussed  in  the  context  of  the  ∼500-year-long  seismic  history  of  the  Chile  Margin, 

 which  is  one  of  the  largest  records  at  subduction  zones  (e.g.,  Philibosian  &  Meltzner, 

 2020).  Given  the  occurrence  of  several  great  to  giant  instrumentally  recorded  events 

 (e.g.,  Mw9.5  Valdivia  1960,  Mw8.8  Maule  2010,  Mw8.4  Illapel  2015,  Mw8.1  Iquique 

 2014),  a  relatively  simple  geometry,  and  a  well-understood  plate  tectonic  context 

 along  4,000  km,  the  Chile  Margin  is  an  ideal  place  to  study  the  possible  connections 

 between  the  megathrust  frictional  structure  and  its  seismogenic  behavior.  Based  on 

 this  analysis,  we  propose  a  formal  seismotectonic  segmentation  model  for  this 

 subduction  zone  and  discuss  the  implications  for  the  nature  of  the  frictional  structure 

 along  the  Chile  Margin  as  well  as  for  seismic  hazard  assessments  along  subduction 

 zones elsewhere. 

 2.2 Seismotectonic Setting of the Chile Margin 

 The  western  margin  of  South  America  is  dominated  by  the  Andean  cordillera,  which 

 can  be  considered  the  final  product  of  a  process  of  subduction  orogeny  that  started 

 during  the  Paleozoic  along  the  active  margin  of  Gondwana  (e.g.,  Charrier  et  al., 

 2007).  A  Jurassic-Cretaceous  magmatic  arc  along  the  Coastal  Cordillera  in  the 

 northern  part  of  the  margin  is  intruded  into  remnants  of  a  Late  Paleozoic  paired 

 intrusive-metamorphic  subduction  complex  that  is  better  preserved  in  the  central  and 

 southern  sectors  of  the  Chilean  forearc.  The  current  morphostructural  configuration 

 and  internal  anatomy  of  the  Andean  margin  has  allowed  to  propose  an  along-strike 

 segmentation  (Folguera  et  al.,  2018;  Tassara  et  al.,  2006;  Tassara  &  Yáñez,  2003). 

 The  Chilean  part  of  the  margin  studied  here  is  characterized  by  two  first-order 

 segments  called  Central  (5°–33°S)  and  Southern  (33°–47°S)  Andes  that  are  further 

 subdivided into several second-order segments (Figure 2.1). 

 The  age  of  the  Present-day  convergence  between  Nazca  and  South  American  plates 

 es-  timated  by  GPS  measurements  has  an  azimuth  of  80°E  (that  is  slightly  oblique  to 

 the  margin)  and  a  rate  of  ∼65  mm/yr  (Kendrick  et  al.,  2003).  Nazca  plate  along  the 

 trench  (Müller  et  al.,  2016)  de-  creases  from  a  maximum  of  ∼50  Myr  around  20°S  to 

 0  Myr  at  46.5°S,  where  the  Chile  Rise  subducts  below  the  continent.  Jumps  in  the 
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 age  of  the  ocean  floor  are  associated  with  fracture 

 zones  (Figure  2.1)  with  a  general  azimuth  of  ∼70°E. 

 Positive  bathymetric  anomalies  correspond  to 

 seamounts  chains  including  the  Iquique,  Taltal, 

 Chañaral  and  Juan  Fernández  ridges  (Figure  2.1). 

 Some  of  these  subducting  features  have  been  related 

 to  regions  of  anomalous  coastal  geomorphology 

 (peninsulas  and  embayments),  which  could  be 

 associated  to  zones  of  decreased  interseismic 

 coupling  at  the  megathrust  and  can  act  as  barriers  to 

 seismic  propagation  (e.g.,  Melnick  et  al.,  2009; 

 Saillard  et  al.,  2017).  From  a  seismological 

 perspective  and  considering  the  500-year-long  history 

 of  documented  seismic  events  along  the  Chile 

 Margin,  this  region  is  characterized  by  a  high 

 frequency  of  great  to  giant  (moment  magnitude  Mw 

 8–9.5)  megathrust  earthquakes  (e.g.,  Kelleher,  1972; 

 Ruiz  &  Madariaga,  2018).  Figure  2.1  shows  the 

 coseismic  slip  distribution  of  the  greatest  events 

 instrumentally  recorded  during  the  XX  and  XXI 

 centuries. 

 Figure  2.1  :  Seismotectonic  setting  of  the  Chilean  subduction  zone.  On  top  of  a  shaded-relief  map  of 

 topography  and  bathymetry  (GEBCO_2019  grid: 

 https://www.gebco.net/data_and_products/gridded_bathymetry_data/  gebco_2019/gebco_2019_info.html), 

 we  plot  contours  for  the  age  of  the  oceanic  Nazca  plate  (white  lines  with  numbers;  Muller  et  al.,  2016), 

 names  of  seamount  chains  (white  names  in  capital  letters),  plate  convergence  vector  (Kendrick  et  al., 

 2003),  the  trench  axis  (black  thick  line  with  triangles),  the  contour  of  50  km  depth  of  the  subducted 

 slab  (purple  thick  lines;  Hayes  et  al.,  2018),  estimated  rupture  length  of  historical  great  earthquakes 

 associated  with  current  seismic  gaps  (semi-transparent  dark  gray  areas  with  year  of  the  earthquake  in 

 light  gray:  Beck  et  al.,  1998;  Carvajal  et  al.,  2017;  Comte  &  Pardo,  1991),  contours  of  coseismic  slip  of 

 earthquakes  occurred  in  years  1960  (Moreno  et  al.,  2009),  1985  (Bravo  et  al.,  2019),  1995  (Hayes, 

 2017),  2007  (Motagh  et  al.,  2010),  2010  (Moreno  et  al.,  2012),  2014  (Schurr  et  al.,  2014),  and  2015 

 (Tilmann  et  al.,  2016).  The  right-hand  side  of  the  figure  shows  the  extent  and  names  of  first-  and 

 second-order  segments  recognized  for  the  Andean  margin  (Tassara  et  al.,  2006;  Tassara  &  Yáñez, 

 2003) 
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 This  includes  the  following  earthquakes:  Mw9.5  Valdivia  1960  (the  largest  event  ever 

 recorded),  Mw8.8  Maule  2010,  Mw8.4  Illapel  2015,  Mw8.1  Iquique  2014,  Mw8 

 Antofagasta  1995,  Mw8  Valparaiso  1985,  and  Mw7.8  Tocopilla  2007  (see  references 

 for their slip models in caption of Figure 2.1). 

 Moderate-to-large  slip  associated  to  non-tsunamigenic  events  (1985,  1995,  and 

 2007)  ruptured  mostly  the  deepest  (inland)  part  of  the  seismogenic  zone,  defined  as 

 zone  C  of  the  megathrust  by  Lay  et  al.  (2012).  By  the  contrary,  great-to-giant 

 tsunamigenic  events  (1960,  2010,  2014,  2015)  concentrate  most  of  the  slip  below 

 the  offshore  tip  of  the  forearc,  rupturing  mostly  zone  B  (and  A)  of  Lay  et  al.  (2012). 

 Figure  2.1  also  shows  that  most  of  the  Southern  Andean  megathrust  was  ruptured 

 by  the  1960  and  2010  events,  whereas  large  seismic  gaps  remain  unbroken  in  the 

 Central  Andean  segment,  most  notably  associated  with  the  great  Iquique  1877, 

 Copiapo  1922,  and  Valparaiso  1730  earthquakes.  It  is  important  to  note  that  the 

 estimated  rupture  lengths  of  the  largest  pre-instrumental  earthquakes  shown  in 

 Figure  2.1  (as  proposed  by  Beck  et  al.,  1998;  Carvajal  et  al.,  2017;  Comte  &  Pardo, 

 1991)  need  to  be  carefully  interpreted  as  uncertainties  are  difficult  to  assess  for 

 historical events (Philibosian & Meltzner, 2020). 

 2.3 Methods 

 We  used  three  independent  proxies  of  the  frictional  structure  of  the  megathrust  that 

 are  theoretically  associated  with  this  structure  through  different  physical 

 mechanisms:  (a)  residual  gravity  anomaly,  (b)  megathrust  friction  computed  from 

 Coulomb  wedge  theory,  and  (c)  degree  of  geodetic  plate  locking.  The  first  two  are 

 related  to  the  long-term  structure  of  both  plates,  which  integrates  millions  of  years  of 

 tectonic  evolution,  whereas  the  third  proxy  is  computed  by  the  inversion  of  satellite 

 geodetic  data  (GPS  surface  velocities)  that  images  crustal  deformation  at  decadal 

 time  scale.  We  are  particularly  interested  in  analyzing  the  degree  of  spatial 

 correlation  between  these  three  proxies  and  its  relationship  with  recent  earthquakes 

 to  propose  a  seismotectonic  segmentation  model  of  the  Chile  Margin.  We  first 

 explain  the  method  for  the  multivariate  spatial  correlation  analysis  of  the  three 

 proxies and then we provide details about the computation of these proxies. 
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 2.3.1. Principal Component Analysis 

 Principal  Component  Analysis  (PCA)  is  a  standard  statistical  method  derived  from 

 linear  algebra  that  is  widely  used  to  recognize  patterns  in  data  of  high  dimension  and 

 to  highlight  similarities  and  differences  between  these  dimensions  (e.g.,  Smith,  2002; 

 Venegas,  2001).  This  method  has  been  commonly  used  to  study  the  spatial  and 

 temporal  variability  of  geophysical  data,  for  example  to  invert  continuous  GPS 

 time-series  into  spatial  patterns  of  slip  after  large  earthquakes  (He  et  al.,  2015;  Ji  & 

 Herring,  2013;  Kositsky  &  Avouac,  2010;  Perfettini  et  al.,  2010).  We  use  PCA  to 

 quantify  common  spatial  patterns  of  the  geophysical/geodetic  proxies  along  the 

 study  region.  Details  about  the  development,  implementation  and  application  of  our 

 method  are  presented  in  the  Supplementary  Material  (See  Appendix  A1)  ,  but  we 

 describe  here  some  basic  concepts  that  are  necessary  in  order  to  frame  the 

 presentation and discussion of results. 

 PCA  works  over  matrices  that  in  our  case  are  constructed  by  assembling  M 

 trench-perpendicular  profiles  as  rows  of  a  matrix  P.  The  profiles  are  separated  20  km 

 along  the  trench  axis  between  18°  and  44°S,  and  each  of  them  is  formed  by  N 

 points.  When  we  applied  the  method  to  compute  the  residual  gravity  anomaly  (see 

 Section  2.3.2.1),  then  we  choose  N  =  400  points  that  were  spaced  by  2.5  km  and 

 covered  500  km  to  both  sides  of  the  trench  axis.  By  performing  the  PCA  method  to 

 analyze  the  spatial  correlation  between  the  different  frictional  proxies,  we  choose  N  = 

 166 points separated by 0.9 km that cover a length of approx. 150 km from 

 the trench axis to the main Andean cordillera. 

 Matrix  P  is  used  to  interpolate  grids  with  values  of  the  frictional  proxies  (the 

 computation  of  which  is  explained  in  Section  2.3.2)  in  order  to  build  one  data  matrix 

 for  each  proxy  p.  Values  on  are  centered  and  normalized  with  respect  to  the  𝐷 
 𝑝 

 𝐷 
 𝑝 

 mean  and  standard  deviation  of  each  proxy  in  order  to  ensure  spatial  comparability 

 between  them  (e.g.,  Smith,  2002;  Venegas,  2001).  Our  implementation  of  PCA  can 

 be  applied  to  one  individual  matrix  (in  which  case  we  define  a  parameter  )  𝐷 
 𝑝 

 𝐶 =  1 

 or  combinations  of  them  (C  =  2  or  3).  In  this  later  case,  we  concatenate  the  𝐷 
 𝑝 

 matrices  in  a  combined  data  matrix  .  From  the  covariance  matrix  of  ,  it  is  𝐷  𝐷 

 straightforward  to  obtain  its  eigenvalues  λ  k  and  eigenvectors  .  The  eigenvectors,  𝐸  𝑘 

 also  called  Empirical  Orthogonal  Functions  (EOFs),  represent  in  our  case  the 
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 along-trench  variability  of  a  particular  trench-perpendicular  characteristic  spatial 

 pattern.  We  refer  to  the  indexes  as  modes,  which  are  ordered  following  the  rank  of  𝐾 

 their  eigenvalues  from  the  highest  (  )  to  the  lowest  (  ).  Only  the  first λ
 𝐾 

 𝐾 =  1  𝐾    =     𝐶𝑁 

 modes  are  further  considered  as  their  EOFs  concentrate  most  of  the  common  𝐾 

 variability  of  the  original  data  (measured  as  the  sum  of  the  first  K  eigenvalues  divided 

 by  the  sum  of  all  the  eigenvalues).  For  each  proxy,  we  stack  the  first  EOFs  in  a  𝐾 

 matrix  .  We  then  compute  the  principal  component  matrix  for  each  proxy  as  =  𝐸 
 𝑝 

 𝐴 
 𝑝 

 *  (  indicating  the  transpose  of  ),  which  has  dimensions  and  therefore  𝐸 
 𝑝 

 𝑇  𝐷 
 𝑝 

 𝑇  𝐸 
 𝑝 

 𝐾     𝑥     𝑁 

 is  independent  of  the  number  of  trench-perpendicular  profiles  M.  Each  row  of  the  𝐴 
 𝑝 

 matrix  is  known  as  the  Principal  Component  (PC)  associated  with  a  particular  mode 

 and  provides  valuable  information  on  the  trench-perpendicular  variability  of  the  𝐾 

 along-trench  pattern  informed  by  its  respective  EOF.  Multiplying  (containing  the  𝐸 
 𝑝 

 𝐾 

 EOF  columns  of  length  M)  with  (containing  the  PC  rows  of  length  N)  and  𝐴 
 𝑝 

 𝐾 

 remapping  the  (m,n)  matrix  locations  back  to  the  original  geographic  coordinates,  it 

 is  possible  to  map  the  first-order  common  spatial  distribution  of  each  proxy  as 

 informed  by  the  first  modes  considered  in  the  analysis.  Details  of  the  full  procedure  𝐾 

 are described in the Supporting Information. 

 2.3.2 Computation of Proxies for Megathrust Frictional Structure 

 2.3.2.1. Residual Gravity Anomaly Δg 

 Residual  gravity  anomalies  at  subduction  zones  have  been  commonly  computed 

 from  Free-Air  and/or  Bouguer  anomaly  grids  by  subtracting  trench-perpendicular 

 average  values  to  the  data.  This  procedure  allows  removing  the  long  wavelength 

 part  of  the  gravity  signal  associated  with  the  underlying  dense  oceanic  plate  and  the 

 geometry  of  the  forearc  wedge.  The  remaining  residual  signal  highlights 

 short-wavelength  features  most  likely  related  to  lateral  variations  of  the  density 

 structure  of  the  forearc  and  frictional  heterogeneities  of  the  megathrust.  The 

 computation  of  the  trench-perpendicular  average  gravity  field  has  been  done  both  in 

 the  spatial  (Song  &  Simons,  2003)  and  frequency  (Bassett  &  Watts,  2015a,  2015b) 

 domains.  However,if  only  a  single  trench-perpendicular  averaged  regional  profile  is 

 considered  for  a  very  long  subduction  zone  such  as  the  Chile  Margin  (ca.  4,500  km 
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 length),  residual  anomalies  may  be  systematically  over-  or  under-estimated  as 

 long-wavelength  along-trench  tendencies  will  be  masked.  To  overcome  this  potential 

 bias,  we  developed  a  new  procedure  that  is  based  on  the  PCA  method.  Instead  of 

 removing  a  single  1D  trench-perpendicular  average  profile  to  the  original  gravity  data 

 as  done  by  previous  authors,  we  computed  the  residual  gravity  anomaly  by  removing 

 the  2D  gravity  field  reconstructed  from  the  first  mode  identified  by  the  PCA  analysis 

 over  the  original  gravity  data,  which  contain  the  first-order  trench-perpendicular  and 

 along-trench features of the gravity field. 

 We  applied  the  method  described  in  Section  2.3.1  to  the  Free-Air  gravity  anomaly 

 grid  of  Sandwell  et  al.  (2014),  as  shown  in  Figure  2.2a.  In  order  to  apply  the 

 procedure,  we  created  the  matrix  P  considering  in  this  case  =  341  𝑀 

 trench-perpendicular  profiles,  each  containing  =  400  points  separated  by  2.5  km  𝑁 

 and  covering  1000  km  from  a  point  in  the  Nazca  plate  in  the  west  to  another  point 

 located  at  the  eastern  part  of  the  cordilleran  axis  (see  Figure  2.2).  The  trench  in  all 

 the  profiles  is  located  at  the  center  of  the  profile  (i.e.,  n  =  200).  After  interpolating  the 

 original  value  of  Free-Air  anomaly  for  each  (m,  n)  element  of  matrix  P  ,  we  obtained 

 the  covariance  matrix  and  then  the  eigenvalues  (measuring  the  amount  of  variance), 

 eigenvectors  (EOFs  for  the  along-trench  spatial  tendency)  and  principal  components 

 (representing  the  trench-perpendicular  spatial  tendency)  for  each  mode  .  We  then  𝐾 

 reconstructed  the  full  spatial  tendency  expressed  in  the  first  mode  by  multiplying  the 

 EOF  and  principal  component  associated  only  with  .  The  obtained  first-order  𝐾 =  1 

 tendency  of  the  Free-Air  anomaly  is  shown  in  Figure  2.2b,  where  we  can  appreciate 

 the  large  signal  associated  with  main  tectonic  features  of  the  subduction  zone  and 

 their  long-wavelength  along-trench  variation.  After  linearly  gridding  and  subtracting 

 the  result  from  the  original  data,  we  obtain  the  residual  gravity  anomaly  Δg  (Figure 

 2.2c). 

 2.3.2.2. Effective Basal Friction Coefficient Φ
 𝑏 

 The  classical  Non-Cohesive  Coulomb  Wedge  (NCCW)  theory  (Dahlen,  1984;  Davis 

 et  al.,  1983)  applied  to  a  subduction  zone  relates  the  taper  angle  of  the  forearc 

 wedge  (i.e.,  the  sum  of  topographic  slope  angle  α  and  slab  dip  angle  β)  with  the 

 force  balance  between  the  frictional  strength  of  the  megathrust  and  gravitational 
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 body  forces  inside  the  wedge  itself.  According  to  the  NCCW  theory,  the  spatial 

 variations  of  the  taper  angle  α  +  β  should  reflect  changes  either  of  the  wedge's 

 physical  properties  (i.e.,  internal  friction  coefficient  ,  pore  fluid  pressure  ratio  λ µ
 𝑖𝑛𝑡 

 and  density  ρ)  or  the  effective  basal  friction  coefficient  (to  clarify,  by  we  are  not Φ
 𝑏 

Φ
 𝑏 

 referring  to  the  basal  friction  angle,  but  it  refers  to  of  Cubas  et  al.,  2013  or  of µ
 𝑏 
 𝑒𝑓𝑓 µ

 𝑏 
 " 

 Wang  &  Hu,  2006).  The  taper  angle  should  be  considered  in  this  framework  as  the 

 resulting  manifestation  of  the  deformation  suffered  by  the  wedge  at  geological 

 timescale  in  order  to  balance  the  internal  body  forces  of  the  wedge  and  frictional 

 shear traction at its base. 

 Figure  2.2:  Derivation  of  Residual  Gravity  Anomaly  by  the  Principal  Component  Analysis  (PCA) 

 method.  (a)  Original  Free-Air  anomaly  of  Sandwell  et  al.  (  2014  )  after  centering  and  normalizing  the 

 grid  values.  Black  lines  show  the  M  =  341  trench-perpendicular  profiles  that  form  matrix  P  in  this 

 case.  (b)  Full  spatial  tendency  of  the  gravity  field  as  defined  by  the  first  mode  identified  by  the  PCA 

 analysis.  (c)  Final  residual  gravity  anomaly  Δg  obtained  after  subtracting  the  spatial  tendency  related 

 to the first mode (b) from the original data (a). 
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 As  mentioned  by  several  authors  (Cubas  et  al.,  2013;  Dahlen,  1984;  Maksymowicz, 

 2015;  Wang  &  Hu,  2006)  the  NCCW  is  unable  to  describe  the  continuous  time 

 variation  of  the  stress–strain  field  or  to  make  predictions  about  a  specific  fault. 

 However,  it  describes  the  deformation  style  of  the  continental  wedge  that  results 

 from  the  maintenance  and  support  of  the  first-order  wedge  geometry  at  the  time 

 scale of million years. 

 We  calculate  taper  angles  estimating  β  directly  from  the  Slab2.0  model  (Hayes  et  al., 

 2018)  between  the  trench  and  the  50  km  depth  contour  of  the  subducted  slab,  which 

 should  encompass  the  entire  seismogenic  zone  (Lay  et  al.,  2012).  The  value  of  α  is 

 derived  from  the  GEBCO_2020  bathymetry-topography  grid 

 (https://www.gebco.net/data_and_products/gridded_bathymetry_data/).  The  raw  grid 

 was  smoothed  in  order  to  capture  the  first-order  wedge  geometry,  avoiding  potential 

 bias  due  to  small  scale  topographic  features  such  as  submarine  canyons.  To  do  so, 

 each  grid  cell  was  assigned  the  average  slope  within  a  25-km-radius  smoothing 

 window  centered  in  the  cell  itself.  As  shown  by  Cubas  et  al.  (2013),  the  size  and 

 shape  of  the  smoothing  window  do  not  substantially  impact  inferences  of  α.  Once  α 

 and  β  are  determined,  we  define  a  local  wedge  taper  angle  at  each  grid  node  and 

 compute  the  corresponding  estimate  of  from  Equations  9,  17,  and  19  of  Dahlen Φ
 𝑏 

 (1984).  For  this,  we  assume  constant  values  of  physical  properties  inside  the  wedge, 

 that  is,  =  0.6,  λ  =  0.85  and  ρ  =  2,700  gr/m  3  .  Although  these  numbers  are  similar µ
 𝑖𝑛𝑡 

 to  those  used  by  previous  authors  (Cubas  et  al.,  2013;  Dahlen,  1984;  Maksymowicz, 

 2015;  Wang  &  Hu,  2006),  their  actual  values  are  irrelevant  for  the  purpose  of  this 

 study,  because  our  aim  is  to  detect  relative  variation  of  effective  basal  friction  along 

 strike,  rather  than  its  absolute  value.  Accordingly,  estimates  of  are  divided  by  the Φ
 𝑏 

 average  of  the  entire  margin,  such  that  values  greater/lesser  than  1  indicate  basal 

 friction  above/below  this  average.  We  also  note  that  is  almost  insensitive  to Φ
 𝑏 

 lateral  variations  of  density  within  the  range  of  possible  values  for  crustal  materials, 

 as  demonstrated  for  instance  by  the  detailed  sensitivity  analysis  of  Maksymowicz 

 (2015).  This  is  important  because  it  ensures  that  this  proxy  for  the  frictional  structure 

 of  the  megathrust  is  independent  of  residual  gravity  anomalies  Δg,  which  are  mostly 

 dominated by the density distribution of both plates. 
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 2.3.2.3. Degree of Interseismic Geodetic Locking Λ 

 The  degree  of  interseismic  locking  Λ  that  can  be  derived  from  space  geodetic  data  is 

 one  of  the  most  popular  methods  to  illuminate  the  apparent  distribution  of  coupled 

 asperities  along  the  megathrust.  The  values  of  Λ  ranges  between  0  for  no  fault 

 locking  (i.e.,  fully  creeping  behavior  likely  related  to  low-friction  barriers  where  no 

 elastic  strain  is  being  cumulated)  to  1  for  a  fully  locked/coupled  fault  (i.e.,  likely 

 related  to  high-friction  seismic  asperities).  Here  we  use  a  map  of  Λ  created  by  a 

 concatenation  at  the  scale  of  the  whole  Chilean  margin  of  maps  for  specific  regions 

 presented  by  Moreno  et  al.  (2010,  2012),  Tilmann  et  al.  (2016),  and  Li  et  al.  (2015). 

 All  these  maps  were  based  on  the  same  methodology,  that  is,  the  inversion  of 

 interseismic  GPS  velocity  vectors  to  backslip  (Savage,  1983)  at  the  megathrust  via 

 Green  ś  functions  that  are  computed  on  the  base  of  a  unique  3D  finite  element 

 elastic  model.  Therefore,  these  individual  maps  are  fully  compatible  and  can  be 

 integrated  into  a  coherent  image  of  interseismic  locking  along  the  entire  margin. 

 Further  details  on  the  methodology  may  be  found  in  Moreno  et  al.  (2012)  and  tests 

 for  the  spatial  resolution  of  each  map  are  provided  in  the  original  publications.  The 

 first  order  along-trench  pattern  of  interseismic  locking  identified  by  the  PCA  method 

 using  our  concatenated  grid  is  rather  similar  to  the  tendency  recognized  from  grids 

 published  by  Metois  et  al.  (2016)  and  Saillard  et  al.  (2017),  as  can  be  seen  in 

 Figures S1 and S2 (  See Appendix  A1). 

 2.4. Results 

 The  results  of  the  methods  described  in  Section  2.3.2  are  shown  in  Figure  2.3, 

 including  maps  of  the  degree  of  interseismic  geodetic  locking  (Λ),  forearc  residual 

 gravity  anomaly  (Δg),  and  long-term  effective  basal  friction  coefficient  (  ).  We  will Φ
 𝑏 

 focus  here  on  the  analysis  of  common  spatial  features  of  the  three  proxies  to  obtain 

 an  integrated  view  of  the  frictional  structure  of  the  megathrust.  Independently,  these 

 three  proxies  exhibit  a  first-order  positive  visual  correlation  between  regions  with 

 high  values  of  Λ,  Δg,  and  ,  such  as  along  the  Central  Andean  forearc  (i.e.,  north Φ
 𝑏 

 of  33°S).  However,  farther  south  the  relation  is  less  obvious  along  specific  forearc 

 segments of the Southern Andes. 
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 Figure  2.4  shows  the  trench-perpendicular  Principal  Components  (PCs,  Figure  2.4a) 

 and  along-trench  Empirical  Orthogonal  Functions  (EOFs,  Figure  4b)  for  each  proxy 

 resulting  from  the  multivariate  PCA  analysis  combining  the  three  of  them  (C  =  3).  As 

 can  be  observed  in  Figure  2.4a,  the  PC  of  the  first  mode  is  very  similar  for  the  three 

 proxies.  This  common  first-order  trench-perpendicular  tendency  shows  a  downward 

 concave  shape  with  positive  values  between  20  and  140  km  from  the  trench  and 

 negative  values  beyond  this  range.  The  similarity  of  the  first  PC  between  the  three 

 proxies  is  expressed  in  the  percentage  of  total  variance  explained  by  the  first  mode, 

 which in this case is 41.4%. 

 Figure  2.3  :  Spatial  distribution  of  the  three  proxies  of  the  frictional  structure  along  the  Chilean 

 megathrust  inside  the  area  considered  for  this  study  (i.e.,  as  covered  by  the  150  km  long 

 trench-perpendicular  profiles  used  for  the  principal  component  analysis).  (a)  Residual  Gravity 

 Anomaly  Δg  [mGal],  (b)  Interseismic  Geodetic  Locking  Λ,  (c)  Long-term  Basal  Friction  . Φ
 𝑏 

 Dashed-black line shows the 50 km contour of the subducted slab (Hayes et al., 2018). 
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 No  formal  rule  has  been  proposed  for  evaluating  the  explained  variance  in  terms  of  a 

 possible  correlation  between  different  variables,  but  this  number  can  be  considered 

 significant  when  compared  to  other  analyses  of  geophysical  fields  (e.g.,  Davydenko 

 &  Grayver,  2014;  Rangelova  et  al.,  2007;  Wilks,  2016).  Figure  2.4a  also  shows  the 

 trench-perpendicular  tendency  associated  with  PCs  obtained  by  considering  the  first 

 two  modes  (  ),  which  account  for  69.4%  of  the  total  variance.  The  𝑘    =     1 +  2 

 differences  between  these  tendencies  and  those  related  to  the  first  mode  alone 

 illuminate  the  trench-perpendicular  trend  of  the  second  principal  component  (for 

 ),  which  account  for  28%  of  the  total  variance.  As  can  be  inferred  from  Figure  𝐾 =  1 

 2.4a,  trends  associated  with  the  second  mode  are  also  similar  between  the  three 

 proxies and differ with respect to PCs of the first mode by showing a shift from 

 Figure  2.4:  Results  of  the  combined  multiproxy  Principal  Component  Analysis  analysis.  (a)  Magnitude 

 of  the  Principal  Components  (PCs)  for  each  computed  proxy  depicting  the  trench-perpendicular 

 tendency  of  the  data  against  the  distance  from  the  trench  (x  =  0  km).  (b)  Magnitude  of  the  Empirical 

 Orthogonal  Functions  (EOFs,  i.e.,  the  eigenvectors  of  the  covariance  matrix,  see  Section  3.1)  for  each 

 proxy  at  latitudes  projected  along  the  trench  axis.  For  both  panels,  the  color  of  each  line  represents 

 different  proxies  (blue  for  gravity  anomaly  Δg,  red  for  interseismic  locking  Λ,  green  for  basal  friction 

 coefficient  )  and  their  thickness  differentiates  results  for  the  first  mode  only  (  ,  thick  line)  and Φ
 𝑏 

 𝐾 =  1 

 for a combination of the first two modes (  ,  thin line).  𝐾 =  1 +  2 

 47 



 positive  values  in  the  trench-ward  half  of  the  profile  toward  negative  values 

 landward.  The  small  difference  between  PCs  obtained  for  and  in     𝐾 =  1  𝐾 =  1 +  2    

 the  case  of  long-term  basal  friction  indicates  that  the  magnitude  of  the  second  PC Φ
 𝑏 

 is  rather  low  compared  with  the  first  PC.  This  is  also  the  case  for  the  trench-ward 

 part  of  residual  gravity  Δg.  Larger  amplitudes  for  are  most  notable  in  the  case  𝐾 =  2 

 of  interseismic  locking  Λ,  for  which  the  entire  second  PC  profile  has  amplitudes 

 similar  to  the  first  PC,  implying  that  the  combined  tendency  differs  𝐾 =  1 +  2 

 significantly  with  respect  to  the  PC  of  the  first  mode.The  along-trench  variability  of 

 the  PCs  can  be  appreciated  in  the  form  of  the  Empirical  Orthogonal  Functions 

 (EOFs)  depicted  in  Figure  2.4b.  The  EOFs  associated  with  the  first  mode  (  )  𝑘 =  1 

 define  the  first  order  along-trench  tendency  of  the  three  proxies,  which  is  dominated 

 by  positive  values  along  the  Central  Andean  forearc  and  neutral-to-negative  values 

 along  the  Southern  Andes.  Within  this  first-order  tendency,  the  larger  along-trench 

 variability  is  shown  by  Δg  that  is  marked  by  successive  highs  and  lows,  intersecting 

 the  origin  of  the  y-axis  (i.e.,  magnitude  of  EOF  =  0)  at  several  latitudes.  This  is 

 different  to  the  tendency  shown  by  basal  friction  along  the  Central  Andes  where  it 

 presents  a  roughly  constant  value  of  EOF  magnitude  with  rather  smooth  and 

 small-amplitude  fluctuations,  whereas  locking  shows  an  intermediate  behavior 

 between  the  other  two  proxies.  Transitioning  toward  the  Southern  Andean  forearc, 

 the  EOFs  of  friction  and  locking  start  to  differ  with  moving  toward  negative  values Φ
 𝑏 

 and  showing  a  gradual  southward  decrease,  whereas  Λ  also  shows  a  general 

 southward  decrease  but  maintaining  the  EOF  in  average  values  around  zero  and  a 

 tendency  that  is  more  similar  to  the  one  shown  by  gravity.  Along-trench  tendencies 

 shown  for  the  first  two  modes  together  (  )  are  similar  to  those  described  for  𝐾 =  1 +  2 

 the  first  mode  alone,  mostly  for  friction  and  gravity  with  locking  showing  increased 

 amplitudes and larger latitudinal gradients. 

 A  complementary  view  of  the  results  obtained  by  our  PCA  method  is  presented  in 

 Figure  2.5,  where  we  show  12  maps  for  each  proxy  (36  maps  in  total)  that  are 

 reconstructed  after  performing  the  matrix  multiplication  between  column  EOF  vectors 

 (i.e.,  along-trench  tendencies)  with  row  PC  vectors  (i.e.,  trench-perpendicular 

 tendencies)  for  specific  combinations  of  proxies  and  modes.  Particularly,  maps  along 

 the  right-hand  panels  of  Figure  2.5  were  reconstructed  multiplying  the  PCs  and 
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 EOFs  of  Figure  2.4,  that  is,  considering  the  triple  combination  of  the  proxies  (C  =  3) 

 and  for  the  three  possible  combinations  of  modes  (  ).  For  𝐾 =  1 ,     𝐾 =  2 ,     𝐾 =  1 +  2 

 comparison  and  completeness,  this  figure  also  shows  results  for  the  three  proxies  in 

 isolation  (C  =  1)  and  the  three  possible  double  combinations  (C  =  2).  We  first  note 

 that  the  intensity  of  each  map  (i.e.,  the  range  of  mapped  values  around  zero) 

 increases with the percentages of explained variance. 

 Figure  2.5:  Reconstructed  maps  of  the  three  frictional  proxies  (Residual  Gravity  Anomaly  Δg,  Degree 

 of  Interseismic  Locking  Λ,  and  Long-Term  Basal  Friction  )  obtained  for  different  combinations  of Φ
 𝑏 

 them  in  the  Principal  Component  Analysis  analysis  (x-axis:  C  =  1  isolated  analysis,  C  =  2  dual 

 combinations,  C  =  3  triple  combination)  and  different  modes  (y-axis:  first  mode,  second  𝐾 =  1  𝐾 =  2 

 mode,  both  modes  combined).  Percentages  indicate  the  amount  of  variance  explained  in  𝐾    =  1 +  2 

 each case. 
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 We  also  note  that  the  pattern  of  reconstructed  spatial  features  is  more  complex  and 

 closer  to  the  original  proxies  (compared  with  Figure  2.3)  when  we  consider  both 

 modes  together  than  when  only  the  first  mode  is  considered.The  percentage  of 

 variance  explained  with  C  =  1  (isolated  proxy)  is  only  ∼10%  higher  than  the  value  for 

 C  =  3  (triple  combination)  and  the  spatial  tendencies  observed  in  maps  for  C  =  1  and 

 C  =  3  are  also  very  similar.  This  is  an  indication  that  these  proxies  are  spatially 

 correlated  and  share  a  first  order  along-trench  tendency  that  must  be  connected 

 through  a  common  physical  process.  In  the  case  of  ,  it  can  be  clearly  appreciated Φ
 𝑏 

 that  the  second  mode  contains  a  small  fraction  of  information,  with  values  near  zero 

 for  in  double  (C  =  2)  combinations  and  most  notably  for  the  triple  combination  𝐾 =  2 

 (C  =  3).  This  is  also  visible  in  the  variance  explained  by  the  first  and  second  modes 

 of  the  isolated  analysis  (C  =  1)  that  for  are  respectively  the  largest  (60.5%)  and Φ
 𝑏 

 lowest  (12.7%)  of  the  three  proxies.  Spatial  tendencies  observed  for  the  second 

 mode  of  Δg  and  Λ  are  rather  stable  independent  of  the  number  of  combined  proxies. 

 In  the  case  of  gravity,  it  shows  a  dual  trench-perpendicular  trend  that  has  an 

 along-trench  variation  complementary  to  the  tendency  of  the  fist  mode,  whereas 

 mode  two  of  locking  (mostly  for  dual  and  triple  combinations)  reinforce  the  near 

 trench  tendency  of  to  show  positive  values  along  the  Central  Andes  and  𝑘 =  1 

 negative values for the Southern Andes. 

 2.5. Discussion 

 2.5.1.  Relating  Trench-Perpendicular  PCA  Tendencies  With  Megathrust 
 Seismogenic Zone 

 One  of  our  main  results  is  that  the  principal  components  (PCs)  characterizing  the 

 first  order  trench-per-  pendicular  tendency  of  each  frictional  proxy  are  very  similar 

 one  to  the  other  (Figure  2.4a).  This  common  tendency  should  be  associated  to  a 

 primary  physical  mechanism  connecting  the  proxies  between  them  and  with  the 

 seismogenic behavior of the megathrust. 

 In  order  to  investigate  this  possible  mechanism,  Figure  2.6  presents  a  comparison 

 between  the  PCs  obtained  with  k  =  1  and  C  =  3  for  the  three  frictional  proxies  (as  in 

 Figure  2.4a)  and  histograms  showing  the  trench-perpendicular  distribution  of 
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 seismicity  and  coseismic  slip.  To  compute  the  seismicity  histogram,  we  calculated 

 the  trench-perpendicular  distance  to  the  trench  axis  of  all  the  epicenters  reported 

 between  1950  and  2020  by  the  USGS-NEIC  catalog 

 (https://earthquake.usgs.gov/earthquakes/search/).  A  similar  procedure  was  applied 

 to  obtain  trench-perpendicular  histograms  of  maximum  coseismic  slip  from  published 

 models  (as  cited  in  the  caption  of  Figure  2.6).  We  considered  here  the  normalized 

 distribution  of  maximum  slip  for  each  event  in  order  to  better  compare  their 

 trench-perpendicular tendencies. 

 Figure  2.6  shows  a  zone  characterized  by  positive  magnitudes  of  PCs  coinciding 

 with  the  region  where  most  of  the  epicenters  are  located  and  the  largest  proportion 

 of  coseismic  slip  is  released.  The  absolute  magnitude  of  the  PCs  inside  this  zone 

 tends  to  correlate  with  the  number  of  earthquakes  and  amount  of  slip,  showing  a 

 common  parabolic  form  and  maximum  values  for  all  of  them  roughly  at  the  center  of 

 the  zone  of  positive  PCs.  Based  on  this  spatial  correlation,  we  identify  the  two 

 regions  where  the  magnitude  of  at  least  one  of  the  three  PCs  is  zero  as  the  updip 

 and  downdip  limits  of  the  seismogenic  zone.  These  regions  are  located  in  Figure  2.6 

 at respective distances from the trench axis of 20 ± 5 and 135 ± 10 km. 

 Given  the  somehow  ambiguous  meaning  of  the  “seismogenic  zone”  concept  (e.g., 

 Wang  &  Tréhu,  2016)  and  taking  into  account  that  we  aim  to  establish  a  mechanical 

 link  between  the  frictional  proxies  and  megathrust  seismic  behavior,  we  consider 

 here  a  definition  of  the  seismogenic  zone  based  on  the  rate-and-state  friction  (RSF) 

 law  (Dieterich,  1981;  Marone,  1998;  Ruina,  1983;  Scholz,  1998),  which  in  the 

 steady-state can be written as: 

 (1) τ = µ
 0 

+ ( 𝑎 −  𝑏 ) 𝑙𝑛 (  𝑉 
 𝑉 

 0 
)⎡⎢⎣
⎤⎥⎦
(σ

 𝑛 
−  𝑝 )

 In  this  expression  τ  is  shear  stress,  is  normal  stress,  is  pore  fluid  pressure,  and σ
 𝑛 

 𝑝 

 the  rate-dependent  friction  is  defined  by  the  term  into  square  brackets;  is  a µ
 0 

 reference  friction  attained  when  the  slip  velocity  equals  the  long-term  convergence  𝑉 

 velocity  ,  and  the  parameters  a  and  b  are  experimentally  determined.  Most  fault  𝑉 
 0 
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 materials  show  negative  values  of  for  a  temperature  range  between  100°C ( 𝑎 −  𝑏 )

 and  450°C  (e.g.,  Blanpied  et  al.,  1991;  Scholz,  1998;  den  Hartog  et  al.,  2012).  Under 

 this  condition,  Equation  1  predicts  a  decrease  of  friction  after  a  sudden  increase  in 

 slip  velocity,  that  is,  a  velocity-weakening  (VW)  behavior  where  earthquakes  can 

 nucleate  as  frictional  instabilities  and  coseismic  slip  spread.  Owing  to  the  gradual 

 downdip  increase  of  megathrust  temperature  (e.g.,  Hyndman  &  Wang,  1993; 

 Oleskevich  et  al.,  1999),  the  VW  behavior  is  restricted  to  a  particular  depth  range 

 that  is  properly  defined  into  this  conceptual  framework  as  the  seismogenic  zone 

 (Wang  &  Tréhu,  2016).  Inside  the  VW  seismogenic  zone,  the  actual  frictional  stability 

 regime  depends  on  the  relationship  between  the  effective  normal  stress  on  the  fault  ( 

 in Equation 1) and a critical stress  defined by Scholz (1998) as: σ
 𝑛 

−  𝑝 σ
 𝑐 

 (2) σ
 𝑐 

=  𝑘𝐿 
−( 𝑎 − 𝑏 )

 Here  k  is  the  stiffness  of  the  elastic  media  surrounding  the  fault  and  L  is  a  critical  slip 

 distance.  When  >  the  fault  can  only  move  by  unstable  sliding  during σ
 𝑛 

σ
 𝑐 

+     𝑝 

 earthquakes,  while  for  the  fault  is  in  a  conditionally  stable  regime. σ
 𝑛 
< σ

 𝑐 
+  𝑝 

 Dynamic  numerical  models  of  fault  behavior  based  on  the  RSF  law  (e.g.,  Barbot  et 

 al.,  2012;  Noda  &  Lapusta,  2013)  have  demonstrated  the  very  rich  nature  of 

 conditionally  stable  regions,  which  show  a  range  of  frictional  behaviors  varying 

 between  slow  creeping  to  fault  locking  during  the  interseismic  phase,  unstable 

 coseismic  sliding  or  rupture  arrest.  In  this  context,  conditionally  stable  fault  patches 

 inside  the  seismogenic  zone  can  act  either  as  asperities  or  as  barriers  depending  on 

 their  preseismic  state  of  stress  and  previous  patterns  of  dynamic  rupture  propagation 

 (Avouac, 2015; Barbot et al., 2012; Bürgmann, 2018; Noda & Lapusta, 2013). 

 The  seismogenic  zone  mainly  corresponds  with  domain  B  of  Lay  et  al.  (2012),  that 

 is,  the  central  down-dip  segment  of  the  interplate  contact  that  is  characterized  by  the 

 strongest  unstable-sliding  VW  frictional  behavior  (Figure  2.6).  Owing  to  this 

 condition,  fault  domain  B  slips  mainly  during  great  earthquakes  (Lay  et  al.,  2012).  In 

 the  Chilean  case  (Figure  2.6),  this  behavior  is  partially  exemplified  by  the  1995 

 Antofagasta  earthquake  (Carlo  et  al.,  1999;  Delouis  et  al.,  1998)  and  mostly  by  the 
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 2014  Iquique  earthquake  that  ruptured  almost  exclusively  within  zone  B  (e.g.,  Ruiz  et 

 al.,  2014;  Schurr  et  al.,  2014).  The  seismogenic  zone  of  Figure  2.6  also  includes 

 most  of  the  deeper  domain  C,  characterized  by  moderate  coseismic  slip  and  large 

 radiation  of  high-frequency  energy  as  observed  during  the  1985  Valparaiso  and  2007 

 Tocopilla  earthquakes  (Bravo  et  al.,  2019;  Motagh  et  al.,  2010;  Peyrat  et  al.,  2010). 

 This  behavior  can  be  attributed  to  the  very  heterogeneous  frictional  structure  of  the 

 fault  zone  around  the  downdip  limit  of  the  seismogenic  zone  owing  to  temperatures 

 between  450°C  to  650°C  that  control  transitions  of  frictional  stability  regimes  and 

 rheology,  to  the  great  amount  of  fluids  released  from  the  slab  at  that  depth  range, 

 and  to  the  intersection  of  the  megathrust  with  the  continental  Moho  (Bilek  &  Lay, 

 2018;  Bürgmann,  2018;  Lay  et  al.,  2012;  Oleskevich  et  al.,  1999;  Wang  &  Tréhu, 

 2016).  A  transitional  nature  of  the  downdip  limit  along  domain  C  can  be  related  in 

 Figure  2.6  with  the  broader  region  where  the  magnitudes  of  PCs  are  near  zero  in 

 comparison  with  the  narrower  region  associated  to  the  updip  limit  in  the  outer  forearc 

 region. 

 Regions  located  updip  and  downdip  of  the  seismogenic  zone  have  respectively  lower 

 and  higher  temperatures  and  therefore  are  characterized  by  (a−b)  >  0.  As  predicted 

 by  Equation  1,  this  implies  a  velocity-strengthening  (VS)  frictional  behavior,  that  is, 

 an  increase  of  friction  after  an  increase  in  slip  velocity.  The  updip  region  covered  by 

 domain  A  mostly  slips  by  slow  stable  sliding  associated  with  aseismic  creep  during 

 the  inter-  or  post-seismic  phases  of  the  seismic  cycle,  potentially  acting  as  updip 

 barriers  to  coseismic  rupture  propagation  (Bilek  et  al.,  2004;  Bürgmann,  2018; 

 Oleskevich  et  al.,  1999;  Scholz,  1998;  Wang  &  Tréhu,  2016).  However,  the 

 megathrust  can  be  affected  by  rapid  dynamic  rupture  coming  from  domain  B  that  can 

 trigger  shallow  slip  eventually  up  to  the  trench,  causing  large  tsunamis.  This  has 

 been  the  case  in  Chile  for  some  asperities  ruptured  by  the  1960  Valdivia  and  2010 

 Maule  earthquakes  and  for  the  2015  Illapel  asperity,  all  of  them  generating  large 

 tsunamis  related  to  significant  slip  up  to  the  trench  (e.g.,  Moreno  et  al.,  2009; 

 Tilmann  et  al.,  2016;  Yue  et  al.,  2014).  The  two  greatest  earthquakes  (1960  and 

 2010)  ruptured  the  full  megathrust,  slipping  along  domains  A,  B,  and  C.  Most  of  the 

 coseismic  slip  and  epicenters  do  occur  inside  the  region  identified  with  the 

 seismogenic  zone  in  Figure  2.6,  but  a  significant  number  of  earthquakes  and  amount 

 of  slip  is  located  outside  this  zone.  This  is  consistent  with  the  general 
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 characterization  of  the  seismogenic  zone  done  by  Wang  and  Tréhu  (2016)  that  show 

 how  the  downward  extend  of  the  VW  zone  is  commonly  narrower  than  the  extend  of 

 seismicity  and  earthquake  rupture  area,  mostly  at  the  downdip  limit.  In  this 

 framework,  we  interpret  the  observed  correlation  (Figure  2.6)  between  magnitude  of 

 PCs  for  the  frictional  proxies,  number  of  earthquakes  and  amount  of  coseismic  slip 

 as  indicating  that  all  of  them  could  be  directly  related  to  the  intensity  of  the  VW 

 frictional effect. 

 Figure  2.6:  Relationship  between  trench-perpendicular  tendencies  of  frictional  proxies,  seismic 

 behavior  and  schematic  subduction  zone  structure.  Upper  panel  shows  Principal  Components  (PCs) 

 of  each  proxy  for  the  first  mode  (  ,  as  in  Figure  2.4)  along  with  number  of  seismic  events  𝐾 =  1 

 reported  between  1950  and  2020  in  the  catalog  of  the  National  Earthquake  Information  Center  (NEIC, 

 USGS  USA)  and  normalized  maximum  slip  of  large  megathrust  earthquakes  (Iquique  2014  from 

 Schurr  et  al.,  2014;  Antofagasta  1995  from  Hayes,  2017;  Tocopilla  2007  from  Motagh  et  al.,  2010; 

 Illapel  2015  from  Tilmann  et  al.,  2016;  Valparaiso  1985  from  Bravo  et  al.,  2019;  Maule  2010  from 

 Moreno  et  al.,  2012;  Valdivia  1960  from  Moreno  et  al.,  2009).  Lower  panel  is  a  schematic 

 representation  (not  to  scale)  of  the  structure  of  the  subduction  zone  marking  the  seismogenic  zone 

 along  the  megathrust  (red  line).  The  updip  and  downdip  limits  of  the  seismogenic  zone  are  identified 

 as  regions  where  the  magnitude  of  PC  =  0,  which  coincides  with  a  respective  updip  and  downdip 

 decrease in the number of earthquakes and coseismic slip. 
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 Remember  that  the  actual  value  of  each  particular  proxy  at  a  given  position  along  the 

 study  area  will  result  from  the  multiplication  between  the  magnitude  of  its  PC  and  the 

 value  of  its  respective  EOF.  In  this  sense,  the  magnitude  of  PCs  can  be  considered 

 as  defining  the  amplitude  of  a  given  reconstructed  proxy  whereas  the  EOF 

 magnitude  will  define  its  particular  sign  (either  positive  or  negative).  Thus,  we  recall 

 that  peak  values  for  the  magnitude  of  PCs  at  the  center  of  the  seismogenic  zone  just 

 indicate  that  the  amplitude  of  each  proxy  will  be  maximized  here,  which  therefore 

 can be interpreted as to that the intensity of the VW effect will be also maximized. 

 In  this  context,  long-term  basal  friction  could  be  associated  to  the  intensity  of  the Φ
 𝑏 

 VW  behavior  via  a  direct  relation  to  of  Equation  1,  with  our  results  indicating  that µ
 0 

 this  parameter  has  a  first-order  trench-perpendicular  tendency  marked  by  a 

 maximum  amplitude  at  the  center  of  the  seismogenic  zone  and  tapering  toward  its 

 updip  and  downdip  limits.  In  the  case  of  the  residual  gravity  anomaly  Δg  this 

 connection  could  be  also  established  throughout  a  link  with  friction,  if  we  follow  the 

 interpretation  of  Song  and  Simons  (2003)  and  others  (e.g.,  Fuller  et  al.,  2006;  Llenos 

 &  McGuire,  2007;  Wells  et  al.,  2003).  However,  this  interpretation  suggests  that  high 

 megathrust  friction  must  be  related  to  low  gravity,  contradicting  our  main  observation. 

 We  support  the  alternative  view  (Bassett  &  Watts,  2015a,  2015b;  Li  &  Liu,  2017; 

 Tassara,  2010)  under  which  forearc  gravity  is  mainly  controlled  by  the  density 

 structure  of  the  subduction  zone.  Particularly,  we  believe  that  the  main 

 trench-perpendicular  tendency  of  the  gravity  anomaly  in  Figures  2.4a  and  2.6  could 

 be  caused  by  a  combination  of  a  large-scale  signal  associated  with  the  density 

 structure  mostly  of  the  upper  plate  (as  discussed  in  Section  2.5.3)  over  which  a 

 smaller-scale  signal  related  to  the  Trench  Parallel  Forearc  Ridge  (TPFR)  of  Bassett 

 and  Watts  (2015b)  is  superimposed.  The  TPFR  has  been  recognized  globally  and 

 along  the  Chile  Margin  as  a  positive  anomaly  along  the  coastal  region  presumably 

 related  to  the  underplating  of  tectonically  eroded  material  near  the  downdip  limit  of 

 the  seismogenic  zone.  The  superimposed  signal  of  the  TPFR  could  also  explain  the 

 apparent  eastward  shift  of  the  peak  in  gravity  compared  with  those  of  friction  and 

 locking in Figure 2.6. 
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 The  density  structure  and  associated  buoyancy  forces  affect  Equation  1  mostly 

 through  the  normal  stress  .  For  the  VW  effect  being  positive  and  maximized  inside σ
 𝑛 

 the  seismogenic  zone,  Equation  2  indicates  that  σ  n  must  be  high  enough  to 

 overcome  the  sum  of  pore  pressure  and  critical  stress  threshold.  This  condition  can 

 be  accomplished  only  if  density  is  high,  which  translates  in  a  high  value  of  Δg. 

 Complementary  to  the  long-term  view  contributed  by  and  Δg,  the  short-term Φ
 𝑏 

 degree  of  interseismic  locking  Λ  has  been  directly  related  to  the  magnitude  of  shear 

 stress  at  the  megathrust  (e.g.,  Wang  &  Dixon,  2004).  If  we  relate  τ  with  Λ  in  Equation 

 1,  this  latter  could  be  interpreted  as  a  consequence  of  the  interaction  between 

 friction  (expressed  by  )  and  effective  normal  stress  (approximated  by  Δg).  With Φ
 𝑏 

 both  showing  maximum  amplitudes  at  the  center  of  the  seismogenic  zone,  it  is 

 expected that Λ will also show a similar first order trench-perpendicular tendency. 

 We  conclude  that  the  sign  and  magnitude  of  principal  components  associated  with 

 the  first  mode  of  the  combined  PCA  are  strongly  related  to  the  trench-perpendicular 

 limits  of  the  seismogenic  zone  and  the  intensity  (or  amplitude)  of  the  VW  effect  within 

 it. 

 2.5.2.  Along-Trench  PCA  Tendencies  and  Segmentation  of  the  Chilean 
 Megathrust 

 We  analyze  here  how  the  along-trench  tendencies  of  the  frictional  proxies  are 

 spatially  correlated  with  the  latitudinal  distribution  of  epicenters  and  coseismic  slip. 

 Remember  that  the  principal  component  of  each  proxy  is  one  of  the  two  orthogonal 

 (independent)  vectors  that  describe  its  actual  spatial  distribution.  The  second  vector 

 is  the  Empirical  Orthogonal  Function  (EOF),  which  should  be  interpreted  as 

 describing  the  along-trench  variability  of  the  trench-perpendicular  PC.  As  we  believe 

 that  the  first  mode  PCs  are  directly  related  to  the  amplitude  of  the  VW  effect  within 

 the  seismogenic  zone,  the  information  provided  by  the  EOFs  should  be  fundamental 

 in  order  to  identify  patterns  of  seismic  segmentation  along  the  margin  and  to  link 

 them  with  the  physical  mechanisms  controlling  the  megathrust  frictional  structure.  In 

 order  to  explore  this  possibility,  Figure  2.7  compares  the  magnitude  of  EOFs 

 obtained  for  and  C  =  3  (as  in  Figure  2.4b)  with  the  along-trench  distribution  of  𝐾 =  1 

 seismicity and coseismic slip (as in Figure 2.6). 
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 2.5.2.1.  Large-Scale  (  km)  Segmentation  and  the  Role  of  Contrasting  10  3 

 Frictional Stability Regimes 

 We  note  that  the  Central  Andean  forearc  is  characterized  by  a  relatively  constant 

 magnitude  of  the  three  EOFs  around  0.05,  with  the  residual  gravity  anomaly  showing 

 the  strongest  latitudinal  variability.  A  common  southward  decrease  of  the  three  EOFs 

 can  be  appreciated  along  the  Southern  Andean  segment:  the  EOF  magnitude  for 

 basal  friction  (hereafter  denoted  as  EOF  )  becomes  increasingly  negative Φ
 𝑏 

 southward  of  33°S,  EOF  Δg  shows  negative-to-neutral  values  maintaining  the  strong 

 latitudinal  variability  observed  along  the  Central  Andes  and  EOF  Λ  largely  follows  the 

 main  tendency  shown  by  gravity  south  of  35°S.  This  large  scale  (  km)  10  3 

 segmentation  is  spatially  correlated  with  a  concentration  of  pre-2010  epicenters 

 northward  from  34°S  and  much  larger  coseismic  slip  released  by  great  earthquakes 

 to  the  south.  Of  course,  these  first-order  seismic  tendencies  could  be  transient,  since 

 great  earthquakes  (Mw  >  8.5)  have  not  been  yet  instrumentally  recorded  in  the 

 Central Andes but have certainly occurred in the past. 

 If  we  focus  in  the  central  part  of  the  seismogenic  zone  where  the  magnitudes  of  PCs 

 are  the  highest  (Figure  2.6)  and  follow  the  conceptual  framework  established  in  the 

 previous  section,  we  may  infer  that  the  Central  Andean  seismogenic  zone  is 

 dominated  by  high  friction  Figure  2.8.  (associated  to  positive  EOF  )  and  high Φ
 𝑏 

 normal  stress  (owing  to  mostly  positive  and  locally  large  EOF  Δg  ),  both  contributing 

 to  maintain  the  megathrust  shear  stress  at  high  levels  that  are  translated  into  the 

 observed  high  EOF  Λ  .  Moreover,  the  combination  of  large  normal  stresses  implied 

 by  positive  gravity  anomalies  and  the  low  pore  pressure  expected  inside  the  narrow 

 Central  Andean  subduction  channel  due  to  the  lack  of  subducted  trench  sediments 

 (e.g.,  Dielfolder  et  al.,  2020;  Lamb  &  Davis,  2003;  Seno,  2009),  should  maximize  the 

 positive  VW  effect  inside  the  seismogenic  zone,  forcing  the  megathrust  to  largely 

 stay under unstable frictional conditions. 

 The  notable  southward  change  in  the  sign  of  EOF  Φb  crossing  the  boundary 

 between  Central  and  Southern  Andes  suggests  a  reduction  of  megathrust  friction, 

 which combined with a reduced normal stress as implied by negative-to-neutral 
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 Figure  2.7:  Relationship  between  along-trench  tendencies  of  frictional  proxies  and  seismic  behavior. 

 The  magnitude  of  Empirical  Orthogonal  Functions  (EOFs)  obtained  for  k  =  1  and  C  =  3  (as  in  Figure 

 2.4b)  for  each  proxy  is  projected  along  the  trench  and  compared  with  the  number  of  seismic  events 

 and  maximum  slip  of  large  megathrust  earthquakes  (as  in  Figure  2.6).  We  selected  points  (red  circles) 

 where  the  residual  gravity  anomaly  intersects  the  origin  of  the  abscise  (i.e.,  EOF  Δg  =  0)  or  shows  a 

 strong  local  maxima/minima  and  use  them  to  define  the  boundaries  of  unitary  seismic  segments  that 

 are shown in Figure 2.8. 
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 values  of  EOF  Δg  ,  can  explain  the  overall  southward  decrease  in  shear  traction  that 

 is  marked  by  the  tendency  of  EOF  Λ  .  In  spite  of  this  long  wavelength  (1000  km) 

 relationship  between  the  three  proxies,  we  note  that  their  short  wavelength  (100  km) 

 tendencies  are  less  similar  along  the  Southern  Andes  than  what  can  be  appreciated 

 for  the  Central  Andes.  This  could  be  due  to  the  larger  amount  of  fluids  inside  a 

 kilometric-scale  subduction  channel  in  the  south  (e.g.,  ;  Dielfolder  et  al.,  2020;  Lamb 

 &  Davis,  2003;  Seno,  2009)  that  can  reduce  friction  and  directly  counteracts  the 

 influence of σ n on shear stress by increasing the pore pressure. 

 In  addition,  the  magnitude  of  the  normal  stress  itself  should  be  lower  than  further 

 north  as  implied  by  the  mostly  negative  gravity  anomaly.  As  predicted  by  Equation  2, 

 a  VW  seismogenic  zone  loaded  by  low  effective  normal  stress  (low  σ  n  -p)  should  be 

 dominated  by  a  conditionally  stable  frictional  regime.  Under  these  conditions,  the 

 nucleation  of  earthquakes  is  inhibited  (e.g.,  Scholz,  1998),  which  can  be  the 

 underlying  cause  for  the  reduced  number  of  epicenters  below  the  Southern  Andes 

 compared  with  the  central  segment  (Figure  2.7).  As  mentioned  before,  conditionally 

 stable  fault  patches  can  have  a  wide  range  of  seismic  behaviors  as  predicted  by 

 dynamic  rupture  models  (e.g.,  Avouac,  2015;  Barbot  et  al.,  2012;  Noda  &  Lapusta, 

 2013),  including  anomalously  large  coseismic  slip.  Our  results  suggest  that  this  could 

 be the most likely situation underneath the Southern Andes. 

 We  suggest  that  the  inferred  first-order  differences  in  the  frictional  structure  between 

 the  Central  and  Southern  Andean  megathrust  have  a  major  impact  on  the  whole 

 deformation  mechanism  of  the  continental  margin  and  its  crustal  structure.  These 

 inferred  differences  imply  a  higher  megathrust  shear  stress  in  the  north  compared  to 

 the  south,  which  has  been  largely  shown  (e.g.,  Dielforder  et  al.,  2020;  Froidevaux  & 

 Isacks,  1984;  Lamb  &  Davis,  2003;  Sobolev  &  Babeyko,  2005)  as  a  fundamental 

 requirement  to  balance  in  the  Central  Andes  the  huge  vertical  body  forces 

 associated  to  the  isostatic  support  of  high  orogenic  elevations  (>4,000  m)  and  large 

 crustal  roots  (>70  km;  Tassara  &  Echaurren,  2012).  In  contrast,  moderate  elevation 

 (<2,500  m)  and  normal  crustal  thickness  (<40  km)  along  most  of  the  Southern  Andes 

 suppose  a  much  smaller  vertical  load  that  is  counterbalanced  by  a  lower  megathrust 

 shear  stress  (Dielforder  et  al.,  2020;  Lamb,  2006;  Seno,  2009).  This  agrees  with  the 

 low  friction  and  mostly  conditionally  stable  frictional  regime  that  we  propose  for  the 

 Southern  Andean  megathrust.  Thus,  our  results  confirm  the  conclusions  of  several 
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 previous  authors  and  further  suggest  that  the  differences  between  Central  and 

 Southern  Andes  are  not  only  due  to  the  contrast  in  megathrust  friction  alone  but  also 

 by  the  dominant  frictional  stability  regime  implied  by  the  contrast  in  residual  gravity 

 anomaly.  Indeed,  the  connection  between  forearc  gravity  and  orogenic  structure  via 

 the  suggested  mechanism  makes  our  interpretation  of  gravity  anomalies  much  more 

 coherent  than  the  hypothesis  of  Song  and  Simons  (2003).  This  is  because  they 

 argue  that  gravity  highs  are  caused  by  low  friction  and  vice  versa,  which  is 

 impossible  to  reconcile  with  the  force  balance  of  the  orogenic  structure  along  the 

 Andean  margin.  Instead,  if  gravity  highs  are  related  to  a  positive  VW  effect  inside  a 

 frictionally  unstable  seismogenic  zone  in  contrast  to  gravity  lows  being  related  to 

 conditionally  stable  conditions,  the  relation  between  forearc  gravity  and  Andean 

 structure stands. 

 2.5.2.2.  Small-Scale  (<  km)  Variability  and  Seismic  Segmentation  Model  for  10  2 

 the Chilean Margin 

 We  observed  in  Figure  2.7  a  good  correlation  between  the  remarkable  latitudinal 

 variability  of  EOF  Δg  and  along-strike  patterns  of  coseismic  slip.  Therefore,  we 

 define  a  smaller  scale  (  km)  segmentation  model  based  exclusively  on  10  1 −  10  2 

 EOF  Δg  .  For  this,  we  initially  choose  as  unitary  segment  boundaries  all  those  points 

 in  Figure  2.7  that  are  marked  by  the  condition  EOF  Δg  =  0  (in  our  final  segmentation 

 model  they  are  the  boundaries  at  20.35°S,  31.4°S,  35.7°S,  36.5°S,  37.6°S,  38.6°S, 

 40.85°S,  42°S,  43.2°S,  and  44°S).  However,  we  noted  that  between  25°  and  31°S 

 there  are  three  regions  where  such  a  selection  would  be  better  done  (in  terms  of 

 identifying  a  clear  and  marked  segment  boundary)  if  we  considered  the  notable  local 

 minima  of  EOF  Δg  that  lays  in  between  two  nearest  points  where  EOF  Δg  =  0 

 (unitary  segment  boundaries  at  25.2°S,  27.5°S,  and  29.8°S).  Keeping  this  last 

 criterion in mind, we also noted other six regions where the intermediate to long 

 wavelength  tendency  of  EOF  Δg  was  reverted  by  the  occurrence  of  local  minima  or 

 maxima,  and  that  these  points  tend  to  coincide  with  the  limits  of  coseismic  slip 

 patterns.  Based  on  these  observations,  we  decided  to  also  include  these  points  in 

 the  segmentation  model  (unitary  segment  boundaries  at  19.1°S,  21.6°S,  23.6°S, 

 33.0°S, 33.9°S, and 39.8°S). 
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 We  note  that  the  along-strike  slip  areas  of  all  the  Mw  <  8.5  earthquakes  that  ruptured 

 unitary  coseismic  asperities  below  the  Central  Andean  forearc  are  strongly  limited  by 

 the  boundaries  of  our  segments.  The  Valdivia  1960  and  Maule  2010  earthquakes 

 reached  their  larger  size  by  rupturing  multiple  asperities  across  several  of  our 

 proposed  segment  boundaries.  Yet,  these  boundaries  seem  to  coincide  with  lows  in 

 the  along-strike  slip  distribution  of  these  earthquakes  (Figure  2.7).  Most  of  the 

 segment  boundaries  are  also  apparent  in  the  latitudinal  tendencies  of  the  other  two 

 proxies, although their recognition using only EOF Φb and EOF Λ is difficult. 

 In  order  to  generate  georeferenced  polygons  of  the  unitary  seismic  segments,  we 

 projected  the  latitude  of  each  identified  boundary  at  the  trench  (as  in  Figure  2.7) 

 inland  for  150  km  perpendicular  to  the  trench  axis  (i.e.,  the  total  length  of  the  original 

 trench-perpendicular  profiles  used  for  PCA).  By  joining  the  end  points  of  these 

 trench-perpendicular  lines  we  created  the  polygons  representing  our  unitary  seismic 

 segments  (Table  S1).  These  polygons  are  plotted  in  Figure  2.8  on  top  of  the  maps 

 obtained  for  each  frictional  proxy  considering  the  first  mode  (  )  and  triple  PCA  𝐾 =  1 

 combination  (C  =  3).  Figure  2.8  allows  to  better  appreciate  the  relation  between 

 segment  boundaries  and  strong  latitudinal  gradients  of  the  residual  gravity  anomaly 

 and to see that most of these boundaries are also marked in the Φ b and Λ maps. 

 Maps  of  Figure  2.8  also  offer  a  more  explicit  view  of  the  first  order  spatial  correlation 

 of  frictional  proxies  be-  tween  them,  with  the  slip  distribution  of  instrumental 

 earthquakes  and  rupture  zones  of  historical  events.  This  allows  us  to  provide  an 

 extended  description  of  small-scale  variations  of  the  proxies  and  their  relation  to 

 underlying  changes  in  the  frictional  structure  of  the  megathrust.  Particularly  and  as 

 noted  above,  the  Central  Andean  forearc  is  overall  characterized  by  positive  values 

 of  the  three  proxies,  pointing  to  an  elevated  shear  stress  (high  Λ)  as  a  consequence 

 of  large  values  of  basal  friction  (high  )  and  normal  stress  b  (high  Δg).  Inside  this Φ
 𝑏 

 tendency,  zones  of  reduced  gravity  anomaly  (i.e.,  lower  normal  stress)  that  define 

 the  boundaries  of  our  unitary  seismic  segments  strongly  coincides  with  zones  of 

 reduced  locking  (low  shear  stress)  and  less  clearly  with  areas  of  low  friction  (most 

 notably  at  27.3°S  and  particularly  at  23.5°S  where  it  coincides  with  the  Mejillones 

 Peninsula).  The  strong  positive  correlation  between  the  three  proxies  is  less  obvious 

 southward of 31.5°S, that is, transitioning toward the Southern Andean segment. For 
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 Figure  2.8:  Seismic  segmentation  model.  Right  half:  unitary  seismic  segments  (polygons  with  black 

 outline)  are  plotted  on  top  of  maps  obtained  for  each  frictional  proxy  (Δg  residual  gravity  anomaly,  Λ 

 degree  of  interseismic  locking,  basal  friction)  after  considering  only  the  first  mode  for  the  triple Φ
 𝑏 

 Principal  Component  Analysis  combination  (i.e.,  k  =  1  and  C  =  3  in  Figure  2.5).  These  maps  also 

 show  the  slip  distribution  of  instrumentally  recorded  earthquakes  (with  contouring  as  in  Figure  2.1). 

 Thin  red  lines  mark  the  intersection  of  unitary  segment  boundaries  with  the  trench.  Red  labels  inside 

 each  segment  indicate  its  identification  code  that  is  formed  by  the  first  letter  of  the  respective  master 

 segment  and  a  number  ordered  from  north  to  south.  Left  half:  vertical  lines  represent  length  of 

 earthquake  ruptures  that  are  well-constrained  (black  line)  by  modern  slip  models  of  instrumental  data, 

 moderately  constrained  (dark-  gray  lines)  by  old  instrumental  data  (Beck  et  al.,  1998)  or  modeling  of 

 historical  evidence  (Carvajal  et  al.,  2017),  and  badly  constrained  (light-gray  lines)  by  historical 

 information  (Beck  et  al.,  1998;  Cisternas  et  al.,  2018;  Comte  &  Pardo,  1991;  Saillard  et  al.,  2017). 
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 Colors  at  termination  points  of  well-  and  moderately  constrained  ruptures  give  a  range  of  distance  to 

 the  closest  segment  boundary.  Brown  horizontal  bands  show  the  location  and  categorization  of 

 seismic  barriers  proposed  by  Philibosian  and  Meltzner  (2020;  P&M20).  The  leftmost  panel  shows 

 segments  and  names  associated  to  the  first  and  second-order  orogenic  segmentation  (black  letters  on 

 white  background;  Tassara  &  Yáñez,  2003)  and  our  definition  of  master  seismic  segments  (white 

 letters  on  black  background).  Master  segments  are  bounded  by  barriers  named  ARI  (Arica),  MEJ 

 (Mejillones), TAL (Taltal), LSR (La Serena), PCH (Pichilemu), and AUC (Arauco). 

 instance,  the  gravity  anomaly  is  markedly  negative  in  the  unitary  segments  VP2, 

 VP3,  and  M1  suggesting  a  rather  low  normal  stress.  As  friction  also  changes  along 

 these  segments  from  positive  to  negative,  it  may  be  expected  to  observe  a  negative 

 locking  anomaly  attesting  for  a  low  shear  stress.  However,  this  is  true  only  for 

 segment  M1  (area  of  the  maximum  coseismic  slip  of  the  2010  Maule  earthquake), 

 whereas  segments  VP2  and  VP3  show  high  locking.  A  similar  situation  is  observed 

 in  segments  VD3  and  VD6  that  are  also  characterized  by  positive  values  of  Λ  and 

 negative  and  Δg.  As  mentioned  above,  negative  values  of  the  long-term  frictional Φ
 𝑏 

 proxies  (  and  Δg)  inside  the  VW  seismogenic  zone  can  be  related  to  a Φ
 𝑏 

 conditionally  stable  regime.  This  allows  a  range  of  possible  short-term  seismic 

 behaviors,  including  the  possibility  to  become  locked  and  accumulate  slip  deficit  that 

 can  be  translated  in  high  values  of  Λ  as  observed  for  these  particular  unitary 

 segments.  In  this  sense,  high  locking  here  is  not  necessarily  related  to  high  shear 

 stress  associated  to  unstable-sliding  friction  as  in  the  Central  Andean  segments  but 

 to the transient coupling of conditionally stable patches. 

 The  only  region  south  of  33°S  where  the  normal  stress  could  be  high  enough  (EOF 

 Δg  >  0)  to  keep  the  megathrust  in  a  dominantly  unstable  condition  is  the  Arauco 

 Peninsula  (segments  M2,  M3,  and  VD1).  This  is  true  even  considering  the  rather  low 

 basal  friction  observed  there  because  frictional  stability  regimes  are  not  controlled  by 

 friction  itself  but  by  the  combination  of  normal  stress  and  material  properties  (see 

 Equation  2).  The  Arauco  Peninsula  is  the  largest  morphostructural  anomaly  of  the 

 Andean  forearc  (Jara-Muñoz  et  al.,  2015;  Melnick  et  al.,  2009;  Saillard  et  al.,  2017) 

 and  is  characterized  by  a  relatively  high  seismicity  rate,  being  also  the  nest  for  most 

 of  the  large  earthquakes  of  the  southern  segment  (i.e.,  Melnick  et  al.,  2009;  Ojeda  et 

 al.,  2020;  Ruiz  &  Madariaga,  2018;  Tassara,  2010).  This  includes  the  1960  and  2010 
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 earthquakes,  which  occurred  respectively  at  the  southern  and  northern  limits  of  the 

 Arauco  Peninsula.  The  recurrence  interval  informed  by  historical  and  continuous 

 paleoseismic  records  derived  from  independent  proxies  for  predecessors  of  the  giant 

 1960  earthquake  (Cisternas  et  al.,  2005,  2018;  Kempf  et  al.,  2020;  Moernaut  et  al., 

 2018)  is  ∼300  years.  Whether  such  a  short  recurrence  interval  for  great-to-giant 

 earthquakes  is  different  to  what  could  be  observed  along  the  dominantly 

 unstable-friction  Central  Andean  megathrust  (for  which  paleoseismic  records  are 

 scarce  and  inconclusive;  Leon  et  al.,  2019;  Vargas  et  al.,  2005)  or  if  this  is  a 

 characteristic  feature  of  a  predominantly  conditionally  stable  megathrust,  is  not 

 warrant  at  the  moment.  Comparison  with  other  subduction  zone  segments 

 characterized  by  gravity  lows  and  with  predictions  of  dynamic  rupture  models  in  the 

 future could be useful to explore this hypothesis. 

 Complementary  to  Figure  2.7,  we  note  in  Figure  2.8  that  the  identified  unitary 

 seismic  segments  strongly  match  the  slip  patches  of  instrumental  events,  both  for 

 earthquakes  rupturing  one  asperity  as  well  as  for  multi-asperity  giants.  We  also  note 

 that  all  of  the  13  termination  points  of  the  seven  instrumentally  determined  rupture 

 lengths  are  less  than  25  km  apart  from  one  of  our  segment  boundaries,  with  five  of 

 them  laying  within  10  km.  If  we  add  the  less  well-constrained  rupture  lengths  of  the 

 1943,  1928,  1922  (Beck  et  al.,  1998)  and  1730  (Carvajal  et  al.,  2017)  earthquakes, 

 nine  of  20  termination  points  would  fall  within  10  km  of  a  segment  boundary.  Figure 

 2.8  also  shows  estimated  rupture  lengths  of  historical  earthquakes  but  we  prefer  to 

 omit  their  termination  points  from  this  analysis  because  the  connection  between 

 historical  information  of  these  events  and  their  possible  slip  sources  has  not  been 

 studied  with  sufficient  detail,  as  done  by  Carvajal  et  al.  (2017)  to  estimate  the  length 

 of  the  giant  1730  earthquake.  Nevertheless,  the  termination  points  of  these  badly 

 constrained historical events also fit with the identified unitary segment boundaries. 

 We  plotted  in  Figure  2.8  the  extent  of  seismic  barriers  included  in  the  global  catalog 

 of  Philibosian  and  Meltzner  (2020,  hereafter  P&M20)  who  identified  and  categorized 

 barriers  based  on  a  systematic  analysis  of  earthquakes  chronologies  and  cyclicity 

 patterns.  All  the  P&M20′s  barriers  coincide  with  one  of  our  unitary  segment 

 boundaries,  which  is  not  surprising  given  the  already  appreciated  coincidence  with 

 earthquakes  rupture  lengths.  P&M20  divided  their  barriers  in  three  categories: 
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 persistent  (rarely  or  never  traversed),  frequent  (occasionally  traversed)  and 

 ephemeral  (changing  location  from  cycle  to  cycle).  Persistent  barriers  can  be  sharp 

 (50  km  width),  allowing  almost  no  overlap  of  contiguous  ruptures,  or  broad  zones 

 (150  km  width)  where  earthquakes  of  both  contiguous  segments  can  penetrate  but 

 not  fully  traverse.  P&M20  recognized  seven  barriers  along  the  Chilean  margin,  from 

 which  6  are  persistent  and  the  other  is  frequent.  This  is  remarkable  if  compared  with 

 the  Peru-Ecuador  margin  or  Cascadia  where  almost  no  persistent  barriers  are 

 identified  or  Japan  where  half  of  them  are  persistent.  Barriers  segmenting  the 

 Central  Andean  megathrust  (ARI,  MEJ,  TAL,  and  LSR  in  Figure  2.8)  are  all 

 persistent  and  sharp,  whereas  two  broad  persistent  barriers  are  identified  along  the 

 Southern  Andes.  One  of  them  (associated  with  PCH  in  Figure  2.8)  is  located  around 

 35°S  and  its  length  coincides  with  the  northernmost  asperity  ruptured  by  the  Maule 

 2010  earthquake.  The  other  broad  barrier  is  the  Arauco  Peninsula  around  37.5°S 

 (AUC  in  Figure  2.8).  It  is  noteworthy  to  mention  that  there  is  only  one  other  broad 

 persistent  barrier  in  the  P&M20  catalog,  corresponding  to  the  Central  Mentawai 

 segment  along  the  Sumatra  megathrust.  Whether  this  region  shares  some  structural 

 similarities  with  the  southern  Andean  barriers  is  unclear,  although  at  least  it  doesn  ́t 

 seem  to  be  related  to  any  morphological  anomaly  or  correlated  with  a  zone  of 

 reduced  interseismic  locking  degree  (Philibosian  &  Meltzner,  2020),  as  is  the  case  in 

 Chile.  In  fact,  all  the  Chilean  persistent  barriers  are  associated  with  zones  of 

 relatively  low  locking  inside  an  overall  high  locking  megathrust  as  has  been 

 documented  by  previous  authors  (Chlieh  et  al.,  2004;  Metois  et  al.,  2016;  Moreno  et 

 al.,  2010,  2012;  Philibosian  &  Meltzner,  2020;  Saillard  et  al.,  2017)  and  can  be 

 clearly  appreciated  in  Figure  2.8.  As  shown  by  Saillard  et  al.  (2017),  these 

 low-locking  persistent  barriers  are  correlated  with  zones  of  permanent  coastal  uplift 

 as evidenced by rapidly uplifted Quaternary marine terraces around Peninsulas. 

 As  we  acknowledge  the  coincidence  between  our  segment  boundaries  and  those 

 proposed  by  P&M20,  we  find  it  useful  to  follow  their  definition  of  master  seismic 

 segments.  A  “master  segment”  represents  for  them  “the  maximum-length  rupture 

 that  can  plausibly  occur  on  that  section  of  the  fault”  and  in  this  sense  they  can  be 

 fundamental  inputs  for  seismic  and  tsunami  hazard  assessment  (e.g.,  Gerstenberger 

 et  al.,  2020).  Given  this  definition,  master  segments  must  be  bounded  by  persistent 

 barriers  (either  sharp  or  broad)  and  can  be  composed  by  more  than  one  coseismic 
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 asperity.  Master  segments  included  in  our  model  (Figure  2.8)  are  named  as  those 

 defined  by  P&M20,  with  a  minor  change  to  reflect  only  names  of  the  greatest 

 earthquake  for  each  segment.  Based  on  this  nomenclature,  we  assigned  an 

 identification  code  to  unitary  segments  that  considers  the  letters  of  the  master 

 segment  and  a  correlative  number  from  north  to  south  (see  Figure  2.8).  The  spatial 

 extend  of  our  master  segments  are  almost  identical  to  P&M20,  which  reflects  the 

 coincidence  in  the  location  of  persistent  barriers.  This  is  clear  for  all  the  sharp 

 Central  Andean  barriers  and  the  AUC  barrier,  which  is  centered  in  the  segment 

 boundary  that  we  located  at  37.5°S.  However,  our  PCH  barrier  is  located  at  the 

 northern  limit  of  the  broader  Consititución-Pichilemu  barrier  of  P&M20  that  coincides 

 with our unitary segment M1. 

 P&M20  identified  one  frequent  barrier  that  coincides  with  the  boundary  between 

 segments VP1 and VP2. 

 This  barrier  was  traversed  by  the  giant  1730  earthquake  but  constitutes  the  southern 

 limit  of  the  1943  and  2015  earthquakes  and  the  northern  limit  of  the  1906  and  1822 

 events.  Several  of  our  unitary  segment  boundaries  that  were  unrecognized  by 

 P&M20  could  be  also  categorized  as  frequent  barriers,  since  they  have  been 

 traversed  by  great  earthquakes  but  limited  the  rupture  propagation  of  smaller 

 intersegment  events.  Some  of  our  boundaries  have  never  limited  well-constrained 

 ruptures.  However,  the  boundary  at  the  center  of  the  Copiapo  master  segment  for 

 instance seems to be the limit of some badly constrained historical events and 

 is  associated  to  frictional  heterogeneity  as  suggested  by  time-dependent  rupture 

 features  of  the  1922  earthquake  (Beck  et  al.,  1998)  and  the  occurrence  of  seismic 

 swarms  (Ruiz  &  Madariaga,  2018).  Similarly,  unitary  segment  boundaries 

 unrecognized  by  P&M20  along  the  Valdivia  master  segment  seems  to  fragment  the 

 slip  distribution  of  the  1960  giant  into  several  sub-asperities  (Figure  2.8).  In  this 

 sense,  it  is  worth  to  note  that  the  Mw7.6  Melinka  2016  earthquake  (Moreno  et  al., 

 2018)  ruptures  within  segment  VD6  and  its  northern  limit  coincides  with  a  unitary 

 segment  boundary  that  was  apparently  traversed  by  great  historical  earthquakes  in 

 southern Chile (1960, 1837 and 1575). 

 The  intermediate-scale  (10  2  km)  segmentation  level  provided  by  master  segments 

 nicely  bridges  scales  between  the  unitary  seismic  segments  and  the  first-order 
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 margin  segmentation.  The  coincidence  between  most  of  the  master  seismic 

 segments  and  second-order  orogenic  segments,  as  noted  in  Figure  2.8,  further 

 support  the  suggested  long-term  link  between  the  frictional  structure  of  the 

 megathrust and the construction of the Andean cordillera. 

 2.5.3. Structural Controls on Seismic Segmentation 

 One  important  question  regarding  seismic  segmentation  patterns  is  the  physical 

 nature  of  barriers  and  their  possible  link  to  structural  features  of  both  converging 

 plates  (e.g.,  Aki,  1979;  Bassett  &  Watts,  2015a,  2015b;  Bilek  &  Lay,  2018;  Lay  & 

 Kanamori,  1981;  Philibosian  &  Meltzner,  2020;  Wang  &  Bilek,  2014).  Although  the 

 adjective  “persistent”  refers  to  quite  different  time-scales  when  applied  to  earthquake 

 rupture  segmentation  (10  2  –10  3  yr)  compared  to  plate  structure  (10  5  –10  6  yr),  it  is 

 expectable  that  persistent  seismic  barriers  can  be  related  to  persistent  structural 

 features of the subduction zone, more precisely to geologic structures of one 

 or both plates. 

 Oceanic  ridges,  seamount  chains  and  fracture  zones  has  been  proposed  to  act  as 

 barriers  globally  (e.g.,  Bassett  &  Watts,  2015a,  2015b;  Wang  &  Bilek,  2014)  and 

 along  the  Chile  Margin  (e.g.,  Carena,  2011;  Contreras-Reyes  &  Carrizo,  2011; 

 Sparkes  et  al.,  2010;  Saillard  et  al.,  2017).  We  note  in  Figure  2.9  that  all  the 

 subducting  bathymetric  anomalies  are  directly  related  to  one  of  our  unitary  segment 

 boundaries.  Most  of  them  (Iquique  Ridge,  Mejillones  FZ,  TalTal  Ridge,  Challenger 

 FZ,  Mocha  FZ)  are  related  to  persistent  barri-ers  but  some  others  (Copiapo  and  Juan 

 Fernandez  Ridges)  are  not.  For  the  case  of  the  frictionally  unstable  megathrust 

 underneath  the  Central  Andean  forearc  and  the  Arauco  Peninsula,  the  subduction  of 

 oceanic  features  should  be  related  to  a  reduction  of  the  VW  effect,  shifting  the 

 frictional  regime  to  a  conditionally  stable  situation  for  which  creep  is  possible  (as 

 imaged  by  reduced  locking  in  Figure  2.8  and  noted  by  Metois  et  al.,  2016  and 

 Saillard  et  al.,  2017).  In  this  context,  the  coincidence  of  some  peninsulas  with 

 persistent  barriers,  via  reduced  interplate  locking,  creeping  and  enhanced  upper 

 plate  deformation,  can  be  a  consequence  of  an  underlying  subducting  plate  control 

 as  suggested  by  Saillard  et  al.  (2017).  The  shift  from  unstable  to  conditionally  stable 

 friction  along  subducted  features  could  be  due  to  a  localized  increase  in  pore 

 pressure,  as  water  contained  in  sediments  deposited  at  flexural  moats  (Bassett  & 
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 Watts,  2015a,  2015b)  and/or  inside  the  over-fractured  hydrated  lithosphere  around 

 seamounts  (e.g.,  Kopp  et  al.,  2004)  can  be  expelled  into  the  megathrust.  The 

 enhanced  hydration  of  the  subducting  oceanic  plate  and  focusing  of  water  influx  into 

 the  upper  plate  above  subducted  anomalies  reduces  density  and  can  explain  the 

 reduced gravity anomaly. 

 Other  three  fracture  zones  are  related  to  segment  boundaries  along  the  Valdivia 

 master  segment.  However,  as  we  infer  that  the  megathrust  here  is  dominated  by  a 

 conditionally  stable  frictional  regime,  a  further  reduction  of  the  already  low  effective 

 normal  stress  is  unlikely.  In  addition,  we  note  that  all  the  subducting  features  are 

 associated  with  segment  boundaries  but  not  all  these  boundaries  correlate  with  a 

 subducted  anomaly,  implying  that  the  subduction  of  a  bathymetric  anomaly  is  a 

 sufficient  but  not  necessary  condition  to  create  a  seismic  barrier,  as  also  observed  by 

 others  (e.g.,  Philibosian  &  Meltzner,  2020;  Wang  &  Bilek,  2014).  The  upper  plate 

 geologic  structure  must  be  likely  playing  a  role.  Such  a  role  has  been  suggested  at 

 other  subduction  zones  (e.g.,  Collot  et  al.,  2004;  Li  &  Liu,  2017;  Wells  et  al.,  2017) 

 and  along  the  Chilean  margin  (Bejar-Pizarro  et  al.,  2013;  Jara-Muñoz  et  al.,  2015; 

 Melnick  et  al.,  2009;  Saillard  et  al.,  2017;  Sobiesiak  et  al.,  2007;  Tassara,  2010; 

 Victor  et  al.,  2011).  Similar  to  ocean  floor  anomalies,  upper  plate  structures  can 

 influence  rupture  segmentation  creating  geometric  discontinuities,  frictional 

 heterogeneities  and/or  focused  fluid  flow  (e.g.,  Philibosian  &  Meltzner,  2020)  and 

 delimiting  rock  bodies  with  contrasting  lithologies  and  physical  properties.  We 

 compare  in  Figure  2.9  our  unitary  seismic  segments  with  a  simplified  geologic  map 

 of  the  Chilean  forearc  that  highlight  main  lithologic  contrasts  between 

 igneous-metamorphic  basement  units.  This  is  compared  with  the  residual  gravity 

 anomaly  map  obtained  when  considering  the  triple  combination  (C  =  3)  and  the  two 

 higher  PCA  modes  (  in  Figure  2.5).  As  expected,  this  map  shows  more  𝐾 =  1 +  2 

 detail  than  the  gravity  anomaly  map  of  Figure  2.8  and  we  preferred  it  here  because  it 

 allows  us  to  better  appreciate  a  possible  relationship  with  the  smaller-scale  geologic 

 structure.  Figure  2.9  also  includes  a  map  of  the  average  forearc  density  that  was 

 computed  from  the  seismically  constrained  3D  density  model  of  Tassara  and 

 Echaurren (2012). 
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 Figure  2.9:  Comparison  between  residual  gravity,  density  and  geologic  structure.  Right  panel  shows 

 the  reconstructed  map  of  Δg  for  C  =  3  and  k  =  1  +  2  (as  in  Figure  2.5)  with  inferred  segments  of  the 

 seismogenic  zone  (Figure  2.6)  and  a  map  of  average  forearc  density  computed  from  the  3D  density 

 model  of  Tassara  and  Echaurren  (2012).  Left  panel  shows  a  shaded-relief  topography-bathymetry 

 map  (GEBCO_2020  grid)  on  top  of  which  we  plot  the  main  geological  units  of  the  Chilean  forearc  (Ki: 

 Cretaceous  intermediate  intrusives.  JKv:  Jurassic-Cretaceous  intermediate-mafic  volcanics.  Ji: 

 Jurassic  intermediate-mafic  intrusives.  Pzi:  Upper  Paleozoic  intermediate-felsic  intrusives.  Pzm: 

 Upper  Paleozoic  metamorphic  complex)  extracted  from  the  1:1.000.000  geological  map  of  Chile 

 (SERNAGEOMIN, 2002) and bathymetric anomalies of the Nazca plate. 
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 We  first  note  a  major  difference  in  the  geologic  configuration  of  the  Central  and 

 Southern  Andean  segments.  The  Coastal  Cordillera  north  of  33.5°S  predominantly 

 consists  of  Mesozoic  mafic-to-intermediate  igneous  rocks  and  isolated  Paleozoic 

 metasediments.  Contrastingly,  the  Southern  Andean  forearc  is  mostly  formed  by 

 larger  sections  of  the  metamorphic  complex  that  are  locally  intruded  by  intermediate 

 composition  granitoids  of  the  Late  Paleozoic.  Based  on  the  lithologies  of  each 

 geologic  unit  and  following  the  characterization  of  rock  density  of  Tassara  et  al. 

 (2006),  we  assigned  ranges  of  density  to  these  units.  We  observe  that  the  upper 

 crust  is  denser  along  the  entire  Central  Andean  forearc  and  segments  M2  and  M3 

 (Arauco  Peninsula)  compared  to  the  rest  of  the  Southern  Andean  forearc.  This 

 tendency  is  also  reproduced  by  the  average  forearc  density,  although  this  is  much 

 clearly  observed  in  the  offshore  than  along  the  Coastal  Cordillera.  The  described 

 spatial  tendencies  of  surface  and  bulk  crustal  density  are  fully  consistent  with  the 

 pattern  of  Δg  suggesting  a  first-order  control  of  the  long-term  geologic  structure  of 

 the  upper  plate  on  the  already  discussed  large-scale  megathrust  frictional 

 segmentation. 

 At  a  smaller  scale,  we  note  a  clear  correlation  between  boundaries  of  master 

 segments  and  upper  crustal  faults.  All  the  persistent  barriers  are  associated  to 

 notable  trench-ward  inflections  in  the  strike  of  margin-parallel  fault  zones  and/or  the 

 occurrence  of  (mostly)  NW-oriented  structures.  The  most  notable  upper  crustal  faults 

 are  imaged  by  pronounced  topographic  lineaments  in  Figure  2.9  and  are  related  to 

 the  old  geological  structure  of  the  margin,  for  example,  the  Cretaceous  Atacama  fault 

 zone  in  northern  Chile  (e.g.,  Charrier  et  al.,  2007)  or  the  Late  Paleozoic  NW-oriented 

 Lanalhue  fault  at  the  south  of  the  Arauco  Penin-sula(e.g.,  Melnick  et  al.,  2009).  In 

 addition,  some  unitary  segment  boundaries,  unrecognized  as  P&M20  persistent 

 barriers,  are  also  associated  to  upper  plate  faults,  as  is  most  notable  for  the 

 Valparaiso  and  Maule  segments.  Indeed,  the  coseismic  slip  segmentation  of  the 

 2010  Maule  earthquake  has  been  already  related  to  a  very  likely  upper  plate  control 

 (Bishop  et  al.,  2019;  Hicks  et  al.,  2014;  Jara-Muñoz  et  al.,  2015;  Moreno  et  al., 

 2012). 

 Large  upper  plate  faults  can  control  from  above  the  occurrence  of  geometric, 

 frictional  and/or  hydraulic  heterogeneities  on  the  megathrust  (e.g.,  Philibosian  & 

 Meltzner,  2020)  and  they  also  delimit  blocks  with  contrasting  lithologies  and 
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 densities.  The  occurrence  of  a  large  and  high-density  batholith  on  top  of  the  asperity 

 ruptured  by  the  Antofagasta  1995  earthquake  is  remarkable  (Sobiesiak  et  al.,  2007), 

 as  it  is  the  presence  of  a  high  Vp  crustal  anomaly  associated  to  a  Paleozoic  batholith 

 that  is  located  10–20  km  eastward  to  the  epicenter  of  the  Maule  2010  earthquake 

 (Hicks  et  al.,  2014).  This  anomaly  is  related  to  a  gravity  high  observed  at  the 

 boundary  between  unitary  segments  M1  and  M2  (Figures  2.8  and  2.9).  This  gravity 

 high  prolongs  southward  into  the  Arauco  Peninsula  and  coincides  with  the  extension 

 of  a  large  Upper  Paleozoic  batholith  that  is  also  marked  by  high  seismic  velocities 

 (Haberland  et  al.,  2009;  Moreno  et  al.,  2014)  and  density  (Tassara,  2010).  In  this 

 sense,  the  AUC  barrier  can  be  described  as  a  large  high-density  anomaly  immersed 

 (intruded  actually)  into  a  forearc  mostly  composed  by  the  low-density  Paleozoic 

 metamorphic complex. 

 Finally,  we  observe  that  our  unitary  segment  boundaries  are  always  associated  to  an 

 anomalous  geologic  feature  of  at  least  one  of  the  plates.  Between  these  boundaries 

 however,  persistent  barriers  seem  to  be  related  in  Figure  2.9  to  the  particular 

 situation  where  subducting  plate  anomalies  and  crustal  faults  meet  at  then 

 megathrust,  mutually  reinforcing  their  potential  effects  on  the  frictional  regime  at  the 

 seismogenic  zone  and  creating  patches  of  large  frictional  heterogeneity  that  always 

 stops  seismic  rupture  propagation.  Similar  analysis  considering  the  geologic 

 structure  of  both  plates  along  other  subduction  zones  could  test  in  the  future  the 

 generality of this important conclusion. 

 2.  6 Conclusions 

 We  believe  that  our  contribution  for  the  understanding  of  megathrust  seismogenic 

 processes  at  multiple  spatial  and  temporal  scales  is  varied  and  we  hope  that 

 researchers  interested  in  this  topic  will  appreciate  both  the  methods  developed  here 

 and the mechanical interpretations of our results. 

 On  one  side,  we  show  how  the  classical  statistical  method  of  Principal  Component 

 Analysis  (PCA)  can  be  efficiently  applied  to  (a)  generate  an  adequate  description  of 

 residual  gravity  anomalies  at  the  scale  of  an  entire  subduction  zone,  overcoming  the 

 problem  that  other  methods  (based  on  one  average  trench-perpendicular  profile) 
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 have  when  applied  to  zones  that  are  several  thousand  km  long,  (b)  analyze  the 

 spatial  correlation  between  different  proxies  of  the  frictional  structure  of  the 

 megathrust  (in  this  case  residual  gravity,  basal  friction  from  wedge  taper  theory  and 

 interseismic  geodetic  locking),  and  (c)  provide  a  first-order  representation  of  common 

 trench-perpendicular  and  along-trench  tendencies  that  can  be  used  to  infer  major 

 spatial  changes  on  seismogenic  behavior,  the  underlying  mechanical  processes  and 

 possible  controlling  factors.  Particularly  relevant  is  the  use  of  along-trench  changes 

 in  the  sign  (polarity)  of  the  Empirical  Orthogonal  Function  (EOF)  derived  from 

 residual  gravity  to  map  unitary  segment  boundaries  at  km  scale.  The  strong  10  2 

 correlation  that  we  observe  between  these  segments,  rupture  length  of  historical 

 events  and  slip  patterns  of  instrumental  earthquakes  does  demonstrate  the  very 

 potential  of  this  method.  The  application  to  other  subduction  zones  in  the  future  will 

 prove  whether  this  correlation  is  valid  only  for  the  Chilean  case  or  can  be  expanded 

 globally. 

 By  the  other  side,  the  application  of  the  rate-and-state  friction  (RSF)  law  to  interpret 

 the  spatial  variations  identified  by  PCA  resulted  in  a  particularly  useful  conceptual 

 framework  that  delivered  a  number  of  significant  conclusions.  For  instance,  a  quite 

 similar  trench-perpendicular  tendency  of  the  three  frictional  proxies  (showing  a 

 central  zone  with  positive  PC  magnitudes  and  negative  magnitudes  trenchward  and 

 downward  of  this  zone)  is  interpreted  in  this  framework  as  imaging  the  extend  of  the 

 velocity-weakening  (VW)  seismogenic  zone  bounded  by  velocity-strengthening 

 zones  outside  its  updip  and  downdip  limits.  Positive  PC  magnitudes  for  the  three 

 proxies  show  that  high  shear  traction  (directly  related  by  others  to  the  degree  of  fault 

 locking)  at  the  center  of  a  VW  seismogenic  zone  is  the  result  of  high  basal  friction 

 (directly  shown  by  our  results)  and  high  effective  normal  stress  (indirectly  shown  by 

 our  results  as  high  gravity  anomaly  that  should  be  connected  to  high  density  and 

 therefore  high  vertical  stress  loading  the  fault).  The  trench-perpendicular  location  of 

 the  seismogenic  zone  could  be  also  inferred  just  by  advocating  a  common 

 rate-independent  friction,  as  it  is  also  the  main  latitudinal  difference  between  the 

 Central  Andean  (high  values  of  shear  traction,  friction  and  normal  stress)  and 

 Southern  Andean  (low  values  for  all  of  them)  megathrust.  However,  the  use  of  the 

 RSF  law  allows  for  a  richer  fan  of  possible  interpretations  regarding  the  along-trench 
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 variations.  Particularly  and  in  comparison  with  a  gradual  north-south  decrease  of 

 locking  (shear  traction)  and  friction  along  the  limit  between  Central  and  Southern 

 Andean  forearc  segments,  the  strong  latitudinal  variation  of  the  EOF  magnitude  for 

 gravity  anomaly  (EOF  Δg  )  that  is  associated  with  the  seismic  segmentation  can  be 

 interpreted  in  the  RSF  conceptual  framework  as  connected  to  variations  of  the 

 frictional  stability  regime  inside  the  VW  seismogenic  zone.  Positive  EOF  Δg  for  most 

 of  the  Central  Andean  segment  and  the  Arauco  Peninsula  (nest  of  the  giant  1960 

 and  2010  earthquakes)  is  here  connected  to  an  intense  VW  behavior  and 

 unstable-sliding  frictional  regime.  Negative  EOF  Δg  along  the  rest  of  Southern 

 Andean  forearc  (which  include  master  seismic  segments  related  to  the  1960,  2010 

 and  the  giant  1730  earthquakes)  must  be  related  to  a  conditionally  stable  frictional 

 regime  that  opens  a  range  of  possible  seismogenic  behaviors  as  has  been 

 demonstrated  by  numerical  dynamic  rupture  models.  This  includes  interseismic  fault 

 creep  or  lock,  coseismic  rupture  arrest  or  large  slip  activated  by  a  sufficiently  rapid 

 rupture  front  propagation.  As  suggested  by  the  observation  of  high  interseismic 

 locking  patches  coinciding  with  huge  coseismic  slip  in  regions  of  negative  EOF  Δg  , 

 inferred  conditionally  stable  segments  are  actually  associated  with  this  peculiar  and 

 dangerous  seismogenic  behavior.  In  addition,  the  established  RSF  conceptual 

 framework  and  a  detailed  characterization  of  the  geological  structure  of  both  plates, 

 offers  us  a  powerful  tool  to  analyze  the  controlling  factors  behind  the  persistency  of 

 seismic  barriers.  We  concluded  that  persistent  barriers  (not  traversed  by  great 

 tsunamigenic  earthquakes)  are  likely  related  to  the  eventual  meet  at  the  megathrust 

 of  anomalous  structural  features  of  both  converging  plates,  whereas  frequent 

 barriers  (traversed  by  great  events  but  segmenting  smaller  ones)  seem  to  be  related 

 to  structures  of  only  one  plate.  Numerical  models  of  dynamic  rupture  initiation  and 

 propagation  in  the  future  that  could  be  inspired  in  some  of  our  conclusions  will  test 

 these hypotheses and their applicability to other subduction zones. 

 The  seismic  segmentation  model  that  we  left  available  as  part  of  the  Supporting 

 Information  can  be  used  for  a  number  of  applications,  being  its  use  for  seismic  and 

 tsunami  hazard  at  a  nation-wide  scale  one  of  the  most  significant.  As  grids  of  gravity 

 anomalies  are  freely  available,  our  method  to  recognize  boundaries  of  unitary 

 seismic  segments  from  EOF  Δg  can  be  easily  applied  to  Sumatra,  Japan  and 

 Cascadia  to  be  compared  with  the  barrier  catalog  of  Philibosian  and  Meltzner  (2020) 
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 and  then  to  any  subduction  zone  in  order  to  provide  viable  models  of  seismic 

 segmentation  useful  for  hazard  assessment.  The  computational  codes  along  with 

 input  and  output  files  used  in  our  analysis  are  freely  available  at 

 https://zenodo.org/record/4539046#.YCbuc3VKg5k;  we  hope  they  can  be  useful  for 

 those interested in pursuing similar research projects. 
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 3. Slip  behavior of velocity-weakening barriers 

 Chapter  three  has  been  submitted  as  an  article  to  the  journal  Nature  Geosciences  on 

 March 22th, 2022. 
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 Abstract 

 Seismic  barriers  are  fault  portions  that  promote  earthquake  rupture  arrest  and  fault 

 segmentation.  Despite  their  fundamental  role  in  controlling  the  maximum  magnitude 

 of  earthquakes,  the  nature  of  seismic  barriers  is  still  uncertain.  A  common 

 interpretation  of  barriers  as  having  velocity-strengthening  (VS)  friction,  i.e. 

 steady-state  friction  increases  with  increasing  slip  velocity,  is  inconsistent  with  the 

 thermal  control  of  friction  observed  in  laboratory  experiments  which  implies  that  most 

 subducted  VS  materials  eventually  turn  velocity-weakening  (VW)  at  some  depth. 

 Here  we  examine  the  possibility  of  VW  barriers  by  conducting  earthquake  cycle 

 simulations  along  a  VW  megathrust  segmented  by  lateral  variations  of  frictional 

 properties  and  normal  stress.  Here  we  show  that  VW  fault  segments  display  a  wide 

 range  of  behaviors,  including  permanent  barrier  behavior.  They  can  be  locked  during 

 long  periods  and  release  their  slip  deficit  either  seismically  or  aseismically.  We 

 quantify  the  efficiency  of  VW  barriers  in  arresting  ruptures  by  a  non-dimensional 

 parameter  based  on  fracture  mechanics  theory  which  can  be  constrained  by 

 observations  on  natural  faults.  This  work  provides  insights  on  how  tectonic  features 

 may  control  earthquake  patterns  and  advances  the  theoretical  underpinnings  of 

 physics-based hazard assessment. 
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 3.1 Introduction 

 Understanding  the  mechanisms  controlling  earthquake  arrest  and  limiting  the  size  of 

 their  ruptures,  is  crucial  to  elucidate  the  physics  governing  seismicity  patterns  along 

 segmented  faults  and  to  advance  physics-based  seismic  hazard  assessment  .  Faults 

 are  often  segmented  into  “asperities”  experiencing  large  slip  during  earthquakes, 

 separated  by  “barriers”  that  prevent  earthquake  propagation  (Aki,  1979;  Lay  and 

 Kanamori,  1981).  The  origin  of  barriers  in  subduction  megathrust  faults  has  been 

 attributed  to  reduced  stresses  due  to  past  ruptures,  ductile  behavior  at  high 

 temperatures  (Wang  and  Bilek,  2014),  geometrical  fault  bends  (Wesnousky,  2006), 

 subducted  bathymetric  anomalies  (Contreras  and  Carrizo,  2011;  Sparkes  et  al., 

 2010)  and  upper  plate  geological  structures  (Jara-Muñoz  et  al.,  2015;  Melnick  et  al., 

 2009;  Saillard  et  al.,  2017).  Barriers  frequently  overlap  with  features  arising  from 

 long-term  geological  processes,  such  as  geological  structures  of  the  overriding  plate 

 (Collot  et  al.,  2004)  and  positive  gravity  anomalies  (Basset  and  Watts,  2015b), 

 suggesting  a  persistent  barrier  behavior.  However,  some  barriers  lie  in  zones  of 

 negative  or  null  gravity  anomalies,  potentially  revealing  a  role  of  heterogeneous 

 friction  (Tassara,  2010;  Molina  et  al.,  2021).  Moreover,  barriers  can  display 

 non-systematic  long-term  behavior.  Most  regions  that  have  acted  as  seismic  barriers 

 during  large  historical  earthquakes  present  diverse  slip  behaviors  in  modern 

 instrumental  records,  ranging  from  aseismic  to  seismic  slip.  Geodetic  observations 

 indicate  that  regions  where  earthquakes  stop  host  aseismic  slip,  either 

 interseismically  or  postseismically  (Wang  and  Bilek,  2014;  Saillard  et  al.,  2017; 

 Plata-Martinez  et  al.,  2021),  and  areas  that  once  behaved  as  barriers  have 

 participated  later  in  earthquake  ruptures  (Basset  and  Watts.,  2015a;  Ojeda  et  al., 

 2020).  Seismic  barriers  have  been  categorized  into  persistent,  frequent  and 

 ephemeral,  according  to  the  frequency  of  earthquakes  traversing  them  (Philibosian 

 and  Melzner,  2020).  Models  with  uniform  fault  friction  properties  can  exhibit 

 spontaneous  segmentation  and  heterogeneous  stresses  (Horowitz  and  Ruina,  1989; 

 Cattania,  2019),  but  cannot  explain  barriers  that  persist  over  time  scales  much 

 longer  than  several  seismic  cycles.  Persistent  seismic  barriers  arise  more  naturally 

 from heterogeneities of material properties controlling fault strength. 

 A  diversity  of  fault  slip  patterns  can  be  numerically  simulated  within  the  framework  of 

 the  laboratory-motivated  rate-and-state  friction  (RSF)  law  (Dieterich,  1979;  Tullis, 
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 1988  ;  Marone,  1998  ).  In  this  framework,  fault  stability  is  controlled  by  the 

 dependence  of  steady-state  friction  on  slip  velocity.  In  general,  velocity-strengthening 

 (VS)  regions,  where  friction  increases  after  a  sudden  increase  in  slip  velocity,  favors 

 slow  aseismic  slip  and  earthquake  arrest,  while  velocity-weakening  (VW)  zones 

 promote  earthquake  nucleation  and  rupture  propagation  due  to  the  decrease  of 

 friction  following  a  rapid  slip  pulse.  It  seems  logical  in  this  context  to  assume  that 

 seismic  barriers  are  VS  fault  areas  segmenting  asperities  formed  by  VW  zones.  A 

 mechanical  understanding  of  VS  barriers  is  well  established  (Kaneko  et  al.,  2010) 

 and  is  being  integrated  in  the  assessment  of  the  seismic  potential  along  natural 

 faults  (Michel  et  al.,  2021).  Thus,  conceptual  models  underneath  numerical 

 simulations  commonly  assume  a  patchy  distribution  of  VS  and  VW  regions  to  explain 

 the  distribution  of,  respectively,  seismic  barriers  and  asperities  along  faults  (Barbot 

 et  al.,  2012;  Noda  and  Lapusta,  2013;  Lui  and  Lapusta,  2016;  Wei  and  Shi,  2020; 

 Lambert and Lapusta, 2021). 

 One  important  implication  of  the  VS-barrier  model  is  that  large  barriers  associated 

 with  the  along-strike  segmentation  (and  therefore  seismic  potential)  of  subduction 

 megathrusts  must  retain  their  VS  character  across  the  entire  plate  interface, 

 particularly  at  temperatures  in  the  range  expected  inside  the  seismogenic  zone  of 

 the  megathrust  (approx.  150-350⁰C,  Oleskevich  et  al.,  1999,  Hippchen  and 

 Hyndman,  2008,  Volker  et  al.,  2011).  However,  frictional  laboratory  experiments 

 show  that  this  is  possible  only  for  a  small  number  of  studied  materials  (mostly  clay 

 minerals)  that  maintain  a  VS  behavior  at  these  temperatures  (Saffer  and  Marone  , 

 2003,  Okamoto  et  al.,  2018),  whereas  most  of  the  rocks  types  and  gouges  that  are 

 relevant  in  the  subduction  environment  (unaltered  and  altered  rocks  of  the  oceanic 

 and  continental  plate,  subducted  sediments,  etc)  are  VW  inside  this  temperature 

 range  (Liu  and  Rice.,  2009,  Verberne  et  al.,  2015,  Hartog  et  al.,  2012,  Mitchell  et  al., 

 2016,  Phillips  et  al.,  2019).  Further,  even  materials  that  are  strongly  VS  at  shallow 

 depth,  such  as  clays,  eventually  turn  VW  as  they  subduct,  due  to  metamorphic 

 processes  (Spinelli  et  al.,  2016,  Sawai  et  al.,  2016,  2017).  Additionally,  some  natural 

 barriers  exhibit  intermediate  to  high  geodetically-estimated  interseismic  coupling 

 (ISC)  over  wide  areas  (Moreno  et  al.,  2010,  Metois  et  al.,  2016),  whereas  such 

 values  are  expected  for  VS  materials  only  in  narrow  stress  shadow  areas  around 

 locked  asperities  (Hetland  and  Simons,  2010).  Thus,  it  seems  unlikely  that  all 
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 seismic  barriers  along  subduction  zones  can  be  characterized  by  a  VS  frictional 

 behavior.  The  alternative  is  to  consider  the  situation  exposed  in  Fig.  3.1a  where  the 

 thermal  control  on  RSF  frictional  properties  impose  a  VW  behavior  inside  the  entire 

 seismogenic  zone  but  asperities  and  barriers  emerge  as  patches  dominated, 

 respectively, by unstable or conditionally-stable sliding. 

 Figure  3.1  :  Conceptual  model  and  numerical  simulation  setup.  a)  Conceptual  sketch  (not  to  scale)  of 

 a  thermally-controlled  velocity-weakening  (VW,  a-b<0)  subduction  megathrust  where  seismic 

 asperities  and  barriers  are  dominated  by  unstable  and  conditionally-stable  sliding.  b)  2.5D  model 

 setup  of  a  fault  with  two  seismogenic  asperities  (red  dark  bands),  a  central  VW  patch  (yellow)  whose 

 normal  stress  and  RSF  critical  slip  distance  are  varied  systematically,  and  two  VS  (a-b<0) σ
 𝑛 

 𝐷 
 𝑐 

 regions  (white)  at  the  extremes  of  the  fault.  The  fault  is  infinitely  long,  with  spatially  periodic  slip  along 

 strike, and is loaded by steady slip (constant slip rate  ) at depths beyond the seismogenic width.  𝑉 
 𝑝𝑙 
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 Previous  numerical  simulations  of  earthquake  cycles  at  seismogenic  faults  shows 

 that  conditionally-stable  VW  segments  can  also  promote  earthquake  arrest 

 (Boatwright  and  Cocco,  1996,  Hori  and  Miyazaki,  2011)  ,  but  the  spectrum  of  slip 

 behavior  displayed  by  VW  barriers  has  not  been  characterized  nor  understood.  Here 

 we  investigate  slip  patterns  emerging  on  seismic  barriers  along  VW  faults  in 

 earthquake  cycle  simulations,  as  a  function  of  parameters  controlling  the  barrier 

 strength.  We  further  recur  to  fracture  mechanics  theory  to  identify  factors  governing 

 the  efficiency  of  VW  barriers  in  arresting  ruptures.  Finally,  we  discuss  the 

 implications  of  our  results  on  seismicity  patterns  and  their  possible  link  with  structural 

 features of upper and lower plates. 

 3.2 Simulating the earthquake cycle around VW barriers 

 We  study  how  along-strike  variations  of  friction  properties  and  normal  stress  on  a 

 VW  RSF  fault  can  promote  rupture  arrest  by  performing  quasi-dynamic 

 earthquake-cycle  simulations  using  the  QDYN  software  (Luo  et  al.,  2017a).  Inspired 

 on  the  conceptual  model  of  Fig.  3.1a,  the  setup  of  our  numerical  simulations  (Fig. 

 3.1b)  considers  a  fully  VW  fault  plane  (i.e.  that  is  characterized  by  a  frictional  stability 

 parameter  (a-b)  <  0)  embedded  in  an  elastic  medium  that  is  surrounded  by  VS  (i.e. 

 (a-b)>0)  regions  at  its  extremes  and  is  loaded  by  uniform  steady  slip  at  depths 

 beyond  its  seismogenic  width  (see  Methods  3.1).  We  consider  a  2.5D  approximation 

 that  captures  the  3D  effect  of  the  finite  seismogenic  width  (here,  200  km)  at  the  low 

 computational  cost  of  2D  simulations  (see  Methods  3.5).  The  fault  contains  two 

 unstable  seismic  asperities  of  length  separated  by  a  central  VW  patch  (hereafter,  𝐿 
 𝐴 

 CVWP)  of  length  .  The  asperities  and  the  CVWP  have  different  effective  normal  𝐿 
 𝐵 

 stress  and  RSF  critical  slip  distance  .  For  models  presented  here,  both σ
 𝑛 

 𝐷 
 𝑐 

 asperities  have  fixed  properties  =  70  km,  =  95  MPa  and  =  0.1  m.  On  the  𝐿 
 𝐴 

σ
 𝑛 

 𝐷 
 𝑐 

 CVWP,  we  can  independently  vary  the  values  of  (between  20  and  60  km),  𝐿 
 𝐵 

σ
 𝑛 

 (between  95  and  400  MPa)  and  (between  0.1  and  0.4  m).  All  simulations  span  a  𝐷 
 𝑐 

 large  number  of  earthquake  cycles  over  a  period  of  ~10  kyr.  In  reference  simulations 

 without  a  contrast  in  the  frictional  properties  of  asperities  and  barrier  (no  CVWP),  all 

 events break the whole fault (see methods 3.1). 
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 3.3  Results 

 3.3.1  Diverse slip patterns on the central VW patch 

 Our  earthquake  cycle  simulations  produce  a  wide  spectrum  of  earthquake  patterns 

 (Fig.  3.2),  spanning  aseismic  to  seismic  behavior  on  the  CVWP,  similar  to  those 

 observed  in  natural  seismic  barriers.  For  instance,  the  CVWP  can  remain  strongly 

 locked  for  several  decades,  manifested  by  high  ISC  (Fig.  3.2b  and  3.2e).  The 

 accumulated  slip  deficit  due  to  this  high  locking  is  eventually  released  seismically  or 

 aseismically  via  mechanisms  that  differ  between  simulations  with  varying  and/or  𝐷 
 𝑐 

 . σ
 𝑛 

 In  CVWPs  defined  by  varying  ,  as  this  parameter  is  increased  the  nucleation  𝐷 
 𝑐 

 length  increases  proportionally,  making  the  CVWP  to  slip  aseismically  and  to  act  as 

 a  barrier  for  ruptures  arriving  from  the  unstable  asperities  (  Extended  Data  Fig.  1 

 (  See  Appendix  A2)  ,  Fig.  3.2  d-e).  These  barriers  can  have  intermediate  to  high  ISC 

 values,  with  slip  deficit  released  mostly  as  afterslip,  which  propagates  along  the 

 barrier  and  can  penetrate  the  opposite  asperity  to  trigger  a  new  earthquake,  or  via  a 

 bilateral  slow  slip  event  (Fig.  3.2e).  CVWPs  with  large  contrast  with  respect  to  the  𝐷 
 𝑐 

 asperities  experience  variable  ISC,  with  some  cycles  exhibiting  high  ISC  and  others 

 lower  ISC  (Fig.  3.2f).  The  high  ISC  cycles  follow  cycles  devoid  of  long  after-slip 

 migration,  and  culminate  in  earthquakes  that  break  the  whole  barrier  or  in  smaller 

 earthquakes  near  the  barrier  edges  (Fig.  3.2  d-e).  In  contrast,  CVWPs  having  small 

 contrast  remain  strongly  locked  during  most  cycles,  leading  to  earthquakes  that  𝐷 
 𝑐 

 break  the  barrier  entirely  or  partially  and  produce  little  afterslip  (  Extended  Data  Fig. 

 2a-b-c  (  See Appendix  A2)  ). 

 A  CVWP  defined  by  a  contrast  also  experiences  a  wide  range  of  behaviors, σ
 𝑛 

 including  the  ability  to  stop  earthquakes.  CVWPs  with  high  mostly  slip  seismically, σ
 𝑛 

 due  to  their  relatively  small  nucleation  length  (inversely  proportional  to  )  and  high σ
 𝑛 

 fault  strength  (proportional  to  )  (  Extended  Data  Fig.  1  (  See  Appendix  A2)  , σ
 𝑛 
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 Extended  Data  Fig.  2d  (  See  Appendix  A2)  ).  The  latter  enhances  the  locking  degree 

 of the CVWP, 

 Figure  3.2:  Results  of  seismic  cycle  simulations  producing  a  frequent  (top,  a,  b,  c)  and  a  permanent 

 (bottom,  d,  e,  f)  barrier.  The  frequent  barrier  is  characterized  by  ,  km  ,  whereas σ
 𝑛 

=  180     𝑀𝑃𝑎  𝐿 
 𝐵 

=  35 

 the  permanent  barrier  is  defined  by  ,  km  ).  a  and  d)  Accumulated  slip  (y-axis)  𝐷 
 𝑐 

=  0 .  38     𝑚  𝐿 
 𝐵 

=  40 

 along  the  fault  (x-axis)  during  interseismic  periods  (blue,  every  2  years)  and  during  earthquakes  (red, 

 every  5  seconds);  Black  lines  depict  the  start  and  ending  of  earthquakes.  Vertical  lines  display  the 

 edges  of  the  barrier.  b  and  e)  Temporal  evolution  (y-axis)  of  the  instantaneous  interseismic  coupling 

 (ISC,  calculated  as  explained  in  the  Methods  3.  7)  along  the  simulated  fault  (x-axis).  Blue  solid  lines 

 show  the  extent  of  earthquake  ruptures  and  green  stars  their  epicenters.  Dashed  white  lines  indicate 

 the  edges  of  the  CVWP.  c  and  f)  Instantaneous  ISC  averaged  along  the  CVWP  (red  dashed  lines)  and 

 slip  rate  averaged  across  the  fault  (black  solid  lines,  log  scale)  as  a  function  of  time.  The  horizontal 

 gray  line  indicates  our  chosen  threshold  to  define  seismic  slip  rates,  1  cm/s  (see  Methods  3.  6). 

 Aseismic  transients  are  those  that  do  not  reach  this  threshold.  ISC  in  the  CVWP  varies  throughout  the 

 seismic cycle, although the values are most often near 1 (fully locked). 
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 promoting  earthquakes  that  break  it  completely  (  Extended  Data  Fig.  2e  (  See 

 Appendix  A2)  ).  CVWPs  with  intermediate  can  also  behave  as  barriers,  stopping σ
 𝑛 

 ruptures  within  a  short  penetration  distance,  in  contrast  to  the  deep  penetration 

 found  for  barriers  defined  by  a  high  (Fig.  3.2a,  Extended  Data  Fig.  2a  (  See  𝐷 
 𝑐 

 Appendix  A2)  ).A  CVWP  that  behaves  often  as  a  barrier  may  also  host  a  few  large 

 earthquakes  because  of  a  high  ISC  (Fig.  3.2  a-b-c).  Earthquakes  stopping  in  the 

 CVWP  may  also  trigger  postseismic  slip,  which  penetrates  further  into  the  barrier  as 

 is  increased  (up  to  twice  the  value  in  the  asperities),  but  generally  without σ
 𝑛 

 spanning  the  whole  barrier  length  (Fig.  3.2b).  In  some  cases,  two  afterslip  fronts 

 coming  from  each  side  of  the  barrier  coalesce,  triggering  a  transient  slow  slip  event 

 that  spans  the  whole  barrier  and  part  of  the  asperities  (Fig.  3.2b).  But  a  very  large σ
 𝑛 

 contrast  does  not  lead  to  a  permanent  barrier.  In  a  CVWP  with  exceeding  about σ
 𝑛 

 twice  the  value  of  the  asperities,  ISC  remains  high  during  all  cycles,  postseismic  slip 

 is  confined  mainly  to  its  edges  (  Extended  Data  Fig.  2e-2f  (  See  Appendix  A2)  ),  and 

 the  percentage  of  slip  released  seismically  increases  with  increasing  ,  without  a σ
 𝑛 

 clear  distinction  between  rapid  and  slow  creep  (  Extended  Data  Fig.  1  (  See  Appendix 

 A2)  ) (see Methods 3.6). 

 3.3.2  From aseismic to seismic slip on VW barriers 

 Our  simulations  demonstrate  that  a  VW  segment  can  behave  as  a  barrier.  For  each 

 simulation,  we  quantify  the  barrier  efficiency  by  the  probability  P  that  an  earthquake 

 breaks  the  whole  CVWP.  The  value  of  P  depends  on  the  barrier  properties  (Fig. 

 3.3a-b):  P  decreases  with  increasing  and  has  a  non-monotonic  dependence  on  𝐷 
 𝑐 

σ
 𝑛 

 (decrease  followed  by  increase  when  exceeds  twice  the  asperities’  value). σ
 𝑛 

 Adopting  the  nomenclature  proposed  by  Philibosian  and  Melzner  (2020)  ,  we  define 

 ephemeral  barriers  by  P  >=  80%,  frequent  barriers  by  15%  <  P  <  80%  and 

 permanent  barriers  by  P  <=  15%.  Among  CVWPs  defined  by  a  contrast,  those  𝐷 
 𝑐 

 that  have  a  short  length  do  not  behave  as  permanent  barriers  (see  cases  with  =20  𝐿 
 𝐵 

 km  in  Fig.  3.3c).  More  efficient  barriers  accommodate  more  slip  aseismically:  smaller 

 P  values  are  associated  with  larger  ratios  between  aseismic  and  seismic  slip  (Fig. 

 3.3c). 
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 3.3.3  Fracture mechanics on VW barriers 

 To  better  understand  the  physics  governing  VW  barriers  and  to  quantify  their 

 efficiency,  we  recur  to  Linear  Elastic  Fracture  Mechanics  (LEFM,  see  Methods  3.2). 

 LEFM  predicts  that  an  earthquake  can  propagate  through  a  barrier  if  its  static  energy 

 release  rate  is  equal  or  higher  than  energy  dissipated  by  slip  in  the  barrier  (the  𝐺 
 𝑜 

 fracture  energy  ),  in  particular  earthquakes  propagate  if  ;  otherwise  they  𝐺 
 𝑐 

 𝐺 
 𝑜 

≥  𝐺 
 𝑐 

 stop.  Both  and  can  be  computed  from  the  fault  stresses  obtained  in  our  𝐺 
 𝑐 

 𝐺 
 𝑜 

 earthquake  cycle  simulations  (see  Methods  3.2  ). 

 Figure  3.3:  The  diversity  of  slip  behaviors  in  VW  barriers.  Probability  (P  in  percentage)  of  earthquake 

 ruptures  crossing  the  barrier  as  a  function  of  Dc  (a)  in  CVWPs  defined  by  a  contrast  and  of  (b)  in  𝐷 
 𝑐 

σ
 𝑛 

 CVWPs  defined  a  contrast.  (c):  Probability  (P)  of  earthquake  ruptures  crossing  the  barrier  as  a σ
 𝑛 

 function  of  the  ratio  of  aseismic  to  seismic  slip  averaged  inside  the  CVWP  (see  Methods  3.  6),  for 

 barriers  defined  by  high  (red  circles)  and  by  high  (blue  stars).  Horizontal  gray  lines  separate  𝐷 
 𝑐 

σ
 𝑛 

 permanent  (P  <  15%),  frequent  (15%  <  P  <  80%)  and  ephemeral  barriers  (P>80%).  Permanent 

 barriers  are  obtained  by  increasing  but  not  by  increasing  .  Symbol  sizes  are  scaled  by  =  𝐷 
 𝑐 

σ
 𝑛 

 𝐿 
 𝐵 

 length of the CVWP. 
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 Our  results  indicate  that  most  earthquakes  stopping  in  the  barrier  satisfy  the  arrest 

 condition  (Fig. 3.4a).  𝐺 
 𝑜 
   <  𝐺 

 𝑐    

 Noting  that  is  proportional  to  and  (e.g.  Rubin  and  Ampuero,  2005,  equation  𝐺 
 𝑐 

 𝐷 
 𝑐 
   σ

 𝑛 

 24),  this  explains  why  barrier  efficiency  increases  with  increasing  or  Thus  the  𝐷 
 𝐶 

σ
 𝑛 
.

 persistence  of  natural  barriers  could  be  due  to  spatial  variations  of  frictional 

 properties  or  normal  stress  that  remain  unchanged  throughout  several  seismic 

 cycles.  However,  our  finding  that  permanent  barriers  cannot  be  achieved  by 

 increasing  indefinitely  their  requires  a  different  explanation:  noting  that  the σ
 𝑛 

 nucleation  length  is  inversely  proportional  to  ,  a  higher  tends  to  make  the σ
 𝑛 

σ
 𝑛 

 CVWP  more  unstable,  promoting  seismic  slip.  Notably,  several  natural  barriers  are 

 located  in  zones  where  rupture  ends  overlap  and  might  experience  coseismic  slip 

 frequently (Moreno et al., 2010, Ojeda et al., 2020,  Philibosian and Melzner, 2020  ). 

 Our  results  also  indicate  that  properties  of  adjacent  asperities  affect  a  barrier’s 

 efficiency.  Ruptures  can  penetrate  further  into  a  barrier  if  they  are  more  energetic 

 when  they  reach  the  barrier,  which  we  quantify  by  a  higher  asperity  energy  𝐺 
 𝑜𝑖 

 defined  as  the  static  energy  release  rate  measured  when  the  rupture  reaches  the 

 end of the initial asperity (Fig. 3.4b). 

 The  barrier/asperity  stress  drop  ratio  ΔTb/ΔTa  also  influences  the  rupture 

 propagation  inside  a  barrier.  For  instance  if  is  fixed  at  1,  a  lowerΔTb/ΔTa  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 promotes  further  rupture  penetration.  Assuming  uniform  stress  drop  on  both  asperity 

 and  barrier,  LEFM  predicts  that  the  barrier  efficiency  depends  on  two 

 non-dimensional  parameters,  and  ΔTb/ΔTa  (see  Methods  3.3).  Based  on  our  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 ensemble  of  simulations  (see  Methods  3.3,  3.4),  we  found  a  combination  of  these 

 two  non-dimensional  parameters  that  adequately  describes  the  efficiency  of  a 

 barrier:  the  probability  of  earthquakes  breaking  through  the  barrier  is  systematically 

 related to the following “barrier efficiency index”  𝝺 (Fig. 3.4c): 

 where  and  are constants. λ =
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑚 

 𝑇  𝑛  𝑚  𝑛 
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 Figure  3.4  :  Rupture  arrest  conditions  and  barrier  efficiency  based  on  fracture  mechanics.  (a)  Fracture 

 energy  (  ,  equation  3  in  Methods  3.  2)  and  energy  release  rate  (  ,  equation  4  in  Methods  3.  2)  𝐺 
 𝑐 

 𝐺 
 𝑜 

 numerically  evaluated  at  the  final  rupture  tip  of  earthquakes  that  stop  at  barriers  defined  by  high  𝐷 
 𝑐 

 (stars)  and  by  high  (dots).  For  reference,  the  solid  gray  line  shows  a  1:1  relation.  In  most  cases,  the σ
 𝑛 

 rupture  arrest  condition  is  verified.  (b)  Ratio  between  the  fracture  energy  of  the  barrier  (  )  𝐺 
 𝑐 

≥  𝐺 
 𝑜 

 𝐺 
 𝑐 

 and  the  static  energy  release  rate  of  the  asperity  rupture  (  )  as  a  function  of  total  rupture  length  (  )  𝐺 
 𝑜𝑖 

 𝐿 

 normalized  by  the  asperity  length  (  ),  for  all  the  events  that  stopped  within  the  barrier.  Dots  are  𝐿 
 𝐴 

 simulation  results,  with  measured  using  equation  3  at  the  end  of  the  rupture  and  evaluated     𝐺 
 𝑐 

 𝐺 
 𝑜𝑖 

 using  equation  4  at  the  end  of  the  asperity.  Curves  are  theoretical  estimates  of  (equation  12  in  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 Methods  3.  3),  assuming  different  values  of  the  ratio  of  barrier  stress  drop  to  asperity  stress  drop  (see 

 legend).  (c)  Barrier  efficiency:  probability  P  of  earthquakes  crossing  the  barrier  as  a  function  of  a 

 dimensionless  number  𝝺  that  encapsulates  the  effects  of  energy  ratio  and  stress  drop  ratio,  for 

 barriers  defined  by  a  contrast  of  (circles)  and  (stars).  Thick  horizontal  gray  lines  separate  𝐷 
 𝑐 

σ
 𝑛 

 ephemeral  (P>80%),  temporary  (15%<P<80%)  and  permanent  (P<15%)  barrier  types.  The  vertical 

 gray line shows the transition from ephemeral to permanent barriers as a function of 𝝺. 

 Barriers  behave  mostly  as  permanent  barriers  if  𝝺  <  0.3,  as  frequent  barriers  if  𝝺  ~ 

 0.7,  and  as  ephemeral  barriers  if  𝝺  >  1.  We  further  developed  an  adequate 

 approximation  of  𝝺  based  on  model  input  parameters,  namely  normal  stress,  barrier 

 frictional properties and barrier size (Supplementary material  (See Appendix A2)  ). 

 T  o  demonstrate  how  our  model  results  could  be  used  to  evaluate  the  efficiency  of 

 fault  barriers  in  nature,  we  propose  an  estimator  of  𝝺  based  on  quantities  that  can  be 
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 constrained  by  observations,  in  particular  by  ISC  distributions  inferred  from  geodetic 

 data  (Supplementary  material  (See  Appendix  A2)  ).  We  illustrate  the  proposed 

 approach  by  evaluating  the  efficiency  of  the  Arauco  barrier  in  the  Chilean  subduction 

 zone,  around  the  southern  end  of  the  2010  Mw  8.8  Maule  earthquake  rupture 

 (Molina  et  al.,  2021).  Considering  the  interseismic  period  between  the  1835  South 

 Chile  and  2010  Maule  earthquakes,  we  estimate  𝝺  =  0.23  for  the  Arauco  barrier 

 (Supplementary  material  (See  Appendix  A2)  ),  which  indicates  a  permanent  barrier. 

 Notably,  the  Arauco  barrier  has  persistently  stopped  ruptures  in  historical  and 

 prehistoric  records  (Melnick  et  al.,  2009,  Philibosian  and  Melzner,  2020;  Molina  et  al., 

 2021). 

 3.4  Discussion 

 3.4.1  Interseismic coupling pattern on VW barriers 

 Our  results  show  that  areas  of  high  and  low  ISC  do  not  necessarily  correspond  to 

 asperities  and  barriers,  respectively,  challenging  a  common  interpretation  of  geodetic 

 observations  (Wang  and  Bilek,  2014).  The  reported  ISC,  inferred  from  an 

 observation  window  much  shorter  than  an  entire  seismic  cycle,  is  not  necessarily 

 representative  of  the  long-term  behavior.  Our  simulations  spanning  multiple 

 earthquake  cycles  support  the  idea  that  ISC  can  be  time-dependent  despite  fault 

 mechanical  properties  being  constant,  owing  to  slow  slip  transients  and  extended 

 afterslip (Meltzner et al.,2015; Tsang et al., 2015a). 

 Remarkably,  the  long-term  ISC  (equation  21  in  Methods  3.  7)  in  most  of  our 

 simulations  is  high  (ISC  >  0.9),  both  in  permanent  and  frequent  barriers  [Extended 

 Data  Fig.  3  (See  Appendix  A2)  ]  .  When  the  low  ISC  of  a  barrier  is  a  transient  feature, 

 subsequent  locking  can  lead  to  increased  seismic  hazard.  Conversely,  areas  with 

 high  or  intermediate  ISC  are  not  necessarily  asperities,  as  elevated  ISC  can  also 

 happen  on  barriers  in  our  models.  The  three  broad  persistent  barriers  globally 

 identified  by  Philibosian  and  Meltzner  (2020),  two  in  Chile  and  one  in  Mentawai, 

 Sumatra,  have  intermediate  to  high  ISC  (Moreno  et  al.,  2010,  Prawirodirdjo  et  al., 

 2010).  Our  models  indicate  that  such  natural  barriers  with  very  high  ISC  might  arise 

 from  lateral  heterogeneities  of  or  within  a  VW  fault:  permanent  VW  barriers  𝐷 
 𝑐 

σ
 𝑛 
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 (P<15%)  feature  ISC>0.95  [Extended  Data  Fig.  3  (See  Appendix  A2)  ]  ,  in  contrast 

 with  the  lower  values  (ISC<0.85)  produced  by  permanent  VS  barriers  (fig.  4  of 

 Kaneko et al., 2010). 

 Barriers  and  asperities  have  been  widely  associated  with  VS  and  VW  fault  areas, 

 respectively  (Kaneko  et  al.,  2010,  Barbot  et  al.,  2012,  Wei  and  Shi,  2020;  Lambert 

 and  Lapusta,  2021).  Further  research  efforts  should  aim  at  assessing  if  the 

 segmentation  of  subduction  zones  is  primarily  driven  by  heterogeneities  of  VW 

 materials  and  therefore  re-evaluating  the  common  assumption  that  barriers  are  VS 

 areas. 

 3.4.2  Implications for structural control on earthquake behavior 

 Several  observations  suggest  that  geological  structures  of  upper  and  lower  plates 

 may  control  the  distribution  of  asperities  and  barriers  along  subduction  zones 

 (Bassett  &  Watts,  2015a,  2015b;  Wang  &  Bilek,  2014;  Li  &  Liu,  2017;  Molina  et  al., 

 2021).  For  instance,  many  rupture  areas  tend  to  overlap  with  morphological  features 

 such  as  peninsulas  and  crustal  faults  (Collot  et  al.,  2004;  Melnick  et  al.,  2009; 

 Saillard  et  al.,  2017;  Molina  et  al.,  2021).  One  possible  explanation  is  that  tectonic 

 features  affect  the  distribution  of  strength  of  the  megathrust,  which  in  turn  affects 

 seismicity  patterns.  Properties  controlling  fault  strength  include  normal  stress  and 

 critical  slip  distance  which,  as  shown  in  our  analysis,  modulate  barrier  efficiency  via 

 their effect on the ratios  and ΔTb/ΔTa.  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 Linking  these  findings  with  geological  features  can  give  insights  on  barrier  behavior 

 in  nature,  for  instance  recognizing  that  areas  with  intermediate  values  of  can σ
 𝑛 

 promote  earthquake  arrest.  Density  heterogeneities  in  the  upper  plate  are  an 

 important  source  of  lateral  variations  of  along  megathrusts  (Li  and  Liu,  2017; σ
 𝑛 

 Tassara,  2010;  Molina  et  al.,  2021).  By  analyzing  gravity  anomalies  (Molina  et  al., 

 2021)  it  has  been  proposed  that  the  Arauco  barrier  in  Chile  has  higher  than σ
 𝑛 

 surrounding  areas.  In  the  Arauco  barrier  prehistoric  and  historic  earthquake  ruptures 

 coming  from  north  and  south  overlap,  driving  the  zone  to  participate  in  coseismic  slip 

 (Moreno  et  al.,  2010;  Ojeda  et  al.,  2020),  which  is  consistent  with  both  the 
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 description  of  permanent  barrier  found  in  our  work  (Supplementary  material  (See 

 Appendix  A2))  and  with  our  simulations  showing  large  coseismic  slip  on  CVWP  with 

 increased  . σ
 𝑛 

 On  the  other  hand,  there  is  yet  no  clear  path  to  infer  at  natural  scales  from  𝐷 
 𝑐 

 geological  features.  In  nature  can  depend  on  thermally  activated  dynamic  𝐷 
 𝑐 

 weakening  processes  (Brantut,  2020;  2005  ;  Rice,  2006;  Onhaka,  2003),  fault 

 roughness,  gouge  thickness  and  (Marone  et  al.,  1998,  Brantut  et  al.,  2008),  and σ
 𝑛 

 fluid  content  in  the  fault  zone  (Blanpied  et  al.,  1998).  Some  of  these  factors  might  be 

 linked  to  identifiable  subducted  seafloor  features  that  contribute  to  fault  roughness 

 and  supply  wet  sediments  to  the  subduction  channel  (Bassett  and  Watts,  2015a), 

 thus  inducing  lateral  variations  in  .  Indeed,  barriers  usually  coincide  with  𝐷 
 𝑐 

 subducting  seamount  chains,  fracture  zones  or  aseismic  ridges  (  Contreras  and 

 Carrizo,  2011;  Sparkes  et  al.,  2010;  Bassett  and  Watts,  2015a).  Seismicity  observed 

 at  the  flanks  of  aseismic  ridges  (Bassett  and  Watts,  2015a),  where  a  more 

 pronounced  megathrust  roughness  could  induce  larger  ,  is  consistent  with  small  𝐷 
 𝑐 

 earthquakes nucleating often at the edge of barriers with high  in our simulations.  𝐷 
 𝑐 

 Our  study  supports  that  geological  characteristics  of  subducting  and  overriding 

 plates  can  impact  fault  behavior.  It  also  advances  physics-based  seismic  hazard 

 assessment  by  providing  a  theoretical  framework  to  use  future  understandings  of 

 how  geological  structures  modulate  the  spatial  distribution  of  properties  controlling 

 fault  strength,  such  as  and  ,  and  to  anticipate  the  efficiency  of  natural  fault  𝐷 
 𝑐 

σ
 𝑛 

 barriers. 
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 3.5  Methods 

 3.5.1          Earthquake cycle model setup 

 We  consider  a  fault  governed  by  the  RSF  law  with  the  aging  law  for  the  state 

 evolution: 

 (1) τ
σ

 𝑛 
= µ* +  𝑎𝑙𝑛 (  𝑉 

 𝑉 *
)   +     𝑏𝑙𝑛 (  𝑉 *θ

 𝐷 
 𝑐 

)

 (2)  𝑑 θ
 𝑑𝑡 =  1 −  𝑉 θ

 𝐷 
 𝑐 

 Here  and  are  the  frictional  strength  and  normal  stress  on  the  fault,  respectively, τ σ
 𝑛 

 the  sliding  velocity  and  a  state  variable,  *  and  *  are  reference  values  for  𝑉 θ µ  𝑉 

 friction  and  velocity,  respectively,  is  a  critical  slip  distance  for  state  evolution,  and  𝐷 
 𝑐 

 and  are  positive  coefficients  controlling  the  velocity  and  state  effects,  𝑎  𝑏 

 respectively.  The  difference  defines  the  frictional  regime  on  the  fault.  If ( 𝑎 −  𝑏 )

 ,  the  steady-state  friction  is  Velocity-Strengthening  (VS):  slip  acceleration  𝑎 −  𝑏 >  0 

 strengthens  the  fault,  which  inhibits  earthquake  nucleation  and  propagation, 

 therefore  promoting  stable  slip.  If  ,  steady-state  friction  is  𝑎 −  𝑏 <  0 

 Velocity-Weakening  (VW):  friction  drops  if  slip  accelerates,  promoting  unstable  slip 

 leading  to  earthquake  nucleation  and  rupture  propagation.  Simulations  considering 

 the  RSF  capture  spontaneously  all  the  stages  of  the  seismic  cycle,  including 

 interseismic  coupling,  nucleation,  coseismic  ruptures,  postseismic  afterslip  and  slow 

 slip transients. 

 The  fault  is  periodic  along  strike,  deformation  is  purely  dip-slip  (antiplane),  and 

 frictional  properties  and  normal  stress  are  spatially  variable  along  strike.  The  fault  is 

 embedded  in  an  elastic,  linear  and  isotropic  medium  and  it  is  loaded  by  uniform 

 steady  slip  beyond  a  width  (see  Methods  3.5).  We  capture  the  essence  of  the  𝑊 
 2 . 5 

 3D  fault  problem  while  keeping  the  computations  affordable  by  doing  2.5D 

 simulations:  we  model  a  1D  fault  in  a  2D  elastic  medium  with  modifications  of  the 
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 static  stress  transfer  kernel  that  incorporate  approximately  the  effect  of  a  finite 

 seismogenic  width  (see  Methods  3.5).  We  set  model  parameters  to  typical  values 

 coming  from  geophysical  observations.  The  imposed  frictional  width  is 

 ,  implying  a  real  seismogenic  with  of  .  We  set  the  𝑊 
 2 . 5 

=  1000     𝑘𝑚  𝑊 =  200     𝑘𝑚 

 elastic  shear  modulus  ,  plate  velocity  (also  set  as  the µ =  30     𝐺𝑃𝑎  𝑉 
 𝑝𝑙 

=  1 .  5  𝑥  10  9     𝑚  /  𝑠 

 reference  velocity  ),  asperity  normal  stress  and  asperity  critical  𝑉 * σ
 𝑛    

=  95     𝑀𝑃𝑎 

 distance  . On the central section,  and  are systematically varied.  𝐷 
 𝑐 

=  1  𝑥  10 − 1  𝑚 σ
 𝑛    

 𝐷 
 𝑐 

 We  considered  an  elementary  subduction  zone  model  with  two  VW  asperities 

 separated  by  a  central  VW  section  with  different  and  .  The  two  asperities  have  a σ
 𝑛    

 𝐷 
 𝑐 

 fixed  length  and  the  central  section  length  is  varied  from  to  𝐿 
 𝐴    

=  70     𝑘𝑚  𝐿 
 𝐵 

=     20 

 (Fig.  3.  1).  Along  the  whole  fault,  =0.019.  Most  of  the  fault  is  VW  (  60     𝑘𝑚  𝑏  𝑎 −  𝑏 <  0 

 ),  with  =0.015  on  the  asperities  and  =0.017  on  the  central  patch,  except  for  two  𝑎  𝑎 

 VS  zones  (  )  at  the  outer  ends  of  the  asperities  of  length  and  𝑎 −  𝑏 >  0  𝐿 
 𝑣𝑠 

=  40     𝑘𝑚 

 .  The  ratio  between  segment  length  and  the  nucleation  length  defined  𝑎 =  0 .  032  𝐿 
∞

 by  Rubin  and  Ampuero  (2005)  is  for  the  asperities.  In  the  CVWP,  the  𝐿 
 𝐴 

 /  𝐿 
∞

   ∼  6 .  4 

 ratio  varies  according  to  ,  and  .  For  the  shortest  CVWP  considered  𝐿 
 𝐵 

 /  𝐿 
∞

 𝐿 
 𝐵 

σ
 𝑛    

 𝐷 
 𝑐 

 here (  =20 km), it ranges from 0.45 to 1.8.  𝐿 
 𝐵 

 We  first  ran  reference  simulations  spanning  10  kyrs,  assuming  uniform  and  , σ
 𝑛    

 𝐷 
 𝑐 

 and  varying  only  .  No  barrier  for  earthquake  propagation  is  observed  and  the  𝐿 
 𝐵 

 ruptures  break  the  whole  fault,  except  for  ,  where  a  couple  of  events  stop  𝐿 
 𝐵 

≥  45     𝑘𝑚 

 within  the  central  VW  patch  (Extended  Data  Fig.  4  (See  Appendix  A2)  ).  We  then 

 performed  one  set  of  simulations  varying  between  0.1  and  0.4  m  and  another  set  𝐷 
 𝑐 

 varying  between  95  and  400  MPa.  Although  in  laboratory  experiments  is  on  the σ
 𝑛 

 𝐷 
 𝑐 

 order  of  to  m  (  Dieterich,  1979  ;  O  hnaka,  1992  )  or  from  a  few  hundred  10 − 5  10 − 3 

 micrometers  to  a  few  centimeters  (Brantut  et  al.,  2008),  seismologically  inferred 
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 values  of  are  of  order  1  to  10  m  (  Fukuyama  et  al.,  2003  ).  Thus  we  believe  that  𝐷 
 𝑐 

 𝐷 
 𝑐 

 values used in our simulations are plausible. 

 We  employ  the  QDYN  software,  which  simulates  earthquake  cycles  under  the 

 quasi-dynamic  approximation  and  using  adaptive  time-stepping.  Simulations  span  9 

 kyrs  in  models  with  contrast  and  10  kyrs  in  models  with  contrast.  The  grid  cell    σ
 𝑛 

 𝐷 
 𝑐 

 size  ranges  from  117  to  136  m.  The  ratio  between  the  process  zone  size ∆ 𝑥  𝐿 
 𝑏 

 (Rubin  and  Ampuero,  2005)  and  grid  cell  size  is  in  the  asperities  and  up  to 
 𝐿 

 𝑏 

∆ 𝑥 ∼  14 

 ~48  in  the  barrier,  providing  sufficient  numerical  resolution  (Perfettini  and  Ampuero, 

 2008). The number of elements on the fault is 2048 in all the simulations. 

 3.5.2. Energy balance for earthquakes 

 Linear  Elastic  Fracture  Mechanics  (LEFM)  provides  a  theoretical  framework  to  study 

 rupture  propagation  and  arrest.  Whether  an  earthquake  can  break  through  a  barrier 

 depends  on  the  balance  between  the  mechanical  energy  available  in  the  incoming 

 rupture  (its  static  energy  release  rate  )  and  the  energy  dissipated  by  slip  in  the  𝐺 
 𝑜 

 barrier  (the  fracture  energy  ).  Earthquakes  propagate  if  ;  otherwise  they  𝐺 
 𝑐 

 𝐺 
 𝑜 

≥  𝐺 
 𝑐 

 stop.  In  order  to  prove  that  this  energy  condition  is  satisfied  in  our  simulations,  for 

 those earthquakes stopping on the central VW patch we compute  and  as:  𝐺 
 𝑐 

 𝐺 
 𝑜 

 (3)  𝐺 
 𝑐 

=
 0 

δ 𝑢 

∫    (τ − τ
 𝑜 
) 𝑑𝑢    

 where  is  the  fault  shear  stress  as  a  function  of  slip  and  to  the  residual  stress  at τ τ
 𝑜 

 the final slip, and 

 (4)  𝐺𝑜 =
 𝐾 

 𝑜 
 2 

 2 µ
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 where  is  the  stress  intensity  factor.  For  a  rupture  located  between  and  𝐾 
 𝑜 

 𝑥 =  0 

 ,  is  computed  by  a  weighted  integral  of  the  spatial  distribution  of  stress  drop  𝑥 =  𝑙  𝐾 
 𝑜 

 (x) as (Rice 1980) ∆τ

 (5)  𝐾 
 𝑜    

=  𝑎 
π    

 0 

 2  𝑎 

∫ ∆τ[  1 
 𝑎  ²    −   ( 𝑥 − 𝑎 ) ² 

   +     𝑥 − 𝑎 
 𝑎  𝑎  ²    −   ( 𝑥 − 𝑎 ) ²    

]    𝑑𝑥 

 where  .  The  weight  function  gives  a  larger  contribution  to  the  stress  drop  in  𝑎 =  𝑙  /2 

 areas located close to the rupture front. 

 To  obtain  more  insights  on  the  parameters  controlling  earthquake  arrest  in  the 

 central  VW  barrier,  we  approximate  by  assuming  uniform  stress  drop  in  the  𝐺 
 𝑜 

 asperity,  ,  and  in  the  barrier,  .  Then,  denoting  the  asperity  length,  equation  5 ∆τ
 𝑎    

∆τ
 𝑏    

 𝑙 
 𝑜 

 becomes 

 (6)  𝐾 
 𝑜    

=  𝑎 
π    

 0 

 𝑙 
 𝑜 

∫ ∆τ
 𝑎 
[  1 

 1    −   (  𝑥 − 𝑎 
 𝑎 ) ² 

   +     𝑥 − 𝑎 

 𝑎  1    −   (  𝑥 − 𝑎 
 𝑎 ) ²    

]    𝑑𝑥  /  𝑎    +     𝑎 
π    

 𝑙 
 𝑜 

 𝑙 

∫ ∆τ
 𝑏 
[  1 

 1    −   (  𝑥 − 𝑎 
 𝑎 ) ² 

   +     𝑥 − 𝑎 

 𝑎  1    −   (  𝑥 − 𝑎 
 𝑎 ) ²    

]    𝑑𝑥  /  𝑎 

 Using  and  , ∫  𝑑𝑛 
 1    −    𝑛  ² 

=  𝑎𝑟𝑐𝑠𝑖𝑛 ( 𝑛 ) +  𝑐 ∫  𝑛     𝑑𝑛    
 1    −    𝑛  ² 

=−  𝑐𝑜𝑠 [ 𝑎𝑟𝑐𝑠𝑖𝑛 ( 𝑛 )] +  𝑐 

 𝐾 
 𝑜    

=  𝑎 
π    (∆τ

 𝑎 
[ 𝑎𝑟𝑐𝑠𝑖𝑛 (  𝑥 − 𝑎 

 𝑎 ) | 
 0 

 𝑙 
 𝑜    −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (  𝑥 − 𝑎 

 𝑎 )) | 
 0 

 𝑙 
 𝑜 ]   +    ∆τ

 𝑏 
[ 𝑎𝑟𝑐𝑠𝑖𝑛 (  𝑥 − 𝑎 

 𝑎 ) | 
 𝑙 

 𝑜 

 𝑙 
   −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (  𝑥 − 𝑎 

 𝑎 )) | 
 𝑙 

 𝑜 

 𝑙 
])

 (7) 

 𝐾 
 𝑜    

=  𝑎 
π       [   ( 𝑎𝑟𝑐𝑠𝑖𝑛 (

 𝑙 
 𝑜 
− 𝑎 

 𝑎 )   −     𝑎𝑟𝑐𝑠𝑖𝑛 (−  1 ) −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 𝑙 

 𝑜 
− 𝑎 

 𝑎 )) +  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (−  1 )))   ∆τ
 𝑎    

+

 (8)                                                                ( 𝑎𝑟𝑐𝑠𝑖𝑛 ( 1 )   −     𝑎𝑟𝑐𝑠𝑖𝑛 (
 𝑙 

 𝑜 
− 𝑎 

 𝑎 ) −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 ( 1 )) +  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 𝑙 

 𝑜 
− 𝑎 

 𝑎 )))   ∆τ
 𝑏 
   ]

 (9)  𝐾 
 𝑜    

=  𝑎 
π    [( 𝑎𝑟𝑐𝑠𝑖𝑛 (

 𝑙 
 𝑜 
− 𝑎 

 𝑎 )   −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 𝑙 

 𝑜 
− 𝑎 

 𝑎 )))   (∆τ
 𝑎 

− ∆τ
 𝑏 
)   + π

 2 (∆τ
 𝑎 

+ ∆τ
 𝑏 
)]

 Finally, the static energy release rate is 

 (10)  𝐺 
 𝑜    

=
 𝑎 
π [( 𝑎𝑟𝑐𝑠𝑖𝑛 (

 𝑙 
 𝑜 
− 𝑎 

 𝑎 )   − 𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 𝑙 

 𝑜 
− 𝑎 

 𝑎 )))(∆τ
 𝑎 
−∆τ

 𝑏 
)   + π

 2 (∆τ
 𝑎 
+∆τ

 𝑏 
)] ² 

 2 µ
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 For  reference,  we  denote  as  the  static  energy  release  rate  of  a  rupture  that  𝐺 
 𝑜𝑖 

 breaks only the asperity (  ):  𝑙 =  𝑙 
 𝑜 

 (11)  𝐺 
 𝑜𝑖    

=
π 𝑙 

 𝑜 
∆τ

 𝑎 
 ² 

 4 µ

 3.5.3.  Barrier efficiency λ

 We  construct  a  dimensionless  parameter  to  quantify  the  resistance  of  the  VW  patch 

 to  earthquake  propagation.  Using  equations  10  and  11  and  defining  the 

 barrier-to-asperity stress drop ratio  ,  𝑇    =    
∆τ

 𝑏 

∆τ
 𝑎 

 𝐺 
 𝑜 
 /  𝐺 

 𝑜𝑖 
=     𝑙 

π ²  𝑙 
 𝑜 

   [ 𝑎𝑟𝑐𝑠𝑖𝑛 (
 2  𝑙 

 𝑜 

 𝑙 −  1 )   −  𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 2  𝑙 

 𝑜 

 𝑙 −  1 ))( 1 −  𝑇 )   + π
 2 ( 1 +  𝑇    )] ²    

 (12) 

 We define an energy ratio 

 (13) Γ =  𝐺 
 𝑐 
 /  𝐺 

 0 
=  𝐺 

 𝑐 
 /  𝐺 

 𝑜𝑖 
   

π 2     𝑙 
 𝑜 
 /  𝑙 

[ 𝑎𝑟𝑐𝑠𝑖𝑛 (
 2  𝑙 

 𝑜 

 𝑙 − 1 )   − 𝑐𝑜𝑠 ( 𝑎𝑟𝑐𝑠𝑖𝑛 (
 2  𝑙 

 𝑜 

 𝑙 − 1 ))( 1 − 𝑇 )   + π
 2 ( 1 + 𝑇 )   ] ²    

 The equilibrium condition  gives a non-dimensional  equation of the form Γ =  1 

 ,  (14)  𝑓 (  𝑙 
 𝑙𝑜 ,  𝑇 ,

 𝐺 
 𝑐 

 𝐺 
 𝑜𝑖 

   ) =  0 

 Thus  the  normalized  rupture  arrest  length  is  controlled  by  the  energy  ratio  and 
 𝑙 

 𝑙 
 𝑜 

 𝐺 
 𝑐 

 𝐺 
 𝑜𝑖 

 the stress drop ratio  :  𝑇 

 (15) 
 𝑙 

 𝑙 
 𝑜 

=  𝑔 (
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

,  𝑇 )

 93 



 This  particular  example  suggests  that  the  resistance  of  a  barrier  to  rupture 

 penetration  in  general  depends  on  the  two  non-dimensional  parameters  and  .  A 
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑇 

 closed-form  expression  of  equation  15  cannot  be  obtained  for  an  arbitrary 

 distribution  of  stress  drop.  To  find  the  best  mathematical  expression  explaining  our 

 results,  we  assumed  that  resistance  of  the  barrier  can  be  obtained  as  a  multiplication 

 between  and  , leading to 
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑇 

 (16) λ
 𝑖 

=
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

 𝑚 

 𝑇  𝑛 

 We  then  calculated  different  forms  of  varying  and  .  For  each  combination,  we λ
 𝑖 

 𝑚  𝑛 

 fit  the  data  with  a  linear  polynomial  form  and  obtained  its  residual.  Afterwards,  we 

 choose  the  exhibiting  the  minor  residual.  Finally,  we  found  that  and  are  -0.9 λ
 𝑖 

 𝑚  𝑛 

 and 0.76 respectively, allowing the definition of the “” barrier efficiency index” as; 

 (17) λ =
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

− 0 . 9 

 𝑇  0 . 76 

 3.5.4.  Constructing λ

 The  barrier  efficiency  index  depends  on  the  static  energy  release  rate  of  the λ

 asperity,  ,  which  we  measured  in  our  simulations  for  all  the  ruptures  arresting  in  𝐺 
 𝑜𝑖 

 the  VW  barrier  by  evaluating  equations  4  and  5  when  the  rupture  reaches  the  end  of 

 the  asperity,  at  a  rupture  length  of  .  Three  types  of  earthquake  behavior  are  𝑙 
 𝑜 

 considered.  For  events  that  stop  immediately  when  the  rupture  encounters  the 

 barrier,  we  measure  and  at  the  rupture  end.  For  earthquakes  that  penetrate  𝐺 
 𝑐 

 𝐺 
 𝑜  1 

 the  barrier  and  stop  within  it,  is  again  measured  at  the  end  of  the  asperity  ,  𝐺 
 𝑜 

( 𝐺 
 𝑜  2 

)

 but  at  the  end  of  the  rupture.  For  the  events  that  break  the  whole  barrier  and  𝐺 
 𝑐 

 propagate  into  the  neighboring  asperity,  is  computed  when  the  rupture  reaches  𝐺 
 𝑐 

 the  end  of  the  barrier  and  in  the  asperity-barrier  limit  .  Finally,  a  single  𝐺 
 𝑜 

( 𝐺 
 𝑜  3 

)
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 averaged  value  of  is  obtained  considering  all  the  values  previously  calculated  𝐺 
 𝑜𝑖 

 while the same is done  for  . ( 𝐺 
 𝑜  1 

,     𝐺 
 𝑜  2 

,     𝐺 
 𝑜  3 

)  𝐺 
 𝑐 

 We  also  measure  in  each  rupture  the  mean  stress  drop  in  the  asperity  and  in  the 

 barrier.  Then,  we  average  these  values  among  all  the  events,  to  estimate  a  mean 

 value  for  asperities  (  )  and  barrier  (  )  in  each  cycle  simulation.  Once  we  have ∆τ
 𝑎 

∆τ
 𝑏 

 calculated  ,  and  for each simulation, we compute  using equation 17. 
 𝐺 

 𝑐 

 𝐺 
 𝑜𝑖 

∆τ
 𝑏 

∆τ
 𝑎 

λ

 3.5.5.  Calibration of effective rupture width in the 2.5D model 

 We  have  performed  2.5D  models  on  QDYN  which  approximately  includes  the 

 seismogenic  width  effect  while  maintaining  low  computational  costs.  The  2.5D  model 

 approximates  the  depth-profile  of  slip  as  a  half-sinusoid  across  the  seismogenic 

 width  The  slip  in  2.5D  models  corresponds  to  the  peak  slip  at  the  middle  of  the  𝑊 .    

 seismogenic  depth  of  a  3D  model.  However,  since  the  sinusoid  approximations  is 

 crude,  the  effective  with  used  as  input  in  QDYN  differs  from  the  real  .  In  this  𝑊 
 2 . 5 

 𝑊 

 section  we  calibrate  the  relation  between  and  ,  by  determining  the  ratio  𝑊 
 2 . 5 

 𝑊 

 such  that  the  maximum  slip  of  a  very  long  rupture  with  uniform  stress  𝑊 
 2 . 5 

 /  𝑊  𝐷 
 𝑚𝑎𝑥 

 drop  is  the  same  in  both  2.5D  and  3D  models.  In  the  2.5  model,  the  stress ∆τ

 transfer  kernel  as  a  function  of  the  spatial  wavenumber  is  given  in  𝐾 ( 𝑘 )   =    ∆τ( 𝑘 )
 𝐷 ( 𝑘 )  𝑘 

 equation  A.24  of  Luo  and  Ampuero  (2018).  For  very  long  wavelengths  it  is ( 𝑘 =  0 )

 .  Thus  we  have  the  following  relation  ,  which  is  verified  𝐾 = π      µ
 𝑊 

 2 . 5 
 𝐷 

 𝑚𝑎𝑥    
=        1    

π   

∆τ    𝑊 
 2 . 5 

µ

 numerically.  In  the  3D  model,  the  peak  slip  of  a  very  long  dip-slip  rupture  is  that  of  a 

 mode  II  crack  in  2D  (vertical  cross-section  plane).  From  Dieterich  (1992), 

 ,  where  =  1.5  if  the  Poisson's  ratio  is  .  For  arbitrary  values  of  𝐷 
 𝑚𝑎𝑥    

=    
 𝐶    ∆τ    𝑊 

µ  𝐶 ν =  1 
 4 

 ,  we  infer  that  .  Equating  the  2.5D  and  3D  expressions  of  ,  we ν  𝐶    =     2 ( 1 − ν)  𝐷 
 𝑚𝑎𝑥    

 obtain 

 (18)  𝑊 
 2 . 5 

=     2 π( 1 − ν) 𝑊 

 For a Poisson's ratio of  , we get ν =  1 
 4 
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 (19)  𝑊 
 2 . 5 

 /  𝑊 ≈  4 .  7 

 Therefore,  the  input  of  QDYN  is  larger  than  the  real  seismogenic  width  by  a  𝑊 
 2 . 5 

 𝑊 

 factor of about 5. 

 3.5.6.  Slip rates thresholds defining slip behaviors 

 We  define  different  types  of  slip  behavior  for  the  barrier  based  mainly  on  slip  rate 

 thresholds.  We  say  that  a  point  on  the  barrier  experiences  seismic  slip  when  its  slip 

 rate  exceeds  1  cm/s.  Aseismic  slip  (transients)  is  distinguished  between  “rapid 

 creep”,  at  slip  rates  m/s,  and  “slow  creep”  otherwise.  We  say  the  fault  is >  10 − 6 

 “strongly  locked”  when  slip  velocities  are  less  than  m/s,  well  below  the  10 − 10 

 assumed  plate  velocity  m/s.  We  exclude  strongly  locked  periods  when  1 .  5  𝑥  10 − 9 

 analyzing  seismic  and  aseismic  slip  distributions  [Fig.  3.  3c].  The  aseismic/seismic 

 slip  ratios  shown  in  figure  3.  3  are  the  ratios  between  seismic  slip  and  aseismic  slip 

 portions,  and  those  in  figure  extended  data  1  (See  Appendix  A2)  are  ratios  between 

 rapid-slow  creep  and  the  total  accumulated  slip.  If  this  ratio  increases,  the  amount  of 

 aseismic slip hosted by the barrier increases too. 

 3.5.7.  Interseismic coupling (ISC) 

 The  instantaneous  value  of  interseismic  coupling  (ISC)  is  defined  here  as  the  fraction 

 of slip deficit rate accommodated by stable creep: 

 𝐼𝑆𝐶 ( 𝑥 ,  𝑡 ) =  1 −  𝑉 ( 𝑥 , 𝑡 )
 𝑉 

 𝑝𝑙 

 (20) 

 where  is  the  slip  rate  and  the  long-term  slip  velocity  imposed  by  plate  𝑉  𝑉 
 𝑝𝑙 

 convergence.  The  instantaneous  varies  throughout  a  seismic  cycle.  We  can  𝐼𝑆𝐶 ( 𝑥 ,  𝑡 )

 compute  it  at  all  times  and  at  all  fault  points  in  our  simulations,  but  we  only  show  it  in 

 areas with meaningful values such that ISC > 0 (  ).  𝑉 <  𝑉 
 𝑝𝑙 
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 The  long-term  ISC  is  calculated  at  any  point  on  the  fault,  following  Kaneko  et  al. 

 (2010), as 

 (21)  𝐼𝑆𝐶 ( 𝑥 ) =  1 −
δ

 𝑖𝑛𝑡 
 𝑐𝑢𝑚 ( 𝑥 )

 𝑉 
 𝑝𝑙 

    𝑇 
 𝑖𝑛𝑡 
 𝑐𝑢𝑚 ( 𝑥 )

 where  is  the  sum  of  the  duration  of  all  interseismic  periods,  defined  as  periods     𝑇 
 𝑖𝑛𝑡 
 𝑐𝑢𝑚 

 when  , and δ is the slip accumulated over  all the interseismic periods.  𝑉 <  𝑉 
 𝑝𝑙 
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 4. Discussion 

 4.1  Frictional  structure  of  the  Chilean  megathrust  and  earthquake 
 segmentation 

 Through  the  application  of  the  PCA  to  the  gravity  anomaly,  interseismic  locking  and 

 basal  friction,  we  have  been  able  to  recognize  different  order  segmentations  along 

 the  Chilean  margin.  The  different  found  segments  are  derived  from  the  first  mode 

 given  by  the  PCA  tool,  which  explains  44%  of  the  covariance  between  the  proxies. 

 Because  the  spatial  extension  of  our  segments  correlates  strongly  with  variation  on 

 seismicity  and  coseismic  slip  distribution  along-strike  (Fig.  2.7)  and  usually  modes 

 derived  from  PCA  methods  may  involve  a  physical  process  related  to  the  common 

 spatial  variance,  we  proposed  that  the  first  mode  represents  the  first  order  frictional 

 structure  of  the  Chilean  megathrust.  From  this,  we  define  the  first  formal 

 segmentation  model  of  the  Chilean  margin  that  is  based  on  geophysical  inputs 

 instead  of  rupture  extent  of  earthquakes  (Fig.  2.8).  The  segmentation  model 

 comprises  unitary  segments  that  are  inferred  as  potential  first-order-asperities  whilst 

 the boundaries between them are interpreted as seismic barriers. 

 4.1.1  Physical nature of asperities 

 The  correlation  between  our  segmentation  model  and  seismicity  distribution  can  give 

 us  insights  on  the  underlying  mechanisms  affecting  seismic  patterns.  Variations  on 

 seismicity  distribution  are  mostly  driven  by  different  strength  conditions  which 

 ultimately  are  modulated  by  the  frictional  regime  on  the  fault.  Observations  support 

 that  the  up-dip  and  down-dip  limit  of  the  seismogenic  zone  is  characterized  by  the 

 transition  from  stable  to  unstable  sliding  and  vice  versa,  respectively  (Pasten-Araya 

 et  al.,  2022).  Such  observations  are  reflecting  a  segmentation  across  the 

 megathrust  mostly  driven  by  the  alternation  between  VW  and  VS  materials  (Wei  et 

 al.,  2018)  (Fig.  2.6).  This  mixture  between  VW  and  VS  material  has  also  been 

 applied  to  explain  along-strike  fault  seismicity  patterns  (  Lui  and  Lapusta,  2016;  Wei 

 and  Shi,  2020;  Lambert  and  Lapusta,  2021  ).  However,  the  presence  of  large  VS 

 areas  extending  across  depth  is  not  consistent  with  thermal  control  on  friction;  that  is 

 most  rock-types  found  in  the  seismogenic  zone  (150℃-350℃)  behave  as  VW 

 material  (  Verberne  et  al.,  2015,  Hartog  et  al.,  2012,  Mitchell  et  al.,  2016,  Phillips  et 
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 al.,  2019  ).  Therefore,  latitudinal  variations  on  earthquake  patterns  are  more  likely 

 caused  by  differences  in  the  VW  intensity  within  the  seismogenic  zone,  specifically 

 alternance  between  unstable  regime  and  conditionally  stable  regime  (equation  1.3). 

 According  to  Chapter  2,  this  may  explain  the  strong  variation  on  seismic  records 

 when  comparing  the  Central  and  Southern  Andes  segments.  The  former  has  been 

 the  nest  for  moderate-size  earthquakes  while  the  latter  segment  has  been  struck  by 

 giant  ruptures.  We  suggest  that  the  Central  Andes  in  northern  Chile  is  characterized 

 by  the  distribution  of  very  unstable  asperities  provoked  by  high  normal  stress.  In 

 contrast,  negative  gravity  anomalies  in  the  Southern  Andes  suggest  a  decrease  in 

 normal  stress,  favoring  a  conditionally  stable  regime.  Numerical  modeling  supports 

 the  idea  of  huge  earthquakes  propagating  through  large  conditionally  stable  areas 

 (Hori  and  Miyazaki,  2011).  Moreover,  our  interpretation  of  the  conditionally  stable 

 regime  governing  the  southern  Andes  must  be  taken  as  a  first  order  characterization, 

 since  probably  earthquake  nucleation  occurs  on  very  unstable  patches  unmasked  by 

 their  reduced  size,  but  surrounded  by  large  conditionally  stable  areas  (Burgmann  et 

 al., 2005). 

 Alternatively,  explaining  seismic  patterns  variations  could  be  done  through  the 

 distribution  of  sediments  on  the  subduction  channel  (Ruff  et  al.,  1989).  The  thick 

 sediments  can  determine  the  size  of  a  rupture  by  regulating  the  smoothness  of  the 

 plate  interface  (  Muldashev  and  Sobolev,  2020  ).  Interestingly,  gravity  anomalies  have 

 been  shown  to  be  useful  to  detect  large  sediment  areas.  For  instance,  a  thick 

 sediment  layer  on  Japan's  subduction  channel  has  been  confirmed  by  the  presence 

 of  negative  residual  gravity  (Nakata  et  al.,  2021).  Because  fluids  also  will  affect  the 

 medium  density  (and  thus  normal  stress),  a  major  presence  of  sediments  with 

 hydrated  minerals  should  also  cause  a  lower  gravity  signal.  Hence,  gravity 

 anomalies  segmentation  could  be  also  representing  first-order  hydrated  sediment 

 distribution  causing  different  slip  behavior  (  Nakata  et  al.,  2021  )  .  Since  the  Southern 

 Andes  correlate  with  negative  gravity  anomalies,  a  strong  load  of  wet  sediments 

 could  be  inferred  in  the  subduction  channel.  The  Valdivia  and  Maule  segments  are 

 characterized  by  a  more  homogeneous  and  thick  sediment  layer  due  to  the  supply  of 

 wet  sediments  into  the  trench  (Contreras-Reyes  et  al.,  2010),  leading  then  to  small 

 variation  on  stress  distribution  which  provides  conditions  for  propagation  of  large 

 earthquakes  (Ruff  et  al.,  1989).  Notably,  the  presence  of  wet  sediments  impact  the 
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 effective  normal  stress,  which  in  turn  controls  frictional  stability  (equation  1.3).  Within 

 this  context,  hydrated  sediments  in  the  subduction  channel  can  also  promote 

 conditionally  stable  behavior  which  is  consistent  with  our  previous  discussions. 

 Conversely,  the  Central  Andes  are  characterized  by  a  more  starving  sediment  trench 

 mainly  because  of  the  arid  climate  conditions  and  low  energy  to  transport  sediments 

 from  the  continent  to  coast  (von  Huene  and  Ranero,  2003).  The  absence  of  wet 

 sediments  in  the  north  of  Chile  might  increase  friction,  thereby  increasing  shear 

 stress.  Certainly,  large  shear  stress  will  favor  some  asperities  to  earthquake 

 nucleation,  but  due  to  lack  of  a  homogeneous  thick  sediment  layer,  these  stresses 

 are  probably  not  homogeneously  distributed.  In  addition,  increased  shear  stress  is 

 not  necessarily  correlated  with  large  ruptures  (  Muldashev  and  Sobolev,  2020)  . 

 Stress  heterogeneities  provide  unfavorable  conditions  for  propagation  of  large 

 earthquakes  (Wang  and  Bilek,  2011).  This  is  in  agreement  with  seismic  observations 

 on  northern  Chile  showing  earthquakes  of  smaller  magnitude  and  higher  recurrence 

 in comparison southwards 33ºS (Comte et al., 1986, Dura et al., 2015). 

 4.1.2  Physical nature of barriers 

 Differences  on  the  VW  effect  along  strike  might  control  the  Chilean  seismic 

 segmentation  by  inducing  changes  on  fault  strength.  Areas  yielding  a  higher  strength 

 respect  to  surrounding  zones  will  promote  earthquake  arrest,  thus  behaving  as 

 seismic  barriers  to  rupture  propagation.  Within  our  segmentation  model  context  (Fig. 

 2.8),  the  boundaries  between  the  segments  correspond  to  barriers.  The  master 

 segments  found  for  the  Chilean  margin  (those  are  the  maximum  length  rupture  that 

 can  occur  in  a  section  fault  (Philibosian  and  Meltzner,  2020))  are  limited  by 

 permanent  barriers  .  Moreover,  inside  master  segments,  unitary  segments  or 

 asperities  are  found  and  they  likely  are  delimited  by  temporal  or  frequent  barriers 

 (  Fig.  2.8  ).  Such  variable  behavior  has  been  attributed  to  VS  material  mostly, 

 provoking  the  fault  to  slip  aseismically  and  inhibiting  earthquake  runaway  (Kaneko  et 

 al.,  2010).  However,  as  mentioned  before,  it  is  very  unlikely  that  VS  behavior  extends 

 across  all  depth,  therefore  VW  zones  somehow  might  be  causing  earthquakes  to 

 stop.  Indeed,  VW  areas  have  been  shown  to  promote  rupture  arrest  (Boatwright  and 

 Cocco,  1996,  Hori  and  Miyazaki,  2011)  .  The  numerical  simulations  of  Chapter  3, 

 indicate  that  barriers  can  emerge  from  normal  stress  and  frictional  property 

 heterogeneities  inside  a  VW  domain  (  Fig.  3.2  ).  Our  results  show  that  VW  patches 
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 are  capable  of  stopping  earthquakes  persistently  and  frequently.  Therefore  we  infer 

 that  barriers,  either  temporary  or  persistent,  found  in  the  Chilean  margin,  are 

 governed by a VW behavior, with a tendency towards the conditionally stable regime. 

 Persistent  barriers  in  our  simulations  are  driven  by  high  RSF  critical  distance  𝐷 
 𝑐 

 contrast  between  barrier  and  asperity,  implying  that  permanent  barriers  on  the 

 Chilean  margin  are  possibly  strongly  linked  to  important  latitudinal  variations  on  𝐷 
 𝑐 

 frictional  parameter.  On  the  other  hand,  our  simulations  show  that  frequent  barriers 

 are  provoked  by  either  intermediate  values  of  and  .  Hence,  temporal  barriers  𝐷 
 𝑐 

σ
 𝑛 

 found  on  the  Chilean  margin  are  probable  driven  by  intermediate  and  contrast σ
 𝑛 

 𝐷 
 𝑐 

 between barriers and adjacent seismogenic segments. 

 4.1.3  Fracture mechanics, implication on earthquake segmentation 

 In  Chapter  3  we  demonstrate  that  the  barrier  efficiency  is  enhanced  by  increasing  its 

 fracture  energy  ,  which  is  proportional  to  and  .  This  explains  why  some  fault  𝐺 
 𝑐 

 𝐷 
 𝑐 
   σ

 𝑛 

 sectors  with  high-intermediate  values  of  and  favor  earthquake  arrest  (Chapter  𝐷 
 𝑐 
   σ

 𝑛 

 3).  Accordingly,  we  infer  that  permanent  barriers  in  the  Chilean  case  are  lying  above 

 megathrust  zones  presenting  very  high  fracture  energy  .  Nevertheless,  our  results  𝐺 
 𝑐 

 also  indicate  that  static  energy  release  rate  of  asperities  adjacent  to  barriers  𝐺 
 𝑜𝑖 

 also  control  the  barrier  efficiency  via  the  energy  ratio  .  Basically,  if  a  rupture  is  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 more  energetic  when  reaches  the  barrier  (higher  ),  the  penetration  distance  within  𝐺 
 𝑜𝑖 

 the  barrier  increases,  which  is  measured  with  a  lower  .  Applying  this  to  the  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 master  segments  previously  described  -which  can  be  taken  as  seismogenic 

 segments-  we  can  infer  that  they  might  be  often  characterized  by  low  values  of  𝐺 
 𝑜𝑖 

 inducing  an  increase  on  ratio  and  thereby  preventing  rupture  propagation  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 persistently, provoking seismic segmentation. 

 Further,  the  asperity  elastic  energy  release  rate  is  proportional  to  segment  length, 

 stress  drop  and  inversely  proportional  to  shear  modulus  (Chapter  3,  equation  4). 

 Since  segment  lengths  are  similar  along-strike  and  stress  drop  has  been  shown  to 
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 be  rather  constant  from  global  catalogs  (Shaw  et  al.,  2009),  we  can  hypothesize  that 

 shear  modulus  could  also  contribute  to  control  earthquake  propagation.  Shear 

 modulus  is  thought  to  be  directly  related  to  rigidity  of  the  surrounding  elastic  medium. 

 Variations  across  depth  on  rigidity  has  been  shown  to  control  the  coseismic  slip 

 distribution  (Sallares  and  Ranero,  2019),  thus  it  would  be  no  surprising  that  high 

 values  of  rigidity  over  master-segments  cause  an  increase  on  ,  promoting  the  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 appearance of permanent barriers as well. 

 Additionally,  the  static  energy  release  rate  can  be  understood  as  the  elastic  𝐺 
 𝑜𝑖 

 energy  stored  during  the  interseismic  period  (  is  proportional  to  ,  which  is  𝐺 
 𝑜𝑖 

∆τ

 related  to  shear  stress  modulated  by  tectonic  loading).  Because  some  unitary 

 segments  are  probably  governed  by  conditionally  stable  behavior,  the  interseismic 

 velocities  could  change  from  one  cycle  to  other  abruptly,  which  in  turn  would  provoke 

 a  time-variable  .  From  this,  temporal  barriers  probably  could  be  driven  by  a  𝐺 
 𝑜𝑖 

 variable  ,  shifting  the  barrier  efficiency,  favoring  either  earthquake  arrest  or  𝐺 
 𝑜𝑖 

 runaway.  Further,  depending  on  stress  loading  history,  sometimes  will  be  large  𝐺 
 𝑜𝑖 

 enough  across  several  unitary  asperities,  promoting  the  synchronization  of  them  in 

 one  single  rupture  inducing  large  earthquakes  occurrence  propagating  along  the 

 entire  master  segment.  This  could  explain  the  great  variability  of  earthquake  patterns 

 shown  in  the  southern  Andes  segments  which  is  inferred  to  be  governed  by  a 

 conditionally stable regime. 

 On  the  other  hand,  the  Central  Andes  presents  a  frictional  regime  very  unstable, 

 remaining  probably  no-time-variable  if  friction  conditions  do  not  change  importantly, 

 thus  exhibiting  a  rather  constant  interseismic  velocities  between  seismic  cycles.  This 

 implies  a  not  very  time  variable  that  is  manifested  by  a  less  heterogeneous  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 seismic  pattern.  Nevertheless,  certainly  larger  events  have  occurred  in  the  past 

 (  Easton  et  al.,  2022  ).  This  for  sure  will  require  an  increase  on  asperity  elastic  energy 

 or  decrease  on  barrier  fracture  energy  .  Such  change  may  be  induced  by  the  𝐺 
 𝑜𝑖 

 𝐺 
 𝑐 

 injection  of  fluids  into  the  megathrust  base,  which  can  decrease  normal  stress 

 (  Moreno et al., 2014)  and therefore Gc as well. 
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 4.1.4  Seismogenic width effect on long ruptures 

 To  gain  more  insights  on  earthquake  segmentation,  we  theoretically  investigated  the 

 effect  of  the  seismogenic  zone  width  on  the  physics  of  large  or  very  elongated  𝑊 
 𝑠𝑧 

 ruptures.  Recent  works  propose  that  super-cycles  on  megathrust  are  strongly 

 influenced  by  the  seismogenic  width  (Herrendorfer  et  al.,  2015,  Muldashev  and 

 Sobolev,  2020).  Numerical  simulations  show  that  for  low  values  of  ,  earthquakes  𝑊 
 𝑠𝑧 

 are  not  able  to  break  an  entire  fault  segment  (Weng  and  Yang  2017).  In  Chapter  3,  it 

 is  shown  that  the  energy  release  rate  is  length-dependent  (equation  11,  Chapter  𝐺 
 𝑜 

 3).  However,  when  the  rupture  has  a  length  longer  than  the  ,  is  shown  to  𝑊 
 𝑠𝑧 

 𝐺 
 𝑜 

 scale  with  (Marder  et  al.,  1998,  Weng-Ampuero,  2019,  See  Appendix  A3).  In  𝑊 
 𝑠𝑧 

 Chapter  3  (Methods  Chapter  3),  we  occupied  as  an  arrest  condition  for  𝐺 
 𝑐 

≥     𝐺 
 𝑜 

 earthquakes  in  our  simulations,  however  this  is  not  true  for  elongated  ruptures. 

 When  is  very  small  compared  with  rupture  length  ,  the  condition  𝑊 
 𝑠𝑧 

 𝑙  𝐺 
 𝑐 

=     𝐺 
 𝑜 

 implies  a  steady  state  rupture  (Weng  and  Ampuero,  2019).  If  ,  the  rupture  𝐺 
 𝑐 

>     𝐺 
 𝑜 

 will  slow  down  during  a  certain  distance  before  stopping.  In  the  case  of  a  rupture 

 crossing  a  barrier,  if  energy  release  rate  of  the  incoming  rupture  is  similar  to  the 

 barrier  fracture  energy  it  will  propagate  steadily  a  distance  (equation  16,  See  𝑙 
 𝑠 
   

 Appendix  A3).  If  the  barrier  size  is  shorter  than  this  distance  ,  the  earthquake  can  𝑙 
 𝑠 

 easily  propagate  along  the  following  asperity.  For  the  case  of  permanent  barriers 

 found  in  our  simulations,  it  can  be  noted  that  some  percentage  of  earthquakes  can 

 traverse  them.  In  nature,  it  could  be  that  some  persistent  areas  described  as 

 permanent  barriers  can  host  the  propagation  of  some  earthquakes  because  𝐺 
 𝑐 

≃     𝐺 
 𝑜 

 at  some  stage  of  the  cycle,  explaining  for  instance  why  the  1730  metropolitan 

 earthquake  (Carvajal  et  al.,  2017)  was  able  to  break  the  broad  persistent  barrier 

 described  in  Chapter  2.  We  previously  discussed  some  mechanisms  involved  in  the 

 decreasing/increasing  of  fracture  energy  or  asperity  energy  release  rate  (e.g  fluid 

 injection  at  the  megathrust  base).  Interestingly,  is  proportional  to  the  seismogenic  𝑙 
 𝑠 

 width,  implying  that  the  rupture  can  a  propagate  a  higher  distance  with  steady  state 

 velocity  if  increases.  Notably,  the  seismogenic  width  has  been  shown  to  be  𝑊 
 𝑠𝑧 

 proportional  to  the  distance  between  the  trench  and  the  coastal  line  (Bejar-Pizarro  et 
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 al.,  2013).  Saillard  et  al.,  2017  observed  that  the  distance  between  the  trench  and 

 the  coast  is  higher  in  the  Southern  Andes  than  the  Central  Andes.  Thereby  we  can 

 assume  that  the  averaged  is  wider  in  the  Southern  Andes,  implying  that  some  𝑊 
 𝑠𝑧 

 ruptures  can  easily  propagate  for  some  barriers  in  this  segment,  promoting  the 

 existence  of  very  large  ruptures  (Fig.  4.1)  .  Testing  these  statements  will  require  the 

 implementation  of  numerical  modeling  but  considering  fully  dynamic  simulations, 

 since  inertial  forces  are  not  well  incorporated  within  quasi-dynamic  simulations 

 (QDYN), which are important to study the acceleration phase of earthquakes. 

 4.2  Relation  between  the  frictional  structure  and  geological  features, 
 implications on spatial and temporal persistence of seismic segmentation 

 We  have  seen  that  earthquake  segmentation  is  strongly  influenced  by  the  frictional 

 structure  of  the  megathrust  and  energy  quantities,  therefore  understanding  the 

 factors  exerting  control  on  it  will  certainly  improve  our  knowledge  about  future 

 earthquake  patterns.  This  is  important  because  the  lack  of  registers  concerning  an 

 entire  seismic  cycle  do  not  provide  enough  time  observational  period  to  elucidate 

 whether  current  earthquake  segmentation  is  representative  of  long  term  behavior. 

 Insights  on  temporal  persistence  of  seismic  segmentation  may  come  from  spatial 

 correspondence between rupture extent of large earthquakes and tectonic features. 

 Special  attention  has  had  the  correlation  of  coseismic  distribution  along  strike  with 

 gravity  anomalies  (  Alvarez  et  al.,  2014;  Song  and  Simons,  2003  )  .  A  first 

 interpretation  of  this  relation  was  made  by  Song  and  Simon  (2003).  They  show  that 

 high  coseismic  slip  patches  lie  beneath  negative  gravity  anomalies  zones.  They 

 proposed  that  negative  gravity  anomalies  correspond  to  high  friction  areas,  which  in 

 turn  induce  a  high  coupling  state,  dragging  the  fore-arc  down  and  thus  provoking  a 

 negative  signature  in  gravity.  Later,  it  was  shown  that  both  negative  and  positive 

 gravity  anomalies  could  be  related  to  coseismic  slip  distribution  (  Basset  and  Watts, 

 2015a,  2015b  )  .  Tassara  (2010)  showed  that  gravity  anomalies  do  not  respond  to 

 changes  in  friction  in  the  plate  interface,  rather  they  reflect  large  fore-arc  density 

 variation  along  the  trench.  Because  density  is  directly  related  to  the  weight  of  the 

 medium,  it  has  an  effect  on  the  vertical  stress  above  the  megathrust  base  (Fig.  4.1). 

 In  Chapter  2,  we  observed  that  the  peak  of  the  friction  PC  was  located  where 

 coseismic  slip  was  maximum.  In  the  case  of  gravity  EOF,  this  also  is  maximized 
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 where  friction  has  a  peak  (Fig.  2.6).  Following  the  suggestions  by  Song  and  Simons 

 (2003),  we  could  infer  that  low  friction  is  dominant,  which  overturned  our  previous 

 observation  of  friction  peak.  Because  of  this  inconsistency,  we  support  that  gravity 

 reflects  changes  on  the  density  structure  mostly  of  the  overriding  plate  and  not 

 friction.  Specifically,  the  changes  evidenced  by  EOFΔg  along  the  trench  are 

 probably  showing  a  link  between  the  fore-arc  density  structure  and  spatial  seismic 

 segmentation,  whose  effects  on  frictional  stability  might  be  driven  by  normal  stress 

 variations  (Fig.  4.1).  Indeed,  a  first  order  density  distribution  obtained  for  the  entire 

 Chilean  margin  depicts  a  clear  correlation  with  the  first  order  seismic  segmentation 

 derived  in  Chapter  2  (Fig.  2.9).  Assuming  that  the  density  structure  of  the  fore  arc  is 

 a  long  term  feature,  it  implies  that  seismic  segmentation  should  persist  over 

 geological time scale. 

 Remembering  that  recognized  master  segments  derived  from  our  PCA 

 implementation  are  delimited  by  persistent  seismic  barriers,  it  is  worth  asking 

 whether  these  discontinuities  on  segmentation  are  somehow  modulated  by  the 

 geological  structure.  In  figure  2.9,  the  main  oceanic  features  being  subducted 

 beneath  the  Southamerica  plate  are  shown,  together  with  first  order  crustal  structure 

 lying  on  the  same  plate.  Six  of  the  seven  recognized  persistent  barriers  are  roughly 

 correlated  with  seamount  chains,  fracture  zones  and  aseismic  ridges.  Further,  most 

 of  the  worldwide  persistent  barriers  reported  by  Philibosian  and  Meltzner  (2020)  are 

 located  where  oceanic  features  subduct.  Previous  studies  suggest  that  the  presence 

 of  large  seafloor  anomalies  enhance  the  normal  stress,  provoking  an  increment  of 

 coupling  state  (Scholz,  1997).  Nonetheless,  this  is  contradictory  with  the  relatively 

 low  locking  degree  shown  by  geodetic  observations  in  those  areas  (Wang  and  Bilek, 

 2014).  Later,  it  was  proposed  that  large  positive  bathymetric  anomalies  lying  above 

 the  oceanic  plate  produce  a  flexural  effect,  which  in  turn  generates  more  space  to  be 

 occupied  by  wet  sediments  coming  from  the  continent  (Basset  and  Watts,  2015a).  If 

 these  sediments  subduct  at  very  large  depth,  it  is  probably  that  its  main  effect  is  to 

 decrease  the  fault  strength  and  thus  promote  a  low  coupling  signal.  Nevertheless,  a 

 low  locking  degree  is  not  always  the  case  and  some  permanent  barriers  have 

 experienced  rather  intermediate  to  high  locking  state  (Moreno  et  al.,  2010;  Metois  et 

 al.,  2016).  This  is  in  agreement  with  our  numerical  results  showing  that  permanent 

 barriers can indeed be characterized by intermediate and high coupling (Fig. 2.2f). 
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 Figure  4.1  Seismotectonic  illustration  of  Central  and  Southern  Andes  :  Warm  colors  display  the 

 frictional  structure  which  comprises  seismic  asperities  and  barriers  From  dark  to  light  the  degree  of 

 coupling  in  the  plate  interface.  On  top,  the  topography  and  bathymetry  taken  from  GEBCO_2019  grid. 

 a:  Central  Andes.  Red  color  (positive  gravity  anomaly  )  in  the  overriding  plate  is  related  to  an + ∆ 𝑔 

 elevated  density  driven  by  an  intrusive  unit  which  ultimately  increases  the  normal  stress  (vertical 

 stress)  above  the  seismogenic  zone  provoking  a  very  unstable  regime.  b:  Southern  Andes.  The  blue 

 color  (negative  gravity  anomaly  )  in  the  continental  plate  depicts  a  metamorphic  unit  which − ∆ 𝑔 

 decreases  density  respect  to  the  Central  Andes,  therefore  decreasing  normal  stress  and  consequently 

 favoring  a  conditionally  stable  regime.  Note  that  the  Southern  Andes  is  characterized  by  a  trench  with 

 sediment  supply  thanks  to  the  humid  climate.  In  contrast,  because  of  the  arid  climate,  the  Central 

 Andes  has  a  starving  sediment  trench.  The  subduction  of  oceanic  features  enhance  seafloor 

 roughness,  increasing  parameter  and  thus  promoting  the  emergence  of  seismic  barriers.  𝐷 
 𝑐 

 Differences on the seismogenic width are displayed. 
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 We  previously  mentioned  that  the  most  important  parameter  inhibiting  earthquake 

 propagation  persistently  is  the  RSF  critical  distance  .  Studies  suggest  that  is  𝐷 
 𝑐 

 𝐷 
 𝑐 

 proportional  to  seafloor  roughness  and  fluid  content  in  the  fault  (Marone  et  al.,  1998; 

 Blanpied  et  al.,  1998).  These  fault  properties  can  easily  be  linked  to  subducted 

 seamount  chains,  aseismic  ridges  and  fracture  zones,  which  contribute  to  increase 

 seafloor  roughness  and  supply  wet  sediments  to  the  subduction  channel  (Fig.  4.1)  . 

 This  may  induce  along-trench  variation  on  distribution,  hence  playing  a  role  on  the  𝐷 
 𝑐 

 frictional  structure  and  earthquake  segmentation  (Fig.  4.1)  .  In  addition,  oceanic 

 geological  features  are  also  long  term  structures.  This  implies  that  their  effect  on  𝐷 
 𝑐 

 parameters  might  be  persistent,  which  is  in  agreement  with  permanent  barriers 

 description  in  Chile,  supporting  a  long  term  characteristic  seismic  segmentation. 

 However  these  statements  must  be  carefully  considered,  since  we  mentioned  that 

 seismic  cycles  have  been  partially  recorded  and  we  cannot  confidently  ensure  the 

 existence  of  permanent  barriers  only  from  historical  and  instrumental  data.  That  is, 

 some  permanent  barriers  actually  might  not  be  permanent  and  they  might  come  from 

 other  mechanisms,  for  instance  change  on  normal  stress  which  promote  temporal 

 barriers. 

 Similarly,  master  segment  boundaries  also  correlate  spatially  with  the  presence  of 

 crustal  faults.  In  fact,  for  the  Maule  rupture  area  this  observation  is  very  clear  and 

 supports  previous  works  suggesting  an  upper  plate  control  on  seismic  behavior  (Jara 

 et  al.,  2015)  .  Crustal  faults  can  reflect  important  lateral  discontinuities  on  density 

 structure  of  the  margin,  therefore  their  existence  might  involve  normal  stress 

 changes.  Hence  the  presence  of  geological  features  of  both  plates  probably  control 

 the  value  of  frictional  properties  and  normal  stress  which  in  turn  may  reinforce  the 

 effect  on  fracture  energy  and  thus  prevent  earthquake  propagation.  Likewise, 

 frequent  barriers  within  the  master  segments  also  correlate  with  crustal  faults  and 

 fracture  zones.  These  structures  probably  increases  and  but  their  values  are  𝐷 
 𝑐 

σ
 𝑛 

 not  that  high  as  it  could  be  on  permanent  barriers,  for  instance  because  abundant 

 sediments  mask  fracture  zone  roughness  (Fig.  4.1).  This  prone  the  barrier  to  either 

 stop  or  favor  rupture  propagation  depending  on  the  history  of  fault  behavior 

 (temporal  barriers),  provoking  the  megathrust  seismic  behavior  to  evolve  more 
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 randomly  (e.g.  creep  episodes  followed  by  coupling).  This  also  can  be  defined  as  a 

 slip  pattern  and  it  will  persist  over  time  due  to  its  dependency  with  long  term  tectonic 

 features. 

 Importantly,  the  interaction  between  megathrust  seismic  cycle  and  fore-arc 

 deformation  probably  involve  feedback  processes,  implying  that  frictional  structure  of 

 the  megathrust  has  also  contributed  to  the  current  morphology  of  the  Andes 

 Cordillera  and/or  coastal  Cordillera.  Some  authors  have  proposed  that  the 

 rate-strengthening  nature  of  some  barriers  prone  the  fault  to  creep  mostly, 

 trespassing  anelastic  deformation  to  the  upper-plate  inducing  permanent 

 deformation  and  thus  construction  of  high  peninsulas  (  Saillard  et  al.,  2017  )  .  They 

 argue  that  the  alternance  between  very  weakening  asperities  and  stable  zones 

 driven  by  VS  material  can  explain  the  permanent  deformation  observed  along  the 

 Chilean  margin.  However,  our  results  suggest  that  the  seismogenic  zone  is  laterally 

 predominated  by  VW  regime,  implying  that  creep  areas  might  not  be  the  only  factor 

 playing  a  role  on  permanent  deformation  related  to  peninsulas.  Accumulation  of 

 permanent  deformation  has  also  been  shown  to  occur  due  to  shortening  on  rupture 

 area  peripheria  of  large  earthquakes  above  stick-slip  segments  (Rosenau  et  al., 

 2009).  Whatever  be  the  case  behind  permanent  high  uplift  rate  on  the  fore-arc,  it 

 seems  to  respond  to  variation  on  frictional  structure  of  the  megathrust,  therefore 

 also supporting the persistence of it over geological time scale. 

 4.3  Long  and  short  term  earthquake  behavior  at  first  order 
 segmentation scale 

 Remembering  that  the  northern  Chilean  margin  has  been  described  as  possessing 

 a  very  unstable  frictional  regime  (attributed  mostly  to  a  denser  upper  plate)  (Fig.  4.1), 

 we  could  infer  that  coupling  is  rapidly  enhanced  after  earthquakes,  producing  a 

 decrease  in  their  return  period.  This  is  in  agreement  with  the  predominant  short 

 observed  earthquake  recurrence  time  (~100  yrs)  northwards  33°S  (Nishenko,  1985). 

 In  consequence,  the  amount  of  moderate  size  earthquakes  occurring  on  the  Central 

 Andes  should  show  an  opposite  tendency  simply  because  as  recurrence  time 

 decreases,  the  number  of  earthquakes  increases.  In  fact,  in  terms  of  solely 

 seismicity  of  moderate-low  magnitude,  the  north  of  Chile  concentrates  a  major 
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 number  of  nucleations  compared  with  the  south  of  the  country,  which  is  consistent 

 with  a  predominant  unstable  frictional  regime  (Fig.  2.7).  We  believe  then  that  this 

 seismic  pattern  evidenced  by  current  observations  corresponds  to  the  short-term 

 behavior.  Whether  this  seismic  behavior  can  be  extrapolated  over  geological  time 

 scale,  needs  the  fault  to  maintain  its  frictional  properties  without  important  changes 

 over  several  seismic  cycles.  Since  we  previously  argued  that  geology  exert  a  primary 

 control  on  strength  conditions,  we  can  assume  that  short  term  earthquake  behavior 

 inferred  on  the  Central  Andes  is  representative  of  the  long-term  behavior  as  well. 

 Certainly,  the  lack  of  large  earthquakes  records,  similar  to  Valdivia  1960  or  Maule 

 2010,  does  not  guarantee  that  nucleation  of  huge  earthquakes  have  not  occured  in 

 the  past  (Easton  et  al.,  2022).  As  we  said  in  previous  sections,  it  could  happen  that 

 multiple  asperities  fail  on  one  single  long  rupture  due  to  synchronization  of  stress 

 build  up  or  because  frequent  barriers  may  shift  from  arrest  to  favor  rupture 

 propagation.  All  these  causes  might  be  triggered  by  transient  phenomena  induced  by 

 fluid  circulation  or  evolution  of  the  system  itself,  which  ultimately  will  change  fault 

 shear  stress  and  thus  enhance  rupture  propagation  conditions.  Further,  although  the 

 nucleation  of  this  type  of  event  should  be  rare,  the  associated  seismic  risk  could  be 

 underestimated in the area. 

 In  contrast  to  the  Central  Andes,  our  results  suggest  that  the  frictional  regime 

 predominating  the  Southern  Andes  is  mostly  a  conditionally  stable  regime  (Fig.  4.1). 

 This  allow  the  megathrust  to  host  an  ample  range  of  seismic  patterns,  which  involve 

 the  fault  to  slip  either  seismically  or  aseismically.  The  presence  of  conditionally 

 stable  areas  has  been  used  as  a  necessary  condition  for  the  megathrust  to  be  the 

 nest  of  giant  earthquakes,  as  for  instance,  the  Tohoku  2011  event  (Hori  and 

 Miyazaki,  2011).  Hence,  our  results  indicate  that  southwards  33ºS,  the  Chilean 

 margin  meets  the  necessary  conditions  to  participate  in  large  earthquakes,  which  is 

 evidenced  by  the  recents  Valdivia  1960  and  Maule  2010  events.  At  the  same  time, 

 the  interseismic  period  on  a  fault  section  can  dramatically  change  if  the  frictional 

 regime  is  conditionally  stable.  Indeed,  our  simulation  supports  this,  and  they  show 

 that  low  locking  in  some  sectors  is  a  transient  phenomena  triggered  by  long-lived 

 postseismic  effects  of  past  rupture  (Fig.  2.2).  A  conditionally  stable  regime  could 

 prone  a  creeping  fault  section  to  lock  abruptly,  inducing  variable  interseismic  locking 

 which  can  increase  seismic  hazard,  or  vice-versa.  This  is  in  agreement  with  the 
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 variable  earthquake  pattern  displayed  on  the  southern  Andes,  where  we  have  the 

 occurrence  of  moderate  size  earthquakes  and  also  the  nucleation  of  giant  events. 

 Therefore,  this  mixture  of  large  and  moderate  size  earthquakes  strucking  the 

 Southern  Andes  is  an  intrinsic  characteristic  of  the  zone,  being  a  short-term  quality  of 

 the  margin.  Likewise,  the  nature  of  conditionally  stable  behavior  has  been  attributed 

 to  geological  features  of  the  system,  suggesting  that  this  behavior  also  represents 

 long-term  behavior.  Surprisingly,  our  simulations  indicate  that  variable  seismic 

 patterns  do  not  necessarily  obey  to  changes  in  strength  conditions  triggered  by  fluid 

 injection  or  mineral  dehydration,  therefore  persistent  geological  control  is  totally 

 consistent  with  heterogeneous  rupture  patterns  throughout  time.  Finally,  in  order  to 

 study  deeply  and  quantitatively  the  seismic  hazard  for  the  Chilean  margin,  we 

 dedicate the following entire section to it. 

 4.4  Implication (Application) on seismic potential 

 The  size  and  temporal  recurrence  of  earthquakes  are  one  of  the  most  important 

 parameters  to  be  considered  in  earthquake  hazard.  Predicting  when  the  next 

 earthquake  will  nucleate  is  one  of  the  main  interests  in  studies  of  the  seismic 

 potential  of  a  given  region.  This  is  because  megathrust  earthquakes  are  one  of  the 

 most  devastating  natural  hazards  in  the  world.  In  Chapter  2,  the  natural 

 segmentation  arised  from  the  PCA  methodology  has  a  direct  impact  on  multiple 

 rupture  scenarios  that  the  Chilean  margin  can  host.  Integrating  this  model 

 segmentation  on  probabilistic  earthquake  hazard  and  tsunami  modeling  could 

 certainly  improve  the  risk  mitigation  measurements  developed  in  Chile  so  far.  For 

 instance,  several  tsunami  scenarios  can  be  modeled  by  considering  as  sources  slip 

 distributions  along  strike  (Carvajal  et  al.,  2017).  From  our  model  segmentation, 

 several  stochastic  slip  models  can  be  built  to  construct  possible  earthquake  rupture 

 sequences  and  thereby  investigate  how  tsunamis  could  vary.  Further,  the  same  work 

 could  be  applied  to  explore  under  which  conditions  crustal  faults  could  be 

 re-activated,  this  via  changes  on  Coulomb  stress  which  depend  on  co-seismic  slip 

 distributions (Cortés-Aranda et al.,  2021). 

 Whether  several  unitary  segments  identified  in  the  Chilean  margin  will  synchronize  to 

 trigger  one  single  large  rupture  may  depend  on  the  nature  of  barriers  delimiting  such 
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 sections.  Considering  LEFM,  in  Chapter  3  we  have  developed  a  robust  theoretical 

 analysis  to  derive  a  barrier  efficiency  parameter,  that  is  to  quantify  the  ability  of 

 barriers  to  prevent  earthquake  runaway.  The  parameter  is  proportional  to  the λ

 barrier  fracture  energy  over  the  asperity  static  energy  release  rate  and  stress  𝐺 
 𝑐 
 /  𝐺 

 𝑜𝑖 

 drop  of  the  asperity  over  the  one  of  the  barrier  .  was  applied  to  our 
∆τ

 𝑎 

∆τ
 𝑏 

λ

 quasi-dynamic  rupture  modeling  results  and  was  successfully  tested  (Fig.  3.4c).  By 

 inspection  of  figure  3.4  c,  it  can  be  noted  that  permanent  barriers  are  characterized 

 by  values  <  0.3  while  that  ephemeral  barriers  correspond  to  >  ~1.  Otherwise, λ λ

 they  behave  as  frequent  or  temporal.  In  order  to  obtain  a  parameter  applicable  to 

 natural  barriers,  we  have  proposed  an  estimator  of  based  on  quantities  that  can  be λ

 constrained  by  observations  (  See  Appendix  A2).  To  demonstrate  that  can  be λ

 useful  to  predict  the  behavior  of  natural  barriers,  we  apply  it  to  the  Arauco  barrier 

 located  in  the  Southern  Andes  (  See  Appendix  A2).  Our  analysis  yields  a  predicted λ

 of  0.22  which  indicates  a  permanent  barrier.  This  is  in  agreement  with  our  description 

 of  the  Arauco  peninsula  as  a  persistent  barrier.  Therefore  our  work  could  be  used  to 

 describe  the  behavior  of  natural  barriers  identified  on  our  segmentation  model, 

 thereby  supporting  or  invalidating  our  barrier  description  (Chapter  2,  Fig.  2.8). 

 Further,  with  a  quantitative  classification  of  the  several  barriers,  we  could  assess  the 

 probability  of  them  to  inhibit  rupture  propagation.  This  can  be  integrated  into  the 

 construction  of  a  more  constrained  earthquake  scenario  needed  to  assess  more 

 confidently the seismic hazard associated in a specific area. 

 Improving  even  more  hazard  assessments  on  the  Chilean  margin  could  be  done  by 

 estimating,  for  instance,  the  time  return  of  the  next  earthquake  hosted  in  some 

 master  segment  described  in  Chapter  2.  Here,  Linear  Elastic  Fracture  Mechanics 

 (LEFM)  takes  a  fundamental  role,  since  it  has  been  used  to  calculate  the  rupture 

 potential  (  )  of  large  earthquakes,  that  is  to  anticipate  the  final  size  of  a  rupture Φ

 (Weng  and  Ampuero  2020).  The  mathematical  expression  of  can  be  written  as Φ

 follows; 

 (4.1) Φ( 𝐿  1 ,  𝐿  2 )   =    
 𝐿 

 1 

 𝐿 
 2 

∫
( 1 −  𝐺𝑐 

 𝐺  𝑚𝑖𝑥 ) 𝑑𝑙 

 𝑊 
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 where  is  the  rupture  fracture  energy  and  corresponds  to  the  energy  release  𝐺 
 𝑐 

 𝐺  𝑚𝑖𝑥 

 rate  for  a  mixed-long  rupture,  that  is  considering  oblique  slip.  is  defined  as  the  𝑊 

 seismogenic  width  and  and  the  initial  and  final  position  of  a  fault  segment.  We  𝐿 
 1 

 𝐿 
 2 

 say  that  a  rupture  will  propagate  over  the  entire  segment  when [ 𝐿 
 1 
,  𝐿 

 2 
] Φ( 𝐿  1 ,  𝐿  2 ) >  0 

 .  Weng  and  Ampuero  (2020)  applied  this  equation  to  the  Valdivia  segment  using 

 scaling  relation  between  the  energy  quantities  and  final  slip,  providing  an  alternative 

 to calculate  , that is  𝐺 
 𝑐 
 /  𝐺 

 𝑜 

 (4.2)  𝐺 
 𝑐 
 /  𝐺 

 𝑜 
=  𝐵𝑊  𝐷  𝑛 − 2  /  𝐶 µ   

 where  and  are  constants,  the  shear  modulus  and  the  final  slip.  Equation  4.1  𝐵  𝐶 µ  𝐷    

 and  4.2  predict  that  the  fault  needs  to  accumulate  a  critical  slip  deficit  to  host  𝐷  𝑐𝑟𝑖𝑡 

 very  long  ruptures.  Combining  this  with  the  slip  deficit  of  a  given  segment,  allows  to 

 estimate the largest possible size of an earthquake (Weng-Ampuero, 2020 (fig 4)). 

 Assessing  whether  the  rupture  will  runaway  or  arrest  once  the  earthquake  nucleates 

 will  depend  on  where  the  runaway  segment  intersects  with  the  rupture  potential 

 which  is  illustrated  as  the  time-dependent  evolution  of  the  seismic  segmentation 

 (Weng  and  Ampuero,  2019).  In  order  to  estimate  the  rupture  potential  of  the  Chilean 

 margin  and  thereby  assessing  the  seismic  hazard  of  master  segments,  we  have 

 applied  this  methodology  considering  interseismic  locking.  We  must  emphasize  that 

 we  followed  the  same  methodology  carried  out  by  Weng  and  Ampuero  (2020)  but 

 considering  a  variable  seismogenic  width.  The  variable  seismogenic  width  is 

 obtained  by  considering  the  place  where  the  interseismic  locking  is  lower  than  0.3  in 

 the trench perpendicular direction. 

 We  decided  to  calculate  the  rupture  potential  to  three  different  zones  in  Chile,  but 

 with  some  overlapped  areas  which  do  not  affect  the  results.  First,  we  analyzed  the 

 rupture  potential  of  the  segment  between  37  and  44  S,  allowing  a  direct  °  ° 

 comparison  with  Weng-Ampuero  2020  who  studied  the  same  area.  It  can  be 

 observed  from  figure  4.2  that  the  elapsed  time  after  the  1960  earthquake  needed  to 

 occur  for  a  similar  event  is  ~350  years,  which  is  in  agreement  with  recurrence  time 
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 for  the  area  (Cisterna  et  al.,  2005).  The  main  difference  between  our  estimated 

 time-dependent  rupture  potential  and  the  one  calculated  by  Weng-Ampuero  2020  is 

 to  move  the  rupture  potential  curve  towards  the  left.  This  implies  a  shorter  time 

 return  for  a  giant  Valdivia  earthquake  type  (Figure  4.2)  with  respect  to  the  one 

 obtained  by  Weng-Ampuero  2020.  The  shorter  recurrence  time  come  from  the 

 incorporation  of  a  space  variable  seismogenic  width,  highlighting  the  relevance  of  𝑊 

 in earthquake dynamics and thus seismic hazards. 

 Figure  4.2  Time  dependent  seismic  hazard  assessment  (Valdivia  segment).  a  :  Warm  colors 

 display  the  slip  deficit  rate  for  the  Valdivia  segment.  Green  lines  depict  the  location  of  the  seismogenic 

 width,  being  variable  along  the  trench.  b:  Red  solid  line  represents  the  latitudinal  averaged  slip  deficit 

 rate.  In  green  solid  line  the  seismogenic  width,  being  variable  along  the  trench.  c:  Black  thick  line 

 corresponds  to  the  elapsed  time  required  to  the  megathrust  accumulate  the  critical  slip  favorable  to 

 large  events  occurring  in  the  Chilean  subduction  zone.  Blue  vertical  lines  represent  the  possible  size 

 of  earthquakes  propagating  across  the  margin.  Intersections  between  blue  and  black  line  display  the 

 end  of  the  possible  rupture.  Horizontal  gray  lines  the  urinary  segment  boundaries  representing 

 temporal  barriers  whereas  thick  brown  horizontal  lines  depict  the  permanent  barriers  delimiting  master 

 segments reported in Chapter 2. 
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 Now,  the  area  between  19°S  and  30°S  presents  a  rupture  potential  much  more 

 variable  than  the  Valdivia  segment  (Fig  4.2-Fig.  4.3).  Likewise,  the  return  time  for  a 

 very  long  rupture  seems  to  be  shorter  than  the  Southern  Andes.  Our  results  indicate 

 that  an  earthquake  similar  to  the  one  nucleated  in  1877  in  the  Iquique  segment  with 

 an  estimated  magnitude  of  8.8  (Beck  et  al.,  1998)  could  occur  after  ~250  years. 

 Considering  that  since  1877  have  transcurred  143  years,  we  could  suggest  that  the 

 Iquique  segment  needs  to  accumulate  more  slip  deficit  to  reach  a  critical  slip  and 

 thus  host  a  large  event.  Another  important  master  segment  that  has  not  yet 

 experienced  the  largest  rupture  is  the  Copiapo  segment,  which  was  the  nest  for  the 

 great 1922 M9.0 Caldera earthquake (Beck et al., 1998). 

 Figure  4.3  Time  dependent  seismic  hazard  assessment  (Iquique,  Antofagasta  and  Copiapo 
 segments).  a  :  Warm  colors  display  the  slip  deficit  rate  for  Iquique,  Antofagasta  and  Copiapo 

 segments.  Green  lines  depict  the  location  of  the  coast-line.  b:  Red  solid  line  represents  the  latitudinal 

 averaged  slip  deficit  rate.  In  green  solid  line  the  seismogenic  width,  being  variable  along  the  trench.  c: 
 Black  thick  line  corresponds  to  the  elapsed  time  required  to  the  megathrust  accumulate  the  critical  slip 

 favorable  to  large  events  occurring  in  the  Chilean  subduction  zone.  Blue  vertical  lines  represent  the 

 possible  size  of  earthquakes  propagating  across  the  margin.  Intersections  between  blue  and  black 

 line  display  the  end  of  the  possible  rupture.  Horizontal  gray  lines  the  urinary  segment  boundaries 

 representing  temporal  barriers  whereas  thick  brown  horizontal  lines  depict  the  permanent  barriers 

 delimiting master segments reported in Chapter 2. 
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 Figure  4.4  shows  that  a  runway  rupture  breaking  the  same  segment  again  could  be 

 possible  after  ~240  years,  but  within  the  following  decades  is  an  unlikely  possibility 

 since  the  elapsed  time  since  that  big  event  is  only  88  years.  Definitely  this  doesn't 

 mean  that  earthquakes  of  moderate  size  can  not  occur  in  the  near  future.  Certainly, 

 one  of  the  most  anomalous  events  recognized  thanks  to  historical  records  is  the 

 huge  1730  earthquake  that  broke  a  portion  of  the  margin  in  the  center  of  Chile 

 (Valparaiso  segment)  between  30°  and  ~36°  S,  with  a  rupture  area  similar  to  the 

 1960  Valdivia  earthquake  and  with  an  estimated  magnitude  of  Mw9  (Carvajal  el  al., 

 2017;  Ruiz  and  Madariaga,  2018).  Such  a  large  event  seems  to  have  crossed  the 

 only  broad  permanent  barrier  in  Chile,  being  overlapped  later  by  the  1751 

 earthquake,  with  a  similar  size  towards  south  (Fig  2.8).  Our  results  indicate  that  a 

 return  period  for  such  a  big  event  is  approximately  280  year  (Fig.  4.4).  Incredible, 

 since  1730  have  already  passed  290  years,  suggesting  then  a  probably  similar 

 rupture  within  the  following  decades.  The  impact  on  seismic  hazards  are  important 

 since  over  the  area,  most  of  the  population  is  concentrated.  Additionally  such  a  big 

 earthquake  could  cause  a  huge  tsunami,  generating  a  lot  of  damage  on  the  most 

 important  harbors  of  the  country.  However,  because  this  segment  is  located  over  a 

 mix  between  unstable  and  conditionally  stable  fritional  regime,  locking  pattern  could 

 abruptly  vary,  causing  the  stress  build  up  change  dramatically,  accelerating  the  next 

 big  earthquake  or  delaying  the  nucleation  phase.  Additionally,  historical  evidence  has 

 supported  that  the  predecessor  of  the  2010  Mw8.8  Maule  earthquake  was  the  one 

 described  by  Darwin  in  1835  (Melnick  et  al.,  2012).  Nevertheless,  paleo  tsunami 

 records  point  out  a  smaller  tsunami  compared  to  the  2010  case  (Ely  et  al.,  2014), 

 implying  that  probably  1835  did  not  break  the  Maule  master  segment  entirely  but 

 only  its  southern  portion  (Ruiz  and  Madariaga,  2018).  This  leads  to  the  1751  event 

 as  a  candidate  for  being  the  one  big  earthquake  before  Maule  2010.  Further,  rupture 

 potential  shows  that  the  master  segment  would  require  ~300  years  to  experience  a 

 large  rupture  (Fig.  4.4  )  .  Remarkably,  until  2010  the  time  since  1751  was  260  years, 

 which  is  consistent  with  the  amount  of  time  necessary  to  the  segment  hosting  a  big 

 earthquake  again.  Not  surprisingly,  the  rupture  potential  has  a  latitudinal  distribution 

 that  correlates  with  the  unitary  segments  distribution  exhibited  in  Chapter  2, 

 providing  clues  on  how  important  parameters  may  be  modulating  the  seismic 

 segmentation  over  Chilean  margin.  For  instance,  it  can  be  noted  in  figure  4.4  that  the 

 rupture  potential  roughly  coincides  with  the  distribution  of  past  ruptures,  such  1837 
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 and  1737  events,  supporting  previous  works  showing  that  these  earthquakes 

 probably  do  not  break  the  same  segment  of  1960  event  (Hocking  et  al.,  2021). 

 These  findings  suggest  that  rupture  potential  estimations  could  partially  improve  our 

 understanding  of  the  conditions  auspicious  to  the  master  segments  being  able  to 

 host  huge  earthquakes.  Also,  gives  insights  on  parameters  controlling  the  seismic 

 segmentation,  which  could  be  tested  by  applying  this  methodology  to  other  similar 

 regions.  Finally,  rupture  potential  helps  to  obtain  recurrence  time  for  large 

 earthquakes,  being  this  parameter  essential  to  assess  the  earthquake  potential 

 across the Chilean subduction zone. 

 Figure  4.4  Time  dependent  seismic  hazard  assessment  (Maule  and  Valparaiso  segments).  a  : 
 Warm  colors  display  the  slip  deficit  rate  for  Maule  and  Valparaiso  segments.  Green  lines  depict  the 

 location  of  the  seismogenic  width,  being  variable  along  the  trench.  b:  Red  solid  line  represents  the 

 latitudinal  averaged  slip  deficit  rate.  In  green  solid  line  the  seismogenic  width,  being  variable  along  the 

 trench.  c:  Black  thick  line  corresponds  to  the  elapsed  time  required  to  the  megathrust  accumulate  the 

 critical  slip  favorable  to  large  events  occurring  in  the  Chilean  subduction  zone.  Blue  vertical  lines 

 represent  the  possible  size  of  earthquakes  propagating  across  the  margin.  Intersections  between  blue 

 and  black  line  display  the  end  of  the  possible  rupture.  Horizontal  gray  lines  the  urinary  segment 

 boundaries  representing  temporal  barriers  whereas  thick  brown  horizontal  lines  depict  the  permanent 

 barriers delimiting master segments reported in Chapter 2. 
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 5. Conclusions 

 The  main  aim  of  this  thesis  was  to  investigate  the  frictional  structure  of  the  Chilean 

 megathrust  and  its  link  with  the  geological  structure  of  both  the  upper  and  lower 

 plates (Fig. 1.3). 

 The  spatial  correlation  between  the  geophysical  and  geological  proxies  (gravity 

 anomalies,  interseismic  locking  and  basal  friction)  with  the  seismicity  distribution 

 across  the  Chilean  margin  reveals  the  interplay  between  upper-lower  plate 

 properties  and  the  megathrust  frictional  regime.  In  particular,  the  density  structure  of 

 the  fore  arc  inferred  from  gravity  anomalies  exhibits  a  marked  segmentation 

 along-strike,  exerting  control  on  the  megathrust  frictional  stability  through  its  effect  on 

 normal  stress.  Our  results  suggest  that  the  Central  Andes  segment  is  characterized 

 by  a  heavier  forearc,  promoting  a  very  unstable  regime  whilst  the  Southern  Andes 

 comprises  a  less  heavy  fore-arc  which  in  turns  favor  a  conditionally  stable  regime. 

 We  proposed  that  these  first  order  differences  can  explain  why  the  Southern  Andes 

 seems  to  be  the  net  of  great  earthquakes  while  in  the  Central  Andes  this  type  of 

 event  is  rare.  At  minor  scale  (  ),  we  identify  unitary  segments  interpreted  as  10  2  𝑘𝑚 

 potential  seismic  asperities  delimited  by  seismic  barriers.  There  is  a  spatial 

 correspondence  between  the  segments  found  and  incoming  oceanic  features  of  the 

 Nazca  plate.  Notably,  most  of  the  permanent  barriers  coincide  with  aseismic  ridges 

 and  seamount  chains,  suggesting  a  tectonic  control  on  earthquake  segmentation 

 along-strike. 

 The  thermal  control  on  friction  suggests  that  the  physical  nature  of  seismic  barriers 

 should  be  VW  material,  and  not  VS  as  it  has  been  commonly  assumed.  The 

 numerical  simulations  of  the  seismic  cycle  demonstrate  that  lateral  heterogeneities  in 

 and  parameters  within  a  VW  domain  can  promote  earthquake  arrest  and  thus σ
 𝑛 

 𝐷 
 𝑐 

 act  as  seismic  barriers.  Further,  the  slip  behavior  hosted  by  the  VW  barriers  is  similar 

 to  that  experienced  by  natural  barriers,  therefore  they  are  better  analogues  than 

 VS-barriers.  Remarkably,  our  simulations  show  that  VW  barriers  present 

 intermediate-high  ISC,  which  is  a  kinematic  feature  displayed  by  natural  barriers 

 along  several  subduction  zones.  Our  research  challenges  the  common  interpretation 

 of  locked  patches  as  strong  seismic  asperities  and  reformulates  the  way  we 
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 understand  earthquake  segmentation.  Additionally,  we  conclude  that  the  strong 

 correlation  between  geology  and  earthquake  patterns  is  caused  by  latitudinal 

 variations  of  and  ,  the  former  modulated  mostly  by  the  fore-arc  density  structure σ
 𝑛 

 𝐷 
 𝑐 

 and  the  latter  controlled  by  seafloor  roughness  and  water  content  in  the  subduction 

 channel.  Because  these  tectonic  features  are  long  term  characteristics,  its  effect  on 

 the  frictional  structure  should  be  persistent  throughout  several  seismic  cycles, 

 supporting  that  the  megathrust  frictional  structure  prevails  over  time  and  thus  seismic 

 segmentation  as  well.  Hence  this  thesis  supports  the  hypothesis  work  announced  in 

 Chapter  1,  providing  insights  on  the  mechanisms  of  earthquake  arrest  and  fault 

 segmentation. 

 On  the  other  hand,  results  of  Chapter  2  and  3  have  strong  implications  on  seismic 

 hazard  assessments.  The  segmentation  derived  from  the  PCA,  enables  the 

 construction  of  the  first  formal  segmentation  of  the  Chilean  margin  based  on 

 geophysical/geological  proxies  instead  of  historical  records  of  past  earthquakes.  This 

 methodology  offers  an  opportunity  to  constrain  and  create  segmentation  models  on 

 other  subduction  zones  lacking  seismic  records.  Consequently,  the  segmentation 

 model  can  be  used  to  constrain  co-seismic  slip  scenarios  to  investigate  the 

 necessary  conditions  to  trigger  crustal  fault  reactivation  and/or  to  model  tsunami 

 dynamics.  Likewise,  based  on  theoretical  results  (fracture  mechanics),  we  create  a 

 non-dimensional  parameter  to  quantitatively  measure  the  barrier  efficiency  of λ

 natural  barriers.  We  show  how  can  be  used  to  anticipate  the  barrier  behavior  on λ

 real  faults.  Therefore  this  thesis  strongly  improves  and  advances  the  theoretical 

 underpinnings  of  physics-based  hazard  assessment.  Furthermore,  we  estimate  the 

 rupture  potential  along  the  entire  Chilean  margin,  providing  some  theoretical 

 discussion  about  the  time-dependent  seismic  risk  of  the  different  segments 

 described in this work. 

 Finally,  this  contribution  highlights  the  underlying  mechanism  behind  earthquake 

 segmentation  combining  multiple  methodologies,  providing  a  robust  analysis  tool  that 

 can  be  easily  reproduced  by  those  related  to  earthquake  physics  and  seismic 

 hazards.  We  hope  that  from  the  results  discussed  in  this  thesis,  the  science 

 community  will  be  benefited  and  inspired  to  pursue  the  hidden  earthquake 

 knowledge waiting to be discovered. 
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 Introduction 

 The  files  attached  to  this  document  are  1)  an  explanatory  text  describing  the  details 

 of  the  Principal  Component  Analysis  (PCA)  method  applied  in  this  study,  and2)  a 

 table  containing  the  vertices  of  unitary  seismic  segments  identified  by  us.  The  data 

 used for this work is fully available in open sources or previous papers. 

 Text S1. 

 Development  and  Implementation  of  Principal  Component  Analysis  .  Principal 

 Component  Analysis  (PCA)  uses  an  orthogonal  transformation  over  observations  of 

 possible  correlated  variables  in  order  to  obtain  a  new  set  of  coordinates  of  linearly 

 uncorrelated  variables  that  concentrate  along  their  axes  most  of  the  covariance  of 

 the  data.  We  follow  the  methodological  approach  of  Venegas  (2001)  and  her  notation 

 for  the  analysis  of  time  series  of  a  common  time  window  that  are  associated  with  a 

 set  of  different  locations  (meteorological  stations  in  her  case)  distributed  in  space.  In 

 our  case,  instead  of  time  series,  we  consider  trench-perpendicular  profiles  of  a 

 common  length  that  are  distributed  along  the  trench  axis.  We  define  a  number  M 

 (=120)  of  trench-perpendicular  profiles  that  are  separated  20  km  along  the  trench 

 and  ordered  from  north  (  m  =1)  to  south  (  m=M  ).  Each  profile  is  formed  by  N  (=200) 

 points  spaced  0.9  km  and  covering  a  length  of  180  km  from  the  trench  axis  in  the 

 west  (  n  =1)  to  a  point  in  the  main  Andean  cordillera  in  the  east  (  n  =  N  ).  We  arrange  the 

 M  trench-perpendicular  profiles  as  rows  of  a  coordinate  matrix  P  of  dimensions  M  x  N  . 

 The  construction  of  matrix  P  implies  that  we  will  focus  on  the  along-trench  variability 

 of  the  major  trench-perpendicular  features  contained  in  the  data.  Once  the  P  matrix 

 is  constructed,  we  interpolated  the  value  of  each  proxy  (from  grids  computed  as 

 shown  in  section  3.2)  at  the  (m,n)  coordinates  and  created  one  data  matrix  D  p  for 
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 each  of  proxy  p.  Then,  we  centered  and  normalized  each  D  p  matrix  by  subtracting 

 the  average  value  and  dividing  them  by  its  standard  deviation.  This  is  a  necessary 

 step  that  ensures  the  spatial  comparability  of  the  different  proxies  (e.g.  Venegas, 

 2001; Brethertone et al., 1992) 

 Our  implementation  of  PCA  can  be  applied  to  one  individual  proxy  or  combinations 

 of  them  (i.e.  Brethertone  et  al.,  1992).  These  combinations  are  obtained  by 

 concatenation  of  the  considered  D  p  matrices  so  that  the  final  dimensions  of  the  full 

 data  matrix  D  will  be  CxMxN  (or  CMxN  for  simplicity),  where  C  is  the  number  of 

 combined  proxies.  The  next  step  is  to  obtain  the  covariance  matrix  of  D,  which  by 

 definition  will  be  a  square  matrix  of  dimensions  CMxCM  ,  and  its  respective 

 eigenvectors  E  k  and  eigenvalues  k  .  We  refer  to  the  k  indexes  as  modes,  which  are 

 ordered  following  the  rank  of  their  eigenvalues  k  from  the  highest  (  k  =1)  to  the  lowest 

 (  k  =  CN  ).  Commonly,  only  the  first  K  modes  are  considered  since  they  explain  much  of 

 the  covariance  of  the  data  (Venegas,  2001;  Smith  2002).  To  quantify  the  amount  of 

 the  variability  explained  by  each  mode  k  ,  it  is  useful  to  compute  the  percentage  that 

 the  corresponding  eigenvalue  k  represents  with  respect  to  the  total  sum.  Each  mode 

 k  is  associated  with  an  eigenvector  E  k  (also  called  Empirical  Orthogonal  Functions 

 EOFs)  that  in  our  case  represents  the  along-trench  variability  of  a  particular 

 trench-perpendicular  characteristic  pattern.  For  analyses  that  combine  two  or  three 

 proxies  (C>1),  we  split  the  eigenvectors  to  obtain  one  E  k  for  each  proxy.  Then  we 

 stack  the  first  K  EOFs  in  a  matrix  E  p  for  each  proxy  p  that  contains  K  column 

 eigenvectors of length  M  (i.e. each matrix E  p  has  dimensions  M  x  K  ). 

 For  each  proxy,  the  trench-perpendicular  variation  of  the  K  number  of  EOFs  is 

 obtained  by  projecting  the  data  matrix  D  p  onto  each  eigenvector,  which  in  matrix 
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 notation  can  be  written  as  A  p  =  E  p 
 T  *D  p  .  Each  matrix  A  p  has  dimensions  K  x  N  ,  since 

 E  p 
 T  (the  transpose  of  E  p  )  is  K  x  M  and  D  p  is  M  x  N  ,  and  therefore  A  p  is  independent  of 

 the  number  of  trench-perpendicular  profiles  M  .  The  rows  of  the  A  p  matrices  are 

 known  as  the  Principal  Components  (PCs)  of  the  data,  each  of  them  associated  with 

 a  particular  mode  k  ,  and  provide  information  on  the  trench-perpendicular  variability  of 

 the  along-trench  pattern  informed  by  a  given  EOF.  Finally,  the  actual  spatial 

 distribution  of  each  proxy  can  be  reconstructed  by  multiplying  its  matrix  E  p 

 (containing  the  K  EOF  columns  of  length  M  )  with  its  principal  component  matrix  A  p 

 (containing  the  K  PC  rows  of  length  N  ),  and  then  remapping  the  obtained  values  at 

 each  (n,m)  matrix  position  to  their  original  map  coordinate.  If  K  were  equal  to  N  ,  then 

 the  reconstructed  maps  must  be  exactly  identical  to  the  original  maps;  however,  in 

 general  the  first  modes  that  explain  much  of  the  data  variability  are  most  relevant, 

 and  therefore  reconstructed  maps  may  appear  as  a  simplified  first-order  version  of 

 their original inputs. 

 Table S1. 

 Vertices  of  unitary  seismic  segments  .  Unitary  seismic  segment  presented  in  main 

 text  figure  8  are  identified  by  an  Identification  Code  (IC)  in  the  first  column  formed  by 

 letters  referring  to  the  master  seismic  segment  at  which  they  belongs  (I=Iquique 

 1877,  A=Antofagasta  1995,  C=Copiapo  1922,  VP=Valparaiso  1730,  M=Maule  2010, 

 VD=Valdivia  1960)  and  a  number  referring  to  its  north-south  location  inside  the 

 respective  master  segment.  Columns  2  to  5  list  the  geographic  coordinates  of 

 respectively  northwest,  northeast,  southeast  and  southwest  vertices  delimiting  each 

 unitary segment. 
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 IC  NW  NE  SE  SW 

 I1  -19.1, -71.7  -18.41, -70  -20.16, -69.35  -20.35, -71.26 

 I2  -20.35, -71.26  -20.16, -69.35  -21.65, -69.27  -21.6, -71.2 

 I3  -21.6, -71.2  -21.65, -69.27  -23.7, -69.38  -23.6, -71.33 

 A1  -23.6, -71.33  -23.7, -69.38  -25.55, -69.51  -25.2, -71.46 

 C1  -25.2, -71.46  -25.55, -69.51  -27.55, -69.89  -27.25, -71.87 

 C2  -27.25, -71.87  -27.55, -69.89  -29.98, -70.34  -29.8, -72.4 

 VP1  -29.8, -72.4  -29.98, -70.34  -31.98, -70.55  -31.4, -72.62 

 VP2  -31.4, -72.62  -31.98, -70.55  -33.45, -70.89  -32.9, -72.92 

 VP3  -32.9, -72.92  -33.45, -70.89  -34.46, -71.26  -33.8, -73.27 

 M1  -33.8, -73.27  -34.46, -71.26  -36.16, -72.05  -35.6, -74.14 

 M2  -35.6, -74.14  -36.16, -72.05  -36.87, -72.33  -36.5, -74.52 

 M3  -36.5, -74.52  -36.87, -72.33  -37.8, -72.57  -37.6, -74.82 

 VD1  -37.6, -74.82  -37.8, -72.57  -38.85, -72.71  -38.6, -75 

 VD2  -38.6, -75  -38.85, -72.71  -40.01, -72.83  -39.8, -75.14 

 VD3  -39.8, -75.14  -40.01, -72.83  -41.15, -73  -40.85, -75.34 

 VD4  -40.85, -75.34  -41.15, -73  -42.18, -73.18  -42.00, -75.58 

 VD5  -42.00, -75.58  -42.18, -73.18  -43.36, -73.33  -43.2, -75.79 

 VD6  -43.2, -75.79  -43.36, -73.33  -44.25 ,-73.38  -44.16, -75.88 

 Figure S1 and Figure S2. 

 These  figures  were  produced  to  show  the  similarity  of  the  first  order  along-trench 

 patterns  recognized  by  the  PCA  method  when  applied  to  different  interseismic 

 geodetic  locking  grids.  For  this  we  considered  our  concatenated  locking  grid  (see 

 section  3.2.3  in  main  text)  along  with  grids  published  by  Metois  et  al.  (2016,  hereafter 

 123 



 M16)  and  Saillard  et  al.  (2017,  hereafter  S17).  We  first  cut  our  locking  grid  till  38°S, 

 which  is  the  southward  extent  of  M16  and  S17.  Then,  we  applied  our  PCA  method  to 

 each  locking  grid  in  an  isolated  way  (i.e.  C=1)  in  order  to  obtain  their  individual 

 first-order spatial patterns (i.e. k=1). 

 Figure  S1.  Empirical  Orthogonal  Functions  (EOFs)  for  the  first  PCA  mode  (k=1)  of  different 

 interseismic  locking  grids.  We  note  a  rather  similar  long  wavelength  (1000  km)  along-trench  tendency 

 and  a  general  coincidence  in  the  location  of  short  wavelength  (100  km)  fluctuations  of  this  tendency, 

 although the amplitude of the signal and spatial gradients may differ. 
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 Figure  S2.  Reconstructed  spatial  distributions  of  different  locking  grids  for  k=1  (upper  panel).  As  a 

 consequence  of  the  similarity  in  their  EOFs,  we  note  that  these  maps  are  rather  similar  one  to  each 

 other,  mostly  in  the  along-strike  distribution  of  highs  and  lows  of  locking,  which  is  the  most  relevant 

 feature  considered  in  our  analysis.  This  analysis  is  complemented  with  (mid  panel)  maps  where  we 

 plotted  the  difference  between  pairs  of  locking  grids  and  (lower  panel)  histograms  showing  the 

 frequency  distribution  of  these  differences.  These  figures  further  demonstrate  the  first  order  similarity 

 between  different  locking  grids,  with  residuals  clearly  showing  a  gaussian  distribution  around  zero  for 

 the three possible combinations. 
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 Figures Extended data 
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 1.  Figure Extended data 1 

 2.  Figure Extended data 2 

 3.  Figure Extended data 3 

 4.  Figure Extended data 4 

 127 



 Figure  Extended  data  1:  The  diversity  of  slip  behavior  in  VW  barrier  types.  P  as  a  function  of  the 

 percentage  of  rapid  creep  slip  (stars  and  squares)  and  slow  creep  slip  (crosses  and  circles)  relative  to 

 the  total  accumulated  slip  (see  Methods  3.5.6)  .  A  large  transient  slip  relative  to  the  total  accumulated 

 slip  means  an  increase  in  the  amount  of  aseismic  slip  hosted  by  the  CVWP  (x-axis).  As  Dc  is 

 increased  (violet  colors),  the  aseismic  slip  increases  too.  The  same  is  observed  in  simulation  with 

 normal  stress  contrast  (with  values  up  to  twice  the  asperity  ),  but  when  exceeds  twice  the σ
 𝑛 

σ
 𝑛 

 asperities’  value  (red  colors),  the  transient  slip  decreases,  implying  an  increment  in  the  seismic  slip 

 within  the  CVWP.  Further,  a  smaller  ratio  between  transient  and  total  accumulated  slip  means  major 

 seismic  slip  within  the  CCVWP.  Warm  and  cool  colors  depict  variations  in  and  values  respectively σ
 𝑛 

 𝐷 
 𝑐 

 whereas vertical gray solid lines display barrier type depending on probability  P  . 
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 Figure  Extended  data  2:  Seismic  cycle  simulations  of  frequent  barriers.  The  barrier  has  a  length 

 of  40  km  and  is  defined  by  (top)  a  low  and  (bottom)  a  high  .  a,d):  𝐷 
 𝑐 

=  0 .  18     𝑚 σ
 𝑛 

=  370     𝑀𝑃𝑎 

 Accumulated  slip  profiles  along  the  fault  during  interseismic  periods  (blue,  every  2  years)  and  during 

 earthquakes  (red,  every  5  seconds);  Black  lines  depict  the  start  and  ending  of  earthquakes.  Solid 

 black  lines  display  the  edges  of  the  CVWP.  b,e):  space-time  distribution  of  instantaneous  ISC 

 (equation  20,  see  Methods  3.5.7)  .  Blue  solid  lines  and  green  stars  show  the  rupture  length  and 

 epicenter  of  earthquakes,  respectively.  Dashed  white  lines  indicate  the  edges  of  the  CVWP.  c,f): 

 Instantaneous  ISC  averaged  across  the  CVWP  (red  dashed  lines)  and  slip  rate  averaged  across  the 

 whole  fault  (black  solid  lines)  as  a  function  of  time.  The  horizontal  gray  line  indicates  our  chosen 

 threshold  for  seismic  slip  rates,  1  cm/s.  ISC  varies  throughout  the  seismic  cycle,  although  the  values 

 are  most  often  close  to  1  (fully  locked).  Some  transients  are  aseismic,  their  slip  rates  do  not  reach 

 seismic velocities. 
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 Figure  Extended  data  3:  Long-term  interseismic  coupling  in  the  CVWP.  For  each  simulation,  the 

 long-term  ISC  is  computed  at  each  point  inside  the  CVWP  using  equation  21  (see  Methods  A7)  and 

 then  averaged  spatially  across  the  CVWP.  Blue  circles  and  stars  correspond  to  simulations  with  𝐷 
 𝑐 

 and  contrast,  respectively.  Most  values  are  higher  than  0.95,  implying  that  in  the  long  term,  some σ
 𝑛 

 barriers can display high ISC. 
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 Figure  Extended  data  4:  Reference  seismic  cycle  simulation.  Cumulative  slip  profiles  along  the 

 fault  during  interseismic  periods  (blue,  every  2  years)  and  during  earthquakes  (red,  every  5  seconds); 

 Black  lines  depict  the  start  and  ending  of  earthquakes.  Reference  model  with  uniform  and  𝐷 
 𝑐 

=  0 .  1     𝑚 

 (there  is  a  small  increase  of  in  a  45  km-long  CVWP).  b)  A  model  with  very  high σ
 𝑛 

=  95     𝑀𝑃𝑎  𝑎 

 in a 60 km-long CVWP. σ
 𝑛 

=  220     𝑀𝑃𝑎 
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 Predicting barrier efficiency λ

 While  equation  17  needs  to  be  computed  from  model  outputs,  a  posteriori,  here  we 

 propose  an  a  priori  estimator  of  based  on  model  inputs.  We  develop  scaling λ

 relationships  between  asperity  stress  drop  (  )  and  fault  input  parameters,  , ∆τ
 𝑎 

σ
 𝑛    

 𝐷 
 𝑐 

 and  .  For  each  simulation,  we  compute  the  mean  stress  drop  across  the  asperity  𝐿 
 𝐵 

 for  all  earthquakes  halting  at  the  barrier  or  breaking  it  entirely.  For  a  given  set  of 

 simulations  with  fixed  (or  )  but  varying  ,  we  estimate  the  asperity  stress  drop  𝐷 
 𝑐 

σ
 𝑛 

 𝐿 
 𝐵 

 (  )  averaged  among  all  differents  cases.  We  find  an  almost  linear  relation ∆τ
 𝑎𝑚 

 𝐿 
 𝐵 

 between  and  (or  )  [Fig.  S1,  left  panel]  ,  with  best-fitting  relations  of  the ∆τ
 𝑎𝑚 

 𝐷 
 𝑐 

σ
 𝑛 

 following form: 

 and  (22) ∆τ
 𝑎𝑚 

=  𝑎 
 1 

+  𝑎 
 2 
   ×     𝐷 

 𝑐 
∆τ

 𝑎𝑚 
=  𝑏 

 1 
+  𝑏 

 2 
   ×    σ

 𝑛 

 where  ,  and  are  constants  .  Similarly,  we  derive  a  scaling  relation  for  the  𝑎 
 1 
,  𝑎 

 2 
    𝑏 

 1 
 𝑏 

 2 

 barrier stress drop (  ). ∆τ
 𝑏 

 For  simulations  with  the  same  barrier  length  ,  we  take  the  mean  stress  drop  across  𝐿 
 𝐵 

 the  central  VW  patch  for  each  earthquake,  then  average  among  all  the  events  in  the 

 simulation  set  with  variable  (or  )  to  obtain  a  mean  barrier  stress  drop  (  ).  We  𝐷 
 𝑐 

σ
 𝑛 

∆τ
 𝑏𝑚 

 find  an  inverse  relation  between  and  ,  which  is  more  clear  in  the  set  with ∆τ
 𝑏𝑚 

 𝐿 
 𝐵 

 variable  [Fig. S1, right panel]  , with best-fitting  relations of the form:  𝐷 
 𝑐 

 and  (23) ∆τ
 𝑏𝑚 

=  𝑎 
 3 

+  𝑎 
 4 
   ×     𝐿 

 𝑏 
            ∆τ

 𝑏𝑚 
=  𝑏 

 3 
+  𝑏 

 4 
   ×     𝐿 

 𝑏 

 for  the  variable  and  variable  sets,  respectively,  where  ,  and  are  𝐷 
 𝑐 

σ
 𝑛 

 𝑎 
 3 
   ,     𝑎 

 4 
    𝑏 

 3 
    𝑏 

 4 

 constants. 
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 Figure  S1:  Stress  drop  dependency  with  ,  or  barrier  length  observed  from  the  𝐷 
 𝑐 

σ
 𝑛 

 𝐿 
 𝐵 

 earthquake  simulations  .  Left  panels:  Blue  dots  and  stars  depict  representative  asperity  stress  drop 

 values  as  a  function  of  frictional  parameters  and  respectively.  The  black  solid  line ∆τ
 𝑎𝑚 

 𝐷 
 𝑐 

σ
 𝑛 

 represents  a  linear  polynomial  used  to  fit  the  values,  which  allows  us  to  obtain  a  scaling  relation 

 between  and  o  (equation  22)  .  Right  panels:  Red  dots  and  stars  display  average  barrier ∆τ
 𝑎𝑚 

 𝐷 
 𝑐 

σ
 𝑛 

 stress  drop  depending  on  barrier  length  (equation  23).  The  black  solid  line  fits  the  values, ∆τ
 𝑏𝑚 

( 𝐿 
 𝐵 

)

 showing  an  inverse  relation  between  barrier  stress  drop  and  its  length.  These  linear  fits  provide 

 another scaling relation used to predict the barrier efficiency λ.

 (24)  𝐺 
 𝑐𝑝 

   =    
 𝑏  𝐷 

 𝑐 
σ

 𝑛    
[ 𝑙𝑛 ( 𝑉 θ /  𝐷 

 𝑐 
)] ² 

 2 

 In  particular,  in  this  expression  is  proportional  to  the  product  of  the  two  fault  𝐺 
 𝑐 

 𝐷 
 𝑐 
σ

 𝑛    

 parameters varied in our simulations. Both,  and  are displayed on figure S2.  𝐺 
 1  𝑜𝑝𝑥 

 𝐺 
 𝑐𝑝 
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 Figure  S2:  and  mean  values  from  simulations  (originally  used  to  estimate  𝝺,  Methods  𝐺 
 𝑜 

 𝐺 
 𝑐 

 3.5.3)  compared  with  and  proxies  mean  values  calculated  considering  stress  drop  𝐺 
 𝑐𝑝 

 𝐺 
 1  𝑜𝑝𝑥 

 dependency  with  ,  and  barrier  length  [Figure  S1].  Left  panel:  Red  stars  and  circles  are  𝐷 
 𝑐 

σ
 𝑛 

 𝐿 
 𝐵 

 estimations  for  computed  for  a  given  value  of  and  (or  )  considering  stress  drop  𝐺 
 1     𝑜𝑝𝑥 

 𝐿 
 𝐵 

 𝐷 
 𝑐 

σ
 𝑛 

 dependency  shown  in  Figure  S1  and  equation  10  (this  work).  Then  it  is  compared  with  the  mean  Go 

 (used  to  estimate  )  ,  which  is  displayed  in  the  y-axis.  Right  panel:  Blue  circles  (or  blue  stars) λ

 represent  (Rubin-Ampuero  2005,  equation  24  )  considering  the  same  values  of  (or  )  .  Then  𝐺 
 𝑐𝑝 

 𝐷 
 𝑐 

σ
 𝑛 

 the  values  are  compared  with  the  original  average  values  coming  from  the  simulations  (see  𝐺 
 𝑐 

 Methods  3.5.4).  Gray  solid  line  is  the  straight  line  with  slope  1,  shown  for  reference.  These  Gc  and  Go 

 proxies  together  with  the  stress  drop  predictions  (Fig.  S1,  Fig.  S2)  are  finally  used  to  obtain  a 

 predicted  (  Fig. S3  ) λ
 𝑝 

 These  scaling  relations  are  then  used  in  equations  10  to  estimate  for  each  𝐺 
 𝑜𝑖 

 simulation  (see  Methods  3).  Then,  the  proxy  predicted  for  the  asperity  static  energy 

 release rate is called  .  𝐺 
 1  𝑜𝑝𝑥 

 To  estimate  the  fracture  energy  associated  to  rate-and-state  friction,  we  adopt  the 

 estimate derived by Rubin and Ampuero (2005): 
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 Finally, the predicted  constrained by our proxies is λ
 𝑝 

 (25) λ
 𝑝 

=    
 𝐺 

 𝑐 

 𝐺 
 1  𝑜𝑝𝑥 

 𝑚 

 𝑇  𝑛 

 In  Figure  S3  it  can  be  noted  that  is  able  to  reproduce  the  main  tendencies  of  the λ
 𝑝 

 original barrier efficiency index derived from our simulations (measured  ). λ

 Figure  S3:  Measured  and  predicted  𝝺  compared  with  the  probability  P  (Percentage  of  events 
 breaking  the  barrier)  .  Left  :  Blue  circles  and  stars  represent  estimations  of  barrier  efficiency  derived 

 from  simulations  where  and  have  been  varied  respectively  [Figure  4c].  Middle  :  predicted  values  𝐷 
 𝑐 

σ
 𝑛 

 of  𝝺  obtained  from  proxies  (  ,  Figure  S2,)  and  stress  drop  scaling  (equations  22,  23)  𝐺 
 𝑐 
,  𝐺 

 𝑜 
 𝐺 

 1  𝑜𝑝𝑥 
 𝐺 

 𝑐𝑝 

 with  frictional  and  geometrical  parameters  (  ,  circles  and  stars  respectively).  Red  represents  𝐷 
 𝑐 

σ
 𝑛 

λ
 𝑝 

 (equation  25)  .  Vertical  gray  line  shows  the  threshold  of  temporary  or  permanent  barriers.  For  𝝺  <  0.3 

 the  probability  of  having  permanent  barrier  increases  and  for  𝝺  >  1  the  probability  of  having  temporary 

 barrier  increases  too.  Right:  Measured  𝝺  values  [y-axis]  as  a  function  of  predicted  [x-axis].  Solid λ
 𝑝 

 gray line displays the slope 1 reflecting 1 to 1 correlation. 
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 Estimating the efficiency of natural barriers 

 Natural  seismic  barriers  can  be  categorized  through  the  efficiency  barrier  parameter 

 derived  in  this  work  (equation  17)  by  devising  estimates  of  the  quantities  involved  ( λ

 ,  and  )  based  on  observable  quantities  .  While  the  simulations  conducted  𝐺 
 𝑐 

 𝐺 
 𝑜𝑖 

∆τ

 here  assumed  rate-and-state  friction,  fault  friction  at  the  natural  scale  is  expected  to 

 involve  additional  weakening  processes.  In  the  absence  of  a  universal  friction  law  for 

 faults,  following  Weng  and  Ampuero  (2020),  we  consider  an  empirical  relation 

 between  and  final  slip  of  the  form  ,  where  and  are  𝐺 
 𝑐 

 𝑆  𝐺 
 𝑐 

∼  𝐵  𝑆  𝑛  𝐵 ≈  3  𝑛 ≈  0 .  7 

 constants  constrained  by  seismological  observations.  We  estimate  the  asperity 

 energy  as  where  is  the  stress  drop  on  the  asperity,  𝐺 
 𝑜𝑖    

=
π 𝐿 

 𝐴 
∆τ

 𝐴 
 ² 

 4 µ ∆τ
 𝐴 

∼ µ 𝑆 
 𝐴 

 /  𝐿 
 𝐴 

 𝑆 
 𝐴 

 its  slip  and  its  length.  Using  these  relations  and  equation  17,  we  define  a  new  𝐿 
 𝐴 

 barrier efficiency proxy: 

λ '    =
 4  𝐿 

 𝐴 
 𝐵  𝑆 

 𝐵 
 𝑛 

πµ 𝑆 
 𝐴 
 2 

⎡⎢⎢⎣

⎤⎥⎥⎦

 𝑚 
 𝑆 

 𝐵 
 𝐿 

 𝐴 

 𝑆 
 𝐴 

 𝐿 
 𝐵 

⎡⎢⎣
⎤⎥⎦

 𝑛 

 where  and  are  the  asperity  and  barrier  lengths,  respectively,  and  and  are  𝐿 
 𝐴    

 𝐿 
 𝐵 

 𝑆 
 𝐵    

 𝑆 
 𝐴 

 the final averaged slip on the barrier and asperity, respectively. 

 As  an  example,  we  evaluate  the  proxy  for  the  Chilean  margin  around  the  southern λ ' 

 end  of  the  rupture  area  of  the  2010  Maule  earthquake.  We  estimate  the  length  of  the 

 Maule  South  Segment  (  )  and  the  Arauco  barrier  (  )  and  the  𝐿 
 𝐴    

=  124     𝑘𝑚  𝐿 
 𝐵 

=  50     𝑘𝑚 

 depth-averaged  slip  deficit  from  fault  locking  models  based  on  geodetic  data  (Figure 
 S4;  Molina  et  al.,  2021;  Moreno  et  al.,  2010)  .  The  slip  deficit  is  obtained  by 

 multiplying  the  slip  deficit  rate  (Fig.  S4  a)  and  the  time  elapsed  since  the  last  big 

 earthquake  in  1835,  and  is  then  averaged  across  the  seismogenic  depth  (Fig.  S4  b)  . 

 The  resulting  values  are  and  ,  which  yield  ,  𝑆 
 𝐵    

=  5 .  6     𝑚  𝑆 
 𝐴 

=  6 .  8     𝑚 λ '    =  0 .  23 

 categorizing the Arauco peninsula as a permanent barrier based on Fig 4c. 
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 Figure  S4:  Slip  deficit  for  the  Maule  earthquake  area.  a)  Slip  deficit  in  2010  over  the  rupture  area 

 of  the  2010  Maule  earthquake  considering  175  years  of  accumulation  period  since  the  last  big 

 earthquake  in  the  region  in  1835.  b)  Along-strike  distribution  of  depth-averaged  slip  deficit  (blue 

 curve).  Dashed  red  lines  indicate  the  boundaries  of  the  Maule  South  Segment  (MSS).  The  thicker  red 

 line and black line indicate the boundaries of the Arauco barrier (AB). 
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 6.3 (A3)  Seismogenic width effect on seismic barriers 

 The  dynamic  propagation  of  earthquakes  can  be  understood  in  the  context  of  Linear 
 Elasticity  Fracture  Mechanics  (LEFM).  During  the  interseismic  phase,  the  accumulated 
 elastic  energy  is  stored  along  the  fault  as  the  potential  energy  of  the  system.  Part  of  this 
 energy  is  later  released  as  an  earthquake.  At  the  rupture  tip,  where  the  crack  is  advancing, 
 this  elastic  energy  takes  the  form  of  radiated  seismic  waves  and  fracture  energy  which  is  𝐺 

 𝑐 

 the  dissipated  energy.  Also  is  viewed  as  a  material  property  characterizing  the  required  𝐺 
 𝑐 

 energy  to  initiate  sliding  on  the  fault.  To  maintain  a  stable  rupture  growth,  an  energy  balance 
 must  be  satisfied  which  implies  the  equality  between  the  fracture  energy  and  .  is  the  𝐺 

 𝑐 
 𝐺 

 𝑜 
 𝐺 

 𝑜 

 static  energy  release  rate,  the  energy  flowing  into  the  crack  tip  per  unit  of  area  and  often  it 
 can  be  interpreted  as  the  consumed  energy  during  quasi-static  growing  crack.  Fracture 
 energy can be measured at each point of the fault as follows: 

 (1)  𝐺 
 𝑐 

=
 0 

 𝞭 

∫[τ(δ) − τ
 𝑟    

] 𝑑 δ   

 Where  is the slip and  the tractions. The subscript  denotes the residual. δ τ     𝑟 
 In  a  circular  crack  depends  on  the  rupture  radius  and  stress  drop  history  along  the  fault.  𝐺 

 𝑜 

 When  the  rupture  becomes  elongated,  for  instance  when  its  length  (L)  exceeds  the 

 seismogenic  width  (  ),  depends  on  rather  than  L.  Considering  that  is  𝑊  𝐺 
 𝑜 

 𝑊  𝐺 
 𝑜    

=
 𝐾  ² 

 0 

 2 µ

 calculated  based  on  the  static  stress  intensity  factor  (  ),  we  proceed  to  use  the  for  long  𝐾 
 𝑜 

 𝐾 
 𝑜 

 ruptures derived by Weng and Ampuero (2020) and taken here at zero rupture speed: 

 (2)  ,  𝐾 
 0 

=  2 
π    

 0 

 𝐿 

∫ ∆τ( 𝑥 )
[ 𝐿 − 𝑥 ] ¹/²    exp(  𝑥 − 𝐿 

γ 𝑊 )    𝑑𝑥    

 where  .  If  the  stress  drop  is  homogeneous  along  the  fault,  the  stress  intensity γ =  1 
 2 π ∆τ

 factor is: 

 (4)  ,  𝐾 
 𝑜    

=    ∆τ  2 γ 𝑊 *     𝑒𝑟𝑓  ⎨  𝐿 
γ 𝑊  ⎬ 

 where  is  the  error  function.  For  large  rupture  aspect  ratio  ,  the  argument  of  𝑒𝑟𝑓        𝐿  /  𝑊  𝑒𝑟𝑓 
 becomes  large  enough  and  ~1.  So,  for  elongated  ruptures,  the  static  stress  intensity  𝑒𝑟𝑓 
 factor is: 

 (5)  𝐾 
 𝑜    

=    ∆τ  𝑊 
π    
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 and the static energy release rate is  (6)  𝐺 
 𝑜 

=    ∆τ ²  𝑊 
 2 µπ

 Scheme 1: Rupture propagation considering one large asperity (gray line) and one barrier (red 
 line). 

 Let's  consider  an  earthquake  that  breaks  an  asperity  and  penetrates  into  a  region  where 
 fracture  energy  is  higher  (a  barrier).  The  asperity  of  length  has  a  constant  stress  drop  .  𝑙 

 𝑜 
∆τ

 1 

 The  broken  portion  of  the  barrier  has  length  with  a  constant  stress  drop  .  The  total  𝑙 −  𝑙 
 𝑜    

∆τ
 2 

 stress  intensity  factor  has  contributions  from  the  asperity  stress  drop  and  the  barrier  stress 
 drop:  . Assuming  and taking equation (2), we rewrite  as:  𝐾 

 𝑜𝑡 
=     𝐾 

 𝑎    
+  𝐾 

 𝑏 
 𝑙𝑜  /  𝑊    >>     1        𝐾 

 𝑜𝑡 

 (7)  𝐾 
 𝑜𝑡    

=  2 
π    

 0 

 𝑙𝑜 

∫
∆τ

 1 

[ 𝑙 − 𝑥 ] ¹/²    exp(  𝑥 − 𝑙 
γ 𝑊 )    𝑑𝑥    +     2 

π    
 𝑙𝑜 

 𝑙 

∫
∆τ

 2 

[ 𝑙 − 𝑥 ] ¹/²    exp(  𝑥 − 𝑙 
γ 𝑊 )    𝑑𝑥    

 Applying  substitution  method:  =  .  Using  this  result  in    ∫
exp(  𝑥 − 𝑙 

 𝑎 )

[ 𝑙 − 𝑥 ] ¹/²        𝑑𝑥 −  𝑎 π    𝑒𝑟𝑓 {  𝑙 
 𝑎 }

 equation (7), we have 

 (8)  𝐾 
 𝑜𝑡    

=  2 
π    [− ∆τ

 1 
 𝑊 πγ       𝑒𝑟𝑓 {  𝑙 − 𝑥 

 𝑤 γ } | 
 0 

 𝑙 
 𝑜 −    ∆τ

 2 
 𝑊 πγ       𝑒𝑟𝑓 {  𝑙 − 𝑥 

 𝑤 γ } | 
 𝑙 

 𝑜 

 𝑙 ]

 Replacing  , γ

 (9)  𝐾 
 𝑜𝑡    

=−  2 
π    [∆τ

 1 
 𝑊  /2        𝑒𝑟𝑓 {  2 π( 𝑙 − 𝑥 )

 𝑤 } | 
 0 

 𝑙 
 𝑜 +    ∆τ

 2 
 𝑊  /2        𝑒𝑟𝑓 {  2 π( 𝑙 − 𝑥 )

 𝑤 } | 
 𝑙 

 𝑜 

 𝑙 ]

 𝐾 
 𝑜𝑡    

=−  2 
π    [∆τ

 1 
 𝑊  /2       ( 𝑒𝑟𝑓 {

 2 π( 𝑙 − 𝑙 
 𝑜 
)

 𝑤 } −  𝑒𝑟𝑓 {  2 π 𝑙 
 𝑤 ) +

 (10)    ∆τ
 2 

 𝑊  /2       ( 𝑒𝑟𝑓 {  2 π( 𝑙 − 𝑙 )
 𝑤 } −  𝑒𝑟𝑓 {

 2 π( 𝑙 − 𝑙 
 𝑜 
)

 𝑤 })]

 (11)  𝐾 
 𝑜𝑡    

=−  2 
π    [∆τ

 1 
 𝑤 
 2       ( 𝑒𝑟𝑓 {

 2 π( 𝑙 − 𝑙 
 𝑜 
)

 𝑤 } −  𝑒𝑟𝑓 {  2 π 𝑙 
 𝑤 ) −    ∆τ

 2 
 𝑤 
 2        𝑒𝑟𝑓 {

 2 π( 𝑙 − 𝑙 
 𝑜 
)

 𝑤 }]
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 Note  that  because  the  argument  is  large  enough  considering  an  𝑒𝑟𝑓 {  2 π 𝑙 
 𝑤 ) ≈  1 

 elongated  rupture.  However  the  penetration  length  in  the  barrier  can  be  comparable  to  𝑊 
 and  thus  the  error  function  is  different  from  1.  One  way  to  deal  with  this  case  is  to  take  the 

 Taylor  expansion  of  the  error  function,  .  In  this  𝑒𝑟𝑓 ( 𝑥 )   =     2 
π

( 𝑥       −     𝑥  ³ 
 5    +     𝑥  ⁵ 

 10    .......)
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 Then equation (10) is rewritten and the total stress intensity factor is 
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 As the static energy release rate is proportional to the stress intensity factor such as  𝐺 
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 Therefore equation 11 represents an approximation to the static energy release rate for very 
 elongated ruptures penetrating in a barrier with length similar to  .  𝑊 

 It was established before that a condition to have steady ruptures, the fracture energy must 
 be equal to the static energy release rate  . Replacing  for equation 11, the energy  𝐺 
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 Having in mind equation (5) and defining  , we have that  𝑇    =    
∆τ
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 where  is the asperity static energy release  rate.  𝐺 
 𝑜𝑎 

 Finally, the rupture will propagate at steady velocity a distance: 
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