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Avant-propos

Cette habilitation à diriger des recherches est tout d’abord composée d’un CV étendu, suivi
d’une courte présentation de mes enseignements et des responsabilités attenantes.
Le mémoire se concentre ensuite sur les relations entre la déformation court- et long-terme des
avant-arcs de subduction. Le mémoire commence par une brève introduction sur les avant-arcs
de subduction, leur comportement sismogénique, et l’impact potentiel de ce comportement sur
la construction à plus long-terme des avant-arcs. Cette introduction est suivie d’une descrip-
tion synthétique de l’ensemble des modèles pouvant être utilisés pour étudier les relations entre
comportement mécanique et déformation, avec leur avantages et inconvénients.
La partie suivante est un résumé de mes travaux réalisés sur cette thématique. Dans une pre-
mière partie, je présente comment la déformation et la morphologie de l’avant-arc peuvent don-
ner accès aux propriétés mécaniques du mega-chevauchement. L’étude du Chili Central m’a
permis de mettre en évidence des différences significatives de propriétés frictionnelles entre
zones asismiques et sismiques. Ces différences sont suffisantes pour induire des variations dans
la morphologie et dans la distribution de la déformation. Elles impliquent aussi une corrélation
entre la distance fosse - côte et la quantité de couplage. Ces différences peuvent également me-
ner à la formation de splay faults, et pourraient être à l’origine de l’activation d’une large faille
normale par le séisme de Tohoku-Oki en 2011. Une fois les propriétés frictionnelles contraintes,
il est possible ensuite de les intégrer à des modèles dynamiques de cycle sismique pour com-
prendre le comportement sismogénique d’une zone de subduction sur des échelles de temps
plus longues.
Dans une seconde partie, je discute des limites de notre conception actuelle d’une interface de
plaque et comment cela limite notre compréhension du comportement à court terme des mega-
chevauchements. Je discute tout d’abord du rôle de la migration de l’interface de plaque, lors de
processus d’érosion basale ou de sous-plaquage. Je montre que la localisation des ces proces-
sus peut être contrainte par une analyse mécanique simple de la topographie. Je montre ensuite
que l’extension des grands séismes le long de la subduction chilienne est limitée par ces zones
de déformation distribuée. A l’aide de modélisation thermo-mécanique, je discute ensuite du
rôle de la transition fragile/ductile sur la morphologie et la déformation des avant-arcs et leur
impact potentiel sur le comportement sismogénique des mega-chevauchements. Pour finir, je
propose un projet visant à fournir une compréhension physique du comportement des mega-
chevauchements.

Je ne présente dans ce manuscrit que les travaux réalisés sur les avant-arcs de subduction.
Ces travaux sont le fruit de nombreuses collaborations, je tiens donc à remercier mes collègues
et tous les étudiants y ayant participé (par ordre chronologique : Jean-Philippe Avouac, Nadia
Lapusta, Yves Leroy, Pauline Souloumiac, Bertrand Maillot, Satish Singh, Baptiste Rousset,
Sepideh Pajang, Laëtitia Le Pourhiet, Jean Letouzey, Philippe Agard). Ce travail a également
largement bénéficié d’idées et de résultats provenant de travaux réalisés dans d’autres contextes
géologiques. Je tiens donc également à remercier Philippe Steer, Harsha Bhat, Yann Klinger,
Christian Gorini, Marthe Lefèvre, Louise Jeandet, Juliana Goncalves de Souza et Sarah Visage.

This habilitation to direct research is first of all composed of an extended CV, followed by a
short presentation of my teachings and related responsibilities.
The thesis then focuses on the relationships between short- and long-term deformation of sub-
duction forearcs. The thesis begins with a brief introduction on subduction forearcs, their seis-
mogenic behavior, and the potential impact of this behavior on their longer-term construction.
The introduction is followed by a synthetic description of all the models that can be used to
study the relationships between mechanical behaviour and deformation. I briefly discuss how



each one of them can be used to constrain the properties of the plate interface.
The second part is a summary of the main results of the studies that I have conducted on forearc
wedges. First, I present how frictional properties of the megathrust can be constrained from the
deformation and the morphology of the forearc. The study of Central Chile allowed me to high-
light significant differences in frictional properties between aseismic and seismic zones. These
differences are sufficient to induce variations in the morphology and in the distribution of the
deformation. They also imply a correlation between the tench-coast distance and the amount of
coupling. These differences can also lead to the formation of splay faults, and could be at the
origin of the activation of a large normal fault by the Tohoku-Oki earthquake. Once the fric-
tional properties constrained, it is then possible to integrate them into dynamic seismic cycle
models to understand the seismogenic behaviour of a subduction zone on longer time scales.
Once the short- and long-term relationships established, I then discuss markers of deformation
that can help us assess the seismic and/or tsunamigenic hazard, as for instance along Cascadia,
or along poorly instrumented subduction zones, like Mentawai or Makran.
In a second part, I discuss the limits of our current conception of a plate interface, and how it
limits our understanding of the short-term behaviour of megathrusts. I first discuss the role of
plate interface migration, related to either basal erosion or underplating, the location of which
can be constrained from a simple mechanical analysis of the topography. In a recently publi-
shed paper, I show that large earthquakes along the Chilean subduction are bounded by these
distributed deformation zones. Then, from thermo-mechanical modeling, I discuss the role of
the brittle/ductile transition on the morphology and deformation of forearcs and their potential
impact on the megathrust seismogenic behaviour. Finally, I propose a project aimed at providing
a true physical understanding of the megathrust behaviour.

I here only present works conducted in forearc settings for sake of conciseness. This work is
the result of many collaborations, and I would like to thank my colleagues and all the students
who participated (in chronological order : Jean-Philippe Avouac, Nadia Lapusta, Yves Leroy,
Pauline Souloumiac, Bertrand Maillot, Satish Singh, Baptiste Rousset, Sepideh Pajang, Laëtitia
Le Pourhiet, Jean Letouzey, Philippe Agard). The ideas and results presented here have largely
benefited from studies conducted in other geological contexts. I would therefore also like to
thank Philippe Steer, Harsha Bhat, Yann Klinger, Christian Gorini, Marthe Lefèvre, Louise
Jeandet, Juliana Goncalves de Souza and Sarah Visage.
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CV étendu

1.1 Identification

Nadaya Cubas
Née le : 08/04/1978 - 2 enfants (2014 - 2018)
Grade : Maître de conférences, section CNU 36

Adresse : Sorbonne université - ISTeP - UMR 7193 - 4 place Jussieu, 75005 Paris, France
Tel : +33 1 44 27 45 90
Mail : nadaya.cubas@sorbonne-universite.fr
Sites web : http ://istep.upmc.fr/fr/les_equipes/annuaire/cubas_nadaya.htmlz
Research Gate : https ://www.researchgate.net/profile/N_Cubas

1.2 Parcours

Sept 2014-pst Maître de Conférences - ISTeP, Sorbonne Université, Paris.
2013-2014 Post-Doctoral Fellow - IPGP, Paris. Advisors : S. Singh & H. Bhat.
2009–2013 Post-Doctoral Scholar - CalTech, Pasadena. Advisors : J.-P. Avouac & N. Lapusta.
2008–2009 ATER - Préparation à l’Agrégation SVT, Paris Sud Université et ENS Paris.
2005–2009 PhD Student - ENS, Paris. Advisors : Y. Leroy & B. Maillot. Titre : Séquences de chevau-

chements, modélisation mécanique, validation analogique et application à l’Agrio Fold-and-
thrust belt, Argentine. Soutenue en Février 2009.

2003 – 2005 Licence, Maîtrise, DEA, Magistère Géologie de l’ENS, Paris.
2000 – 2002 DEUG Sciences de la Terre, Université de Cergy.
2000 – 2005 Manipulatrice à temps partiel.
2000 Diplôme de manipulatrice en radiologie médicale.

1.3 Bilan Recherche

Publications Rang A : 22
Publications Rang B : 1
Publications dans Ouvrage : 2
Encadrement de thèse : 6 dont 5 soutenues (encadrement à 2* 20, 1 * 30, 2* 50%)
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1.4 Bilan Enseignement
Responsabilités :

2022 - 2023 : UE Mécanique de la lithosphère Master 2 GeoP.
2021 - 2023 : UE Grandes Questions Environnementales Master 1 STEPE.
2020 - 2023 : UE Geosciences 1, partie TP PEIP (Classe préparatoire intégrée à l’Ecole Poly-
technique de Sorbonne Université).
2015 - 2018 : Responsable pédagogique de la Licence 3.
2015 - 2018 : UE stage de Terrain L3 3T603.
2015 - 2016 : UE stage de laboratoire L3 3T602.

Temps de service effectué :

2021-2022 2020-2021 2019-2020 2018-2019 2017-2018 2016-2017 2015-2016 2014-2015
233 203.5 192.75 192.2 (CM*) 218.5 231.75 216.5 192 (CM)

*CM = Congé maternité.

1.5 Financements
Financements obtenus en tant que PI :
— ANR JCJC 2023-2027 : MECHATHRUST, Towards a MECHAnical understanding of

megaTHRUST behavior (240 ke).
— INSU, Tellus, Aleas, AO 2019 : Le soulèvement de la côte Andine, lié au comportement

mécanique du mega-chevauchement ? (4 ke).
— ANR Retour Postdoc 2013-2017 : SEAFRONTERA. SEAmount and FRONTal me-

gathrust Tsunami and Earthquake Risk Assessment of the last seismic gap of Sumatra
subduction zone (204 ke).

— AXA postdoctoral fellowship : 2 ans de financement, décliné pour l’ANR.

Financements obtenus en tant que partenaire :
— ANR PRC 2023-2027 : ALBANEO, Active fault systems at an incipient plate boun-

dary in the Alboran sea, PI : Elia d’Acremont (ISTeP). Partenaire WP4 (modélisation
analogique, mécanique et numérique), 112 sur 495 ke.

— ANR PRC 2021-2025 : FLUID2SLIP, Lithospheric Fluid circulation in subduction sys-
tem : impact on slip mode, PI : Audrey Galve (Nice). Partenaire Task 5 (modélisation
mécanique).

— ANR PRC 2018-2021 : DISRUPT, Deformation and Earthquake Surface Ruptures :
from Observation to Processes, PI : Yann Klinger (IPGP). Partenaire WP3 (modélisa-
tion analogique), 70.2 sur 470.3 ke.

Projets ANR en phase 2 :
ANR JCJC 2017 - 2018 : CACUQUAKE, Central Andes coastal uplift : earthquake related ?

Projets ANR non retenus :
ANR JCJC 2020 : TOPO2QUAKE, From topography to Physics of Earthquakes.

1.6 Encadrements étudiants
Encadrement de doctorants :
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— Sarah Visage, Université de Cergy, Oct. 2019- Mars 2023, encadrée à 25%, avec Pau-
line Souloumiac et B. Maillot (UCP). Modélisation analogique de la déformation off-
fault lors de séisme décrochant. 1 article soumis, 1 article en préparation. En post-doc à
ISTERRE en avril 2023.

— Lauriane Baylé, ISTeP, SU, Oct. 2018-2021, encadrée à 50%, avec Laetitia Le Pourhiet
(ISTeP). Le soulèvement de la côte andine, une origine sismique ? Réorientation vers un
Diplôme Universitaire.

— Juliana Goncalves de Souza, ISTeP, SU, Nov. 2016-Nov 2020, encadrée à 50%, avec
Christian Gorini (ISTeP). Fluid overpressure origin and evolution of the Fos d’Amazon
bay. 1 article publié à Marine and Petroleum Geology, 1 article en préparation. Suivi
d’un postdoc Suisse/ISTeP.

— Sepideh Pajang, co-tutelle ISTeP, SU et Zanjang university (Iran) 2018- Juillet 2021,
encadrée à 50%, avec Laetitia Le Pourhiet, Short-term deformation of accretionary
prism, the role of mechanical and thermal inheritance. Application to Makran. 3 ar-
ticles publiés (EPSL, Solid Earth, Tectonophysics). Actuellement postdoc à l’université
de Pau.

— Louise Jeandet, Oct 2015- Déc 2018, Geosciences Rennes, directeurs de thèse Philippe
Steer et Dimitri Lague (Geosciences Rennes). Interactions between major seismic events
and erosion on the short time scale. 2 articles à GRL, 1 article en co-auteur à Scientific
Report. Actuellement postdoc à l’ISTeP.

— Marthe Lefèvre, 2014-2018, IPGP, encadrée à 30%, avec Yann Klinger (IPGP). Strike-
slip fault segmentation, the Levant fault case. 1 article à Scientific report, 1 article Geo-
logy. Suivi d’un post-doc à l’observatoire royal de Belgique.

Encadrement d’étudiants Licence/Master :
— Alvina Kunkoro, M2, 6 mois, co-encadrée avec S. Singh. Risque sismique du dernier

gap sismique de Sumatra, 1 article à EPSL.
— Clara Garret, M1, 2 mois, co-encadrée avec L. Le Pourhiet. Influence de la structure de

la plaque plongeante sur la déformation du prisme d’accrétion des Manilles.
— Claire Le Dréo, M1, 2 mois, co-encadrée avec O. Lacombe. Kinematical modelling of

Sheep Mountain anticline, Wyoming, USA.
— Roxane Tissandier, L3, 6 mois, Erosion basale de l’avant-arc du Chili Nord, 1 article en

co-auteur.
— Sofia Harissi, L3, 1 mois, Failles normales de l’avant-arc du Chili Nord.
— Nina Tricot, L1, 1 mois, Métier enseignant-chercheur Géoscience.

1.7 Publications
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23. S. Visage, Souloumiac P., N. Cubas, Maillot B., Antoine S., Delorme A. and Klinger Y.
(2023), Evolution of off-fault deformation of strike-slip fault in a sand-box experiment,
Tectonophysics, https ://doi.org/10.1016/j.tecto.2023.229704.

22. S. Pajang, M.M. Khatib, M. Heyhat, N. Cubas, E. Bessiere, J. Letouzey, M. Mokhtari
and L. Le Pourhiet (2022), The distinct morphologic signature of underplating and sea-
mounts in accretionary prisms, insights from thermomechanical modeling applied to
Coastal Iranian Makran, Tectonophysics, https ://doi.org/10.1016/j.tecto.2022.229617.
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lations and offscraping mechanisms during subduction, Tectonophysics, doi.org/10.1016/j.tecto.2022.229267

17. S. Pajang, N. Cubas, Jean Letouzey, L. Le Pourhiet, S. Seyedali, P. Agard, M. M. Khatib,
M. Heyhat, M. Mokhtari (2021), Seismic hazard of the Western Makran subduction
zone : insight from mechanical modelling and inferred frictional properties, Earth and
Planetary Science Letters, doi :10.1016/j.epsl.2021.116789.

16. J. Goncalves de Souza, N. Cubas, C. Rabe, J. Letouzey, R. Divies, D. B. Praeg, D. Gran-
jeon, A. Machado Cruz, C. Guizan Silva, A. Tadeu dos Reis, C. Gorini (2020), Controls
on overpressure evolution during the gravitational collapse of the Amazon deep-sea fan,
Marine and Petroleum Geology, doi :10.1016/j.marpetgeo.2020.104576.

15. L. Jeandet, N. Cubas, H. Bhat, P. Steer (2020), The Impact of Large Erosional Events and
Transient Normal Stress Changes on the Seismicity of Faults, Geophysical Research
Letters, doi :10.1029/2020GL087631.

14. M. Lefevre, P. Souloumiac, N. Cubas, Y. Klinger (2020), Experimental evidence for crustal
control over seismic fault segmentation, Geology, doi :10.1130/G47115.1.

13. P. Steer, L. Jeandet, N. Cubas et al. (2020), Earthquake statistics changed by typhoon-
driven erosion, Scientific Report, doi :10.1038/s41598-020-67865-y

12. Rolandone et al. (2018), Areas prone to slow slip events impede earthquake rupture propa-
gation and promote afterslip, Science Advances, doi :10.1126/sciadv.aao6596.

11. N. Cubas, P. Souloumiac, S. Singh (2016), Relationship link between landward vergence
in accretionary prisms and tsunami generation, Geology, doi :10.1130/G38019.1.

10. A. K. Kuncoro, N. Cubas, S. C. Singh, M. Etchebes, P. Tapponnier (2015), Tsunamigenic
potential due to frontal rupturing in the Sumatra locked zone, Earth and Planetary
Science Letters, 432, p.311-322, doi :10.1016/j.epsl.2013.07.037.

9. B. Rousset, C. Lasserre, N. Cubas, et al. (2015), Lateral Variations of Interplate Coupling
along the Mexican Subduction Interface : Relationships with Long-Term Morphology
and Fault Zone Mechanical Properties, Pure and Applied Geophysics, doi :10.1007/s00024-
015-1215-6.

8. N. Cubas, N. Lapusta, J. P. Avouac, H. Perfettini (2015), Numerical modeling of long-term
earthquake sequences on the NE Japan megathrust : Comparison with observations and
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Enseignement

2.1 Enseignements
J’interviens essentiellement en :
— Geosciences 1 (L1) : Initiation aux différents domaines des sciences de la Terre externe

(circulation atmosphérique et océanique, hydrologie, paléoclimatologie) et interne (mi-
néraux et roches, tectonique, sismicité, géodynamique, géomorphologie, ressources,..)

— Geodynamique (L3) : Etude des grands contextes géodynamiques (méthodologie : ci-
nématique, mécanismes aux foyers, géodésie, sismique réfraction et refléxion, gravimé-
trie).

— Stage de Cartographie de Barles (L2 - L3)
— Géomorphologie (M1) : Introduction - origine de la topographie, Interactions court-

terme tectonique/érosion, projet de modélisation et bibliographique.
— Grandes Questions Environnementales (M1) : Synthèse écrite et orale d’articles autour

d’une grande question environnementale.
— Leçon à l’Agrégation.
— Mécanique de la lithosphère (M2, sous différentes versions).
— Géorisques (M2) : le risque sismique.
— Intéractions fluides-roches (M2) : Fluides et sismicité
— je suis également intervenue en Geophysique (L3) Théorie du prisme critique, Problème

inverse, Modélisation analogique, Informatique (L1), ...

2.2 Responsabilités enseignements
Je suis responsable TP de l’UE Geosciences 1 pour les PEIP (préparation intégrée pour

Polytech), ce qui implique la gestion de l’organisation des TP, des examens, des jurys. Je suis
également responsable des UE Grandes Questions Environnementales en M1 et Mécanique de
la lithosphère en M2. J’ai été responsable de l’UE Stage en laboratoire, ce qui implique la mise
en place d’une banque de propositions de stage, l’orientation des étudiants, la mise en place de
stage pour les étudiants ne trouvant pas de stage, et l’évaluation de l’UE durant 2,5 jours par
présentation de poster. De 2015 à 2018, j’ai été responsable de l’UE Stage de terrain, ce qui
implique l’organisation de la réunion de présentation des stages, l’orientation des étudiants, de
repartir les étudiants pour optimiser le nombre de stage, de s’assurer de la bonne organisation
des ces stages.

2.3 Responsabilités pédagogiques
Afin de mieux connaitre la formation dispensée à SU, j’ai pris à mon arrivée la responsa-

bilité pédagogique de la Licence 3. Cela m’a permis de découvrir le système universitaire, les
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différents parcours dispensés, et d’aquérir un regard critique sur les méthodes d’enseignement.
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de toutes les formations avec la direction, pour la préparation hceres, commissions pé-
dagogiques de l’UFR, cafés pédagogiques de notre formation.

— la participation à divers commissions pédagogiques
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Recherche :
From long- to short-term deformation of fo-
rearc wedges

3.1 Introduction

What controls the location and extent of mega-earthquakes in subduction zones is a long-
standing problem in earth sciences. Many authors have searched for correlations, such as with
convergence rate, slab age, sediment thickness, upper plate absolute motion or strain, without
obtaining clear convincing trend [e.g., Heuret et al., 2011, 2012, Bletery et al., 2016]. Nowa-
days, the prevalent explanation relies on the megathrust frictional properties, described within
the framework of rate-and-state friction laws, 2D empirical laws established to fit lab expe-
riments [Dieterich, 1979, Rice and Ruina, 1983, Ruina, 1983, Scholz, 1998, Perfettini et al.,
2010]. Along with these properties, pore fluid pressure [Saffer and Tobin, 2011], inherited stress
states [Konca et al., 2008, Kaneko et al., 2010] or seafloor roughness and geometry [Kodaira
et al., 2000, Wang and Bilek, 2014, Bletery et al., 2016, Lallemand et al., 2018, van Rijsingen
et al., 2018] are also commonly incriminated.

The prediction of the location and spatial extent of mega-earthquakes mostly relies on Glo-
bal Navigation Satellite Systems providing patterns of slip deficit between tectonic plates [e.g.,
Moreno et al., 2010]. The inferred coupling models are interpreted withing the elasto-dynamics
and rate-and-state friction laws framework. However, most geodetic observations are made on-
shore, often at large distances from the locked portion of the megathrust, with poor resolution
near the trench [e.g., Loveless and Meade, 2011]. Moreover, geodetic observations represent
only a small fraction (tens of years) of an interseismic earthquake cycle (hundreds of years),
which might vary with time [e.g., Marill et al., 2021], and needs to be corrected from poten-
tial short (days-) to extremely long (decadal-scale) transient events [e.g., Radiguet et al., 2012,
Mavrommatis et al., 2014]. The viscoelastic relaxation can also cause evolution of the observed
deformation during the interseismic period [Wang et al., 2003, 2012].

Furthermore, the more we monitor subduction zones, the more we detect temporal changes
in behaviors that are incompatible with the sole application of the rate-and-state friction laws.
For instance, along the Ecuadorian and Chilean subduction zones, different slip behaviors, of
supposed opposite frictional properties (rate-strengthening vs rate-weakening) have been recor-
ded along the same megathrust portion [Rolandone et al., 2018, Tissandier et al., 2023]. Along
the Chilean and Japan subduction zones, large earthquakes or large slip areas unexpectedly oc-
curred along weakly coupled patches [Perfettini and Avouac, 2014, Béjar-Pizarro et al., 2013].
Studies of exhumed fault zones show that faults are not discrete planes but rather complex zones,
composed of linked segments embedded in a damage zone [e.g., Faulkner et al., 2010, Vannuc-
chi et al., 2012]. Moreover, as shown by core sampling, faults resemble more to melange shear
zones, that can experience both ductile and brittle deformation controlled by temporal changes
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in strain rate or effective stress [Fagereng and Sibson, 2010, Fagereng and Beall, 2021]. Conse-
quently, megathrust cannot be considered as formed of a unique plane, with a single composition
and a single depth-dependent rheology.
Seafloor roughness, inducing upper plate damage, has been repeatedly invoked as acting as bar-
riers to earthquake propagation [Kodaira et al., 2000, Wang and Bilek, 2014, Geersen et al.,
2015]. As a consequence, megathrust can neither be considered as a unique fault plane embed-
ded in an homogeneous nor purely elastic medium.
Although models based on rate-and-state friction laws are a powerful tool to mimic earthquake
cycles [e.g., Barbot et al., 2012, Cubas et al., 2015, Thomas et al., 2017], they are far too idea-
lized to account for the rheological and geometrical complexity of plate interfaces. Hence, they
heavily rely on frictional complexity along a simplified interface to explain a posteriori complex
observations making their utility for prediction minimal and their cross-validation with obser-
vation impossible. To improve our capacity to assess seismic hazard, it is crucial to develop a
true physical understanding of the megathrust behavior and of the slip deficit patterns.

In 1983, Savage proposed that the upper plate deformation acquired during a seismic cycle
was purely elastic and thus non-permanent. The co- and post-seismic subsidence was thought
to entirely counterbalance the coastal interseismic uplift [Plafker and Savage, 1970], leaving in
the dark the question of the construction of the upper-plate relief. In 1996, Ruff and Tichelaar
[1996] showed a correlation between the location of the downdip edge of the seismogenic zone
with the coastline, suggesting a link between the seismogenic behavior of the megathrust and
the upper plate morphology. In 2003, Song and Simons published an impacting study showing
a correlation between negative anomalies of gravity (mostly related to forearc basins) and large
seismic asperities for a certain number of subduction zones. Positive anomalies appeared cor-
related to aseismic zones. These anomalies were interpreted as reflecting spatial variations of
the frictional and rupture properties of the megathrust. These correlations imply an along-dip
and along-strike persistence of the megathrust properties over several hundred thousand
years. This persistence assumed, the topography and upper plate deformation could then
directly mirror the mechanical properties of the megathrust.

During the past decade, my research focused on the relationships between the short- and
long-term deformation of forearcs. From mechanical analysis of the topography and of the
deformation, I have searched to constrain the mechanical properties and the rheological and
geometrical complexities of the plate interface. By comparing these properties and complexi-
ties with the megathrust seismogenic behavior, I have searched to decipher the fundamental
parameters controlling the extent of mega-earthquakes.

In this HDR, I first start with a brief description of the structure and seismogenic behavior
of forearcs. I present the main parameters invoked to explain the along-dip and along-strike
variation of the slip behavior of megathrusts. I then present the different mechanical methods
used to study forearcs, and briefly discuss how each one of them can be used to constrain the
properties of the plate interface. The second part is dedicated to the main results of the studies
that I have conducted on forearc wedges. I show how the deformation and the morphology of
the forearc provide an access to the properties of the megathrust. Once the short- and long-
term relationships established, I discuss how the deformation and the morphology can help
us to improve the assessment of seismic and/or tsunamigenic hazard of a subduction zone, in
particular in weakly constrained regions. I then discuss the limits of our actual conception of
a plate interface, and how it limits our understanding of megathrust short-term behaviour. In
recently published papers, I show how structural and rheological complexities along the plate
interface can affect earthquakes propagation and the overall seismic cycle. Finally, I propose a
project aiming at providing a true physical understanding of the megathrust behaviour.

Although not presented here for sake of conciseness, the work presented here has largely
benefited from studies conducted in parallel with other PhD students in different contexts. For
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example, the work of Marthe Lefèvre (Segmentation of strike-slip faults, the case of the Levant
fault) and Sarah Visage (Evolution of aseismic and seismic off-fault deformation of strike-slip
faults, insight from analogue modelling) have helped me to understand the fundamental role
of the segmentation of faults and of the off-fault deformation on the initiation, propagation
and arrest of earthquakes. The work of Juliana Goncalves de Souza, on the origin and evolu-
tion of fluid overpressures in the Amazon gravitational prism, allowed me to understand the
different processes generating overpressures, their different impacts on deformation, and their
dependence on the thermal state of the crust. Finally, the work of Louise Jeandet allowed me to
understand the role of a small variation in the topographic load on a fault seismic cycle and on
the regional seismicity.

3.2 Forearc wegdes

3.2.1 Forearc structure
Forearc wedges constitute the frontal part of subduction zones. They are often described

as composed of an outer wedge at the front separated from an inner wedge by an outer-arc-
high (Figure 3.1). The outer wedge is formed by imbricated slices generating a topographic
slope. The thrusts are generally of seaward vergence. The inner wedge is formed by older, more
consolidated and possibly metamorphized accretionary and continental crust material. The inner
wedge is usually covered by a basin, reducing the local topographic slope [e.g., Noda, 2016a].
In general, the forearc basin shows neither compressional nor extensional deformation [Byrne
et al., 1988, Noda, 2016a]. The outer-arc-high is often associated to fore- or back-thrust splay
faults.

Figure 3.1 – Forearc wedges structure, extracted from Noda [2016a].

Forearcs are classified according to the thickness of their sediment income as either accre-
tionary or erosional [Von Huene and Scholl, 1991, Clift and Vannucchi, 2004, Noda, 2016a]
(Figure 3.2a-c). Along accretionary prisms, the fluid-rich sediments of the subducting plate are
accreted by thrusting to the overriding plate, forming a long imbricated thrust zone, and can
also be partly subducted beneath the wedge (Figure 3.2a). These sediments may return deeper
to the overriding plate through underplating (Figure 3.1). Some margins characterized by very
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thin to no sediment income, have only very narrow and steep frontal prisms composed of very
few slices originating from the thin sedimentary layer or material from the upper plate (Figure
3.2d-e). These margins are described as erosional : the upper plate is eroded by abrasion due
to the roughness of the subduction plate, related to old horst and grabben structure or seafloor
features such as ridges or seamounts [Hilde, 1983, Von Huene and Scholl, 1991, Clift and Van-
nucchi, 2004] (Figure 3.2d-e). Along northern Chile, the long-term erosional state of the margin
was deduced from the presence of outcrops of Mesozoic volcanic arcs in coastal cliffs and from
the landward migration of volcanic arcs during the past 100 Myr [Rutland, 1971, Hartley et al.,
2000, Scholl and von Huene, 2007]. Along the Peru and Japan (Honshu) margins, basal erosion
was deduced from the forearc subsidence [von Huene and Lallemand, 1990]. Accretionary or
erosional forearc wedges can both be associated with either compressional or extensional defor-
mation, although normal faulting, that may result from the removal of the forearc material [von
Huene and Ranero, 2003, Dominguez et al., 1998] is more commonly observed along erosional
margins.

The origin of some prism features remain unexplained. For instance, along some sections
of the Cascadia and Sumatra acrretionary prisms, the thrust sequence is of landward vergence
instead of the classical seaward one (Figure 3.3). Along a décollement, the maximum compres-
sional principal stress plunges seaward [Hafner, 1951]. Hence, landward-vergent thrusts have
larger dips than seaward-vergent thrusts. Uplifting material above a seaward-vergent thrust re-
quires less gravitational energy than along a landward-vergent thrust, which explains the predo-
minance of seaward vergence. For negligible basal shear stress and a strong wedge, conjugate
faults tend to have the same dip. In that case, both faults can be active and form a pop-up [Haf-
ner, 1951]. Based on this argument, and the low tapers measured along these landward prisms,
the landward vergence has repeatedly been attributed to a low basal friction [MacKay, 1995,
Adam et al., 2004, Gulick et al., 1998]. This low basal friction has been suggested to result
from a high pore pressure, built from the compaction of a large amount of sediments [Adam
et al., 2004]. However, some accretionary prisms displaying both very large sediment thickness
(>4 km) and high pore pressure, such as Barbados [Bangs et al., 1990] or Makran (Pakistan)
[Kukowski et al., 2001], did not develop landward-vergent thrusts. Moreover, no over-pressure
as been inferred from drilling and Vp measurements along the landward accretionary prism of
Cascadia [Han et al., 2017]. Clear landward vergence in analogue models has only been obtai-
ned with a viscous basal layer submitted to strong lateral wall effects [Gutscher et al., 2001,
Zhou et al., 2016]. Moreover, the deformation style of the Cascadia wedge is not in good accor-
dance with a viscous behaviour [Adam et al., 2004] and strike-slip faults are not systematically
observed to justify strong lateral effects. The Cascadia wedge though shows one specificity
compared to common prisms : according to coupling models, the wedge is locked up to the
trench [Michel et al., 2019, Small and Melgar, 2021] and the location of this landward ver-
gence matches with high slip patches of the 1700 Mw 9 earthquake [Wang et al., 2013] (Figure
3.4b). The landward profiles along the Sumatra subduction zone also correlate with co-seismic
ruptures up to the front (Figure 3.4a).

The geological and mechanical conditions leading to the forearc segmentation (accretio-
nary prism, outer-arc-high and forearc basin) are not clearly resolved yet. Mutliple explanations
have been advanced to explain forearc basins. These basins were first thought to result from
the seaward widening by accretion at the trench and from the tilting by uplift of the outer-
arc high [Seely, 1979, Noda, 2016a]. Some authors have linked the basins to temperature and
strength-controlled changes [Byrne et al., 1988, Saffer and Bekins, 2002], to subduction erosion
[Vannucchi et al., 2001, von Huene et al., 2004], or to the simple accommodation space created
by the landward deepening of the slab [von Huene et al., 2004, Fuller et al., 2006]. A correla-
tion between negative anomalies of gravity, forearc basins and large seismic asperities for about
70% subduction zones led other authors to relate these basins to the seismogenic behaviour of
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Figure 3.2 – Classification of forearc wedges, extracted from [Noda, 2016a].
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Figure 3.3 – Landward-vergent accretionary prisms. a. Seismic profile WG2 in northern Sumatra [Moe-
remans et al., 2014], location on Figure 3.4. b. Seismic profile SO 108–03 in Cascadia [Adam et al.,
2004], location on Figure 3.4.
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Figure 3.4 – a. Comparison of the observed landward-vergent thrusts in northern Sumatra (black lines ;
compilation from [Dean et al., 2010, Gulick et al., 1998, Moeremans et al., 2014] with coseismic slip of
the 2004 Mw 9.1 Sumatra-Andaman earthquake (slip contours in red every 5 m increment ; [Chlieh et al.,
2007]. b. Comparison of the observed landward-vergent thrusts in Cascadia (black lines ; compilation
from MacKay [1995], Adam et al. [2004], Gulick et al. [1998] with the estimated slip contours of the
1700 Cascadia earthquake considering a trench-breaking rupture scenario with a Mw 8.9 [Wang et al.,
2013].
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the megathrust [Song and Simons, 2003, Wells et al., 2003] (Figure 3.5).
Splay faults are another intriguing feature. As the Nankai splay fault, they usually mark the

limit between this forearc basin and the accretionary prism (Figure 3.7), and are assimilated
to out-of-sequence thrusts whose reactivation relates to the conservation of the critical taper,
changes in pore pressure, to the incoming plate roughness or underplating [Strasser et al., 2009].
In addition, the Nankai fault seems to mark the up-dip limit of the seismogenic zone, and as
such, is associated to a high tsunamigenic risk [Park et al., 2002, Strasser et al., 2009]. The
correlation between its location and the up-dip limit of the locked zone suggests a possible
link between these features and the seismogenic behaviour of the megathrust [Park et al., 2000,
2002, Cummins and Kaneda, 2000].

From these observations, it clearly appears that the understanding of the forearc structure
can not be fully captured without considering its mechanics at the seismic cycle scale.

3.2.2 Seismogenic behaviour of forearc wedges

Contrasting modes of slip

The surge of great subduction earthquakes during the 2004-2014 decade and the develop-
ment of geodetic studies have led to a refined image of the megathrust behaviour. Megathrust
are now described as paved of interfingered seismic and aseismic patches [Chlieh et al., 2008,
Perfettini et al., 2010, Lay et al., 2012]. In a simplified view, megathrust are segmented in four
major domains [Lay et al., 2012] (figure 3.7) :

— a shallow aseismic segment, from the trench to 10-15 km depth, where tsunami earth-
quake can occur (Domain A) ;

— a seismogenic zone usually located between 15 to 35 km depth, composed of seismic
patches where large earthquakes nucleate (Domain B, figure 3.7) ;

— a transitional zone, partly creeping and where intermediate earthquakes can also nu-
cleate, located from the down-dip limit of the fully locked zone to the deep creeping
zone (Domain C, figure 3.7) ;

— a deep creeping zone or a deep segment characterized by slow slip events and seismic
tremors (ETS) before reaching the brittle/ductile transition (Domain D, figure 3.7).

This description though does not account for the significant variations of slip modes along
strike [e.g., Nocquet et al., 2014, 2017] (Figure 3.8).

The along-dip and along-strike segmentation is interpreted as resulting from depth-varying
megathrust frictional properties and pore fluid pressure [Perfettini et al., 2010, Kaneko et al.,
2010, Saffer and Tobin, 2011] as well as inherited stress states [Konca et al., 2008, Kaneko
et al., 2010] seafloor roughness and geometry [Kodaira et al., 2000, Wang and Bilek, 2014,
Bletery et al., 2016]. I now describe in more details how these properties control the mechanical
behaviour of the megathrust.

Depth-dependent megathrust frictional properties

Fault zones are described as composed of an upper brittle part, governed by pressure de-
pendent frictional sliding, that progressively transitions to a deeper ductile behaviour with a
grain, temperature and rate-dependent viscous rheology. In the brittle domain, fault gouges are
composed of cataclasites, with one or more discrete fault cores embedded in a fractured da-
mage zone [Faulkner et al., 2010]. The deeper viscous part is characterized by mylonites within
broad (>km) foliated shear zones [Carreras, 2001, Rennie et al., 2013]. Classical strength pro-
files usually describe abrupt frictional-viscous transition. However exhumed rocks rather show
a more gradual transition, depending on not only pressure, temperature and grain size but also
strain rate, fluids, and microstructure [e.g., Sibson, 1980, 1982, Hobbs et al., 1986, Shimamoto,
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Figure 3.5 – a. Observed free-air gravity anomaly for the Alaska/Aleutian subduction zone. b. Esti-
mated Trench Parallel Gravity Anomaly (TPGA) for the Alaska/Aleutian subduction zone. The color
bar shows the amplitude of TPGA. Areas with large coseismic slip during the 1964 Alaska and 1965
Aleutian earthquakes are outlined in black lines. Trench location and 50-km slab isodepth contour are
indicated by the barbed and thick black lines, respectively. Directions of relative plate convergence are
shown as arrows. Extracted from [Song and Simons, 2003] .
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Figure 3.6 – Nankai splay fault : updip limit of the seismogenic zone. Gray scale shows degree of
interplate coupling. Extracted from [Park et al., 2002].

Figure 3.7 – Spatial variation of megathrust rupture characteristics from Lay [2015]. Red : Seismic
asperities, where earthquakes can nucleate ; orange and white : aseismic stable or episodic sliding. Do-
main A : can generate tsunami earthquakes related to high pore fluid pressure. Domain B : generate large
megathrust earthquakes with modest amount of short-period radiation. Domain C : patchy, can generate
intermediate slip earthquakes with coherent short-period radiation. Domain D : dominated by aseismic
sliding, with small unstable patches triggering tremors when slow slip events occur.

1989, White, 1996, Lin et al., 2005, Kirkpatrick and Rowe, 2013].

Along the brittle/frictional part of the fault, the depth-dependence of the seismogenic be-
haviour is described using the phenomenological rate-and-state friction laws, formulated to fit
lab experiments [Dieterich, 1979, Rice and Ruina, 1983, Ruina, 1983]. The ageing formulation
writes :

τ = (σ − p)
(
µo + a ln

V
Vo

+ b ln
Voθ

L

)
, (3.1)

θ̇ = 1 −
Vθ
L
, (3.2)

where σ is the normal stress, p is the pore pressure, σ − p = σe f f is the effective normal stress,
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Figure 3.8 – Spatial distribution of interseismic coupling along Ecuador and Peru subduction zone.
From 3 to 10oS, the megathrust is uncoupled. Dashed lines are depth contours of the subduction interface
every 10 km. From Nocquet et al. [2014].

µo and Vo are the reference friction coefficient and slip rate, V the slip rate, a > 0 and b > 0 are
rate and state parameters, θ is a state variable which can be interpreted as the average age of the
population of contacts between two surfaces, and L is the characteristic slip for state evolution
[Dieterich, 1979, Rice and Ruina, 1983, Ruina, 1983].

At constant slip rate, the shear stress τ evolves towards steady state :

τss = (σ − p)
(
µo + (a − b) ln

V
Vo

)
. (3.3)

With a a − b < 0, the friction is rate-weakening and leads to a stick-slip behaviour on large
enough fault patches (larger than the nucleation size). For a − b > 0, the friction is rate-
strengthening and, since no acceleration is possible, leads to stable sliding. Note, that rate-
strengthening areas can also be locked, for example, after they experience seismic slip that
drops their shear stress levels [Noda and Lapusta, 2013] ; and although rate-strengthening areas
can not nucleate earthquakes, seismic slip can however propagate along these patches for high
enough stresses. The primary parameter that determines stability, a − b, is a material property.
This framework considers that rate-strengthening prevails at shallow depths where poorly lithi-
fied rocks accommodate displacement by granular flow and below the seismogenic zone, at the
onset of quartz crystal plasticity [Blanpied et al., 1991, 1995]. In a simplistic view, low coupled
patches inferred from geodesy are usually associated to a rate-strengthening behaviour of the
megathrust, and highly coupled patches to rate-weakening.
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Mineralogy transition

To the very first order, up- and down-dip limits of the seismogenic zone appear thermally
controlled [Hyndman et al., 1997, Oleskevich et al., 1999]. Consequently, this depth-dependence
transition of behaviour has been interpreted as resulting from the progressive diagenesis and
mineralogical transformation of the subducting clay rich sediments. The up-dip limit of the
seismogenic zone, ranging between 100-150o is attributed to the smectite/illite transition [Ho-
wer et al., 1976, Hyndman et al., 1997, Oleskevich et al., 1999], and supported by experimental
studies [Den Hartog et al., 2012], although other mineralogy transformations (as illite to musco-
vite) might also enter into play [Den Hartog et al., 2013]. The down dip 350o limit corresponds
to the onset of crystal plasticity of quartz, the most ductile of the major minerals of crustal
rocks [Blanpied et al., 1991, 1995], and would thus correspond to the brittle/ductile transition
[Hyndman et al., 1997, Oleskevich et al., 1999]. For cold subduction zone, this isotherm might
be crossed below the upper plate Moho, and brittle-ductile transition related to serpentinite
[Hyndman and Peacock, 2003].

Fluid pressure

Fluids are trapped in inter-granular and fracture porosity of the subducting sediments and
igneous crust and present within hydrous minerals. These fluids are progressively released du-
ring the subduction process. The first release mechanism is related to compaction, rapid burial
generating disequilibrium compaction between 3-7km depth [Bekins and Dreiss, 1992, Bray
and Karig, 1985]. As depth and temperature increase, fluids are then released by dehydration
reactions, the largest dehydration fluid source being the smectite-illite transition [Bethke and
Altaner, 1986]. Other reactions take place between 150-300o, however, their depth range and
importance are less constrained [Saffer and Tobin, 2011]. The depth distribution of these pro-
cesses obviously depends on the thermal state and composition of incoming sediments and
oceanic plate. From the compilation of borehole, seismic reflexion, vp/vs ratio, critical taper
theory and stress drops results, Saffer and Tobin [2011] have proposed the following general
picture for the pore fluid evolution with depth :

— At the up-dip limit of the seismogenic zone, near-lithostatic pore pressure might prevail
if coincident with the smectite-illite window, as observed in Costa Rica and Nankai [Ca-
lahorrano et al., 2008, Ranero et al., 2008, Tobin and Saffer, 2009]. Near lithostatic pore
pressure is also suspected where shallow SSE, VLFE and tremors have been recorded
as in Nankai and Hikurangi [Bell et al., 2010, Ito and Obara, 2006, Obana and Kodaira,
2009].

— Along the seismogenic zone, moderate overpressure along the seismogenic zone has
been infer from VP/VS ratio along Southern Chile [Moreno et al., 2018]. However, this
moderate pore pressure is inconsistent with effective friction estimates from mechanical
analysis [Cubas et al., 2013b], heat flow measurements [Gao and Wang, 2014] and stress
drops [Magee and Zoback, 1993]. Additional weakening mechanisms related to thermal
pressurisation and/or dehydration reaction might occur during earthquake propagation
[e.g., Faulkner et al., 2011, Cubas et al., 2015], reconciling interseismic moderate pore
pressure and extremely low dynamic effective friction impacting the heat flow and topo-
graphy.

— Down-dip, pore pressure might increase again, in particular where SSE and tremors are
recorded [e.g., Audet et al., 2009]. High pore pressure in SSE and tremors regions are
also supported by mechanical analysis [Liu and Rice, 2007].
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Seafloor roughness

Oceanic seafloor, in particular those with a poor sedimentary cover, are marked by sea-
mounts, aseismic ridges and fracture zones. Seamounts were first thought to increase the re-
sistance along the megathrust and hence the coupling [Scholz and Small, 1997, Cloos, 1992].
However, from the comparison of geodetic data with the distribution of incoming plate rough-
ness [Wang and Bilek, 2014, Lallemand et al., 2018] or gravimetric anomalies [Bassett and
Watts, 2015], aseismic creep appears as the predominant mode of slip of rugged megathrust.
Indeed, the subduction of bathymetric features induces a strong upper plate damage revealed by
seismic reflection [Kodaira et al., 2000, Ranero and von Huene, 2000, Bangs et al., 2006, Collot
et al., 2008, Bell et al., 2010, Geersen et al., 2015] ; observed along exhumed subduction zones
[Vannucchi et al., 2006] ; and predicted by sandbox or numerical models [Dominguez et al.,
1998, Ruh et al., 2016]. This dense fracture network increases the number of potential faults
but decreases their size and hence earthquakes magnitude, favors aseismic slip and impedes the
propagation of large ruptures [Wang and Bilek, 2014]. Only few seismic surveys have however
imaged seamounts surrounding a large rupture [Kodaira et al., 2000, Geersen et al., 2015].

According to Gao and Wang [2014], smooth megathrusts producing great earthquakes tend
to be weaker and therefore dissipate less heat than geometrically rough megathrusts that slip
mainly by creep.

3.3 Forearc Modelling

3.3.1 Modelling of the long-term deformation

The CTT

The critical taper theory (CTT, Davis et al. [1983]) describes the mechanics of forearc
wedges, analogous to fold-and-thrust belts in continental settings. This theory was established
in the early 1980s, from the analogy between accretionary prisms and sand pushed by a moving
bulldozer [Davis et al., 1983]. In a compressive setting, sand, sediments, or rocks are deformed
by a sequence of thrusts, above a basal décollement to form a prism, also called a wedge (Figure
3.9a). Once the wedge reaches a certain critical taper, formed by the topographic slope α and
the décollement dip β, it slides along its décollement. If no material is encountered at the toe,
the wedge slides without inducing internal deformation. In the contrary case, the wedge grows
self-similarly to maintain the critical taper. For a non-cohesive prism, the critical taper relates
to the angle formed by the maximum principal stress σ1 and the topography ψ0, and the angle
formed by σ1 and the décollement ψb (Figure 3.9a) [Dahlen et al., 1984] :

(α + β)c = ΨB − Ψ0 (3.4)

with

ΨB =
1
2

arcsin(
sinφ′b
sinφb

) −
1
2
φ′b , (3.5)

Ψ0 =
1
2

arcsin(
sinα′

sinφint
) −

1
2
α′, (3.6)

with φint the internal friction of the prism and φb the friction of the décollement, such that
µint = tanφint and µb = tanφb, and :

φ′b = arctan
[(1 − λb

1 − λ

)
tanφb

]
, (3.7)

α′ = arctan
[(1 − ρw/ρ

1 − λ

)
tanα

]
. (3.8)
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The ratio between the Hubbert-Rubbey fluid pressures λ and λb [Rubey and King Hubbert,
1959] are defined as in Davis et al. [1983]

λ =
P − ρwgD
|σz | − ρwgD

, (3.9)

λb =
Pb − ρwgD
|σz | − ρwgD

, (3.10)

with ρ and ρw the density of the prism and of water respectively, and D the water depth. The
solution is exact if λ = λb [Wang et al., 2006], but the approximation is valid for small angles
α + β, as in our case study.
In a topographic slope α vs slab dip β graph, this relation corresponds to the lower branch of the
envelope (Figure 3.9b). For other branches, the solution differs based on the system of active or
passive stresses [Lehner, 1986].
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If the angle formed by α+β is smaller than the critical taper represented by the envelope, the
décollement cannot be activated. A thrust fault forms at the back of the wedge to increase the
topographic slope and reach the critical envelope. If the critical taper is reached, the wedge is
on the verge of Coulomb failure in its whole volume. However, since no geological structure is
ever perfectly homogeneous, the critical state involves the activation of the décollement and of
internal thrust faults which generally correspond to pre-existing structures. If the topographic
slope is larger than the critical taper, the wedge enters a stability domain. The wedge slides
along its décollement without inducing any internal deformation, and with a single active thrust
fault at the front. With steeper slopes, the wedge can reach the upper branch of the critical
envelop, and be on the verge of extensional Coulomb failure. In the conditions given in figure
3.9b, while sliding along its décollement, the wedge collapses through a series of normal faults
that bring the prism back into the stable domain. If the topographic slope exceeds the envelope,
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the prism collapses under its own weight. The lower branch of the critical envelope corresponds
to the least-effort mechanical state. Consequently, this branch is the preferred mechanical state.

As shown by equations 3.4 and 3.5, the critical taper depends on the décollement friction.
The smaller the basal friction, the larger the envelope. Consequently, the smaller the basal fric-
tion, the smaller the compressional critical taper (figure 3.9b). It also depends on the fluid pres-
sure : as the fluid pressure increases, the slope of the envelope decreases. Consequently, the
higher the fluid pore pressure, the smaller the extensional critical taper. Moreover, the diffe-
rence between the internal and basal effective friction controls the dip of internal thrusts : the
larger the difference, the larger the angle between internal thrusts and décollement. For very
small differences, as the blue curve on figure 3.9b, internal thrust faults parallel the décollement
allowing for underplating. Along subduction zones, the décollement is termed megathrust, and
the décollement dip corresponds to the slab dip.

This simple theory, with its 4 analytical solutions, is particularly suited for inversion. Ave-
raged frictional properties of the décollement can be retrieved from the co-variation of the topo-
graphic slope and slab dip, if the wedge is at critical state. However, the CTT is a purely brittle
and static analysis that considers a uniform wedge, and can only predict the topographic slope
for critical wedges but neither the location nor the evolution of its internal faults. To go beyond
this static approach, analogue and numerical models have been developed.

Analogue modelling

Analogue models present the advantage to be intrinsically 3D and surface deformation
can be quantified thanks to imagery analysis. However, internal structures are only accessible
through tomographic techniques or cake cuts. These models have been widely used by the com-
munity to either validate theoretical developments such as the CTT [Davis et al., 1983, Mal-
avieille, 1984] or the limit analysis that we will discuss later [Cubas et al., 2013c] or to test the
influence of one or a set of parameters on the structure and dynamics of the wedge. As presented
in the review of Graveleau et al. [2012], analogue models have investigated, among many other
parameters, the influence of the geometry [Dahlen et al., 1984, Davis et al., 1983, Koyi and
Vendeville, 2003, Smit et al., 2003], of the basal friction [Colletta et al., 1991, Lallemand et al.,
1994, Mulugeta, 1988, Nieuwland et al., 2000], of multiple décollements [Konstantinovskaya
and Malavieille, 2005, Bonnet et al., 2007, Konstantinovskaya and Malavieille, 2011], surface
processes [Bonnet et al., 2007, Konstantinovskaya and Malavieille, 2005, Leturmy et al., 2000,
Storti and McClay, 1995], of a viscous décollement [Bonini, 2007, Borderie et al., 2018, Costa
and Vendeville, 2002, Couzens-Schultz et al., 2003, Gutscher et al., 2001, Pichot and Nalpas,
2009, Smit et al., 2003], or the effect of seamount subduction [Dominguez et al., 1998]. These
models are now often faced to scaling issues to achieve a higher degree of complexity [e.g.,
Graveleau et al., 2012].

Numerical modelling

Foreac wedges have also been intensively studied by numerical models. Based on either
finite element or finite difference methods, they consider visco-plastic rheologies and solve for
conservation of mass and momentum, assuming an incompressible fluid. Numerical models
present the advantage of investigating a large range of parameters and of providing a complete
set of results (finite or total strain, strain rate, stress and energy dissipation, ...) Beyond the
validation of the CTT [Buiter, 2012, Buiter et al., 2016], these models have studied the effect
of complexities in wedges, such as various décollements, viscous behaviour [Ruh et al., 2012],
underplating [Ruh, 2020], seamount subduction [Ruh et al., 2016], or surface processes [Buiter,
2012, Willett, 1999, Simpson, 2006, Stockmal et al., 2007]. Up to S. Pajang thesis work that
will be presented later on, none of these numerical models had accounted for heat conservation
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nor temperature dependant rheological transitions. Beyond the fact that these models do not
easily incorporate real velocity discontinuities in the brittle domain, their major limitation lies
in their high time/cpu consumption, which prevents conducting inversion studies.

Limit analysis

The limit analysis method [Chandrasekharaiah and Debnath, 1994, Salençon, 2002] is based
on the principle of virtual powers and the theorem of maximum rock strength [Maillot and
Leroy, 2006]. For accretionary wedge case studies, the Coulomb criterion is used for maximum
rock strength. The principle of virtual power consists in applying a virtual displacement over
the structure. The kinematic approach of limit analysis then provides the optimum collapse
mechanism (set of faults) leading to the least upper bound of the tectonic pushing force. This
static approach can be applied to evolving accretionary prisms : we first search for the set of
faults minimizing the tectonic force, the structure then evolves by translation of rigid blocks
along the predicted faults, following a predefined kinematics [Suppe, 1983]. To do so, the virtual
velocity field is transformed into an incremental displacement field, by suppressing the dilatant
part of every virtual velocity jump across the discontinuities. At the following shortening step,
the system compares the force required to slide along the pre-existent structures with the force
required to form a new set, and selects the optimal one. The repetition of the optimization and
of the geometrical evolution for each increment leads to an approximate solution for the wedge
growth upon shortening [Cubas et al., 2008, Mary et al., 2013]. The limit analysis method
allows to predict position, dips, and lifetime of internal faults (real velocity discontinuities) of
forearc wedges, based on their frictional properties [Cubas et al., 2008] and has been validated
by comparison with experiments of sand wedges [Cubas et al., 2013c].

Compared to the CTT, there is no need to assume homogeneous mechanical properties nor
to be at critical state. The limit analysis also allows for fast computing and hence inversion, as
done in the studies that will be later presented. However, the method is again purely brittle and
does not incorporate temperature-dependent transitions of rheology.

3.3.2 Short-term modelling of megathrust mechanics

To fully capture the megathrust and forearc mechanics, the dynamics of earthquakes needs
to be taken into account. We here recall the different methods developed and their main results.

The dynamic CTT

This theory, developed by Wang and Hu [2006], is based on static stress equilibrium and
ignores inertial forces and seismic wave propagation. The word ’dynamic’ is used to empha-
size temporal variations of stresses and deformation mechanisms from elastic to plastic. In this
work, the authors assumed that the outer and inner wedges respectively correspond to the rate-
strengthening and rate-weakening segments of the megathrust. According to the authors, due
to the strengthening nature of the megathrust, the outer wedge switches from stable to criti-
cal state from the interseismic to the coseismic period. The outer wedge topography should
thus be controlled by its peak strength acquired after earthquakes. The inner wedge, with its
rate-weakening friction, may switch from critical to stable state from the interseismic to the
coseismic period. This concept provides an explanation to the slope break between the outer
and inner wedge.
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Dynamic seismic cycle

Understanding earthquake dynamics requires to consider multiple seismic periods, and the
full range of fault slip behaviours. Numerical models simulating seismic cycle sequences, have
arisen during the last 2 decades [Erickson et al., 2020, Jiang et al., 2022, and references the-
rein]. These models reproduce both earthquakes and aseismic slip, some taking into account
the radiation of seismic waves, for a planar fault governed by rate-and-state friction embedded
in a homogeneous elastic medium. This community has investigated the effects of additional
physical factors, such as shear heating [Noda and Lapusta, 2010], pore fluid pressure [Madden
et al., 2022, Zhu et al., 2020b], thermal pressurization [Noda and Lapusta, 2013, Cubas et al.,
2015, Jiang and Lapusta, 2016], wave-mediated inertial effects during dynamic rupture [Tho-
mas et al., 2014], pressure solution creep [Noda, 2016b], semi-brittle rheologies[Goswami and
Barbot, 2018, Lavier et al., 2021] ; a viscoelastic medium [Miyake and Noda, 2019, Allison and
Dunham, 2018] ; or asthenospheric flow [Barbot, 2018].

These models have allowed to identify the role of these different physical factors on the
seismic cycle and earthquake dynamics, and can provide statistics of behaviours. They have
for instance demonstrated that the variability observed in a segment from a large rupture to
several small ruptures could arise from the influence of non-permanent barriers, zones with
locally lower pre-stress due to past earthquakes [Kaneko et al., 2010]. They have also demons-
trated that pore pressure and hydrothermal effects can significantly enhance seismic slip [Noda
and Lapusta, 2010, 2013, Madden et al., 2022]. Although some models now incorporate off-
fault plasticity [Thomas and Bhat, 2018], fault complexity and fault networks [Romanet et al.,
2018], the homogeneous medium and simplified fault plane of most of these models do not
permit to study in a systematic manner the relationships between earthquakes and the long-term
deformation.

Seismic thermo-mechanical models

More recently, the thermo-mechanical modelling community has started to incorporate rate-
and-state like behaviour to combine long-term geodynamical subduction models and earthquake
sequences simulations [Van Dinther et al., 2013, Sobolev and Muldashev, 2017, Dal Zilio et al.,
2022]. In the first model attempts, due to time resolution issue, the slip transients had to last
decades [Van Dinther et al., 2013]. Sobolev and Muldashev [2017] succeeded to develop a
cross-scale model of subduction with earthquake cycles using an adaptive time stepping algo-
rithm, without considering rupture propagation process and seismic waves generation. They
found that low-angle subduction and low friction favor the generation of giant earthquakes by
increasing the seismogenic zone width [Muldashev and Sobolev, 2020]. To overcome the time-
stepping limitation, the geodynamical subduction models have been coupled to dynamic rupture
model [Van Zelst et al., 2019]. At a seismic cycle initiation, the self-consistent fault and surface
geometry, fault stress and strength, and heterogeneous material properties are exported to a dy-
namic model to capture the nucleation, propagation and arrest of the earthquake. This model has
allowed to investigate the effect of a pre-existent splay fault on the rupture, and have shown the
effect of seismic wave reflections from the free surface on shallow slip accumulation. However,
both models are run at subduction scale, impeding a fine study of the forearc deformation and
its interactions with earthquake sequences. More recently, Dal Zilio et al. [2022] have develo-
ped a computational method to simulate earthquake sequences, with a time-stepping approach
equivalent to the dynamic seismic cycle codes [Lapusta et al., 2000]. They modelled a mega-
thrust governed by rate-and-state friction embedded in a visco-elasto-plastic medium, at forearc
scale, investigating how inertia, radiation damping, thermally activated non-linear rheology and
off-megathrust splay-fault events can affect sequences of seismic and aseismic slip. Although
still simplistic in terms of upper plate structure, this work is particularly promising.
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Seismo-tectonic analogue models

Thanks to advances in monitoring techniques such as digital correlation, and the use of new
materials with elastic and stick-slip properties, analogue models are now also used to study
earthquakes and seismic cycles [Rosenau and Oncken, 2009, Rosenau et al., 2009, Corbi et al.,
2013, 2017, Rosenau et al., 2019, Caniven and Dominguez, 2021, Mastella et al., 2022]. These
models can simulate hundreds of seismic cycle overcoming the short observational time faced
by geodetic methods, and enabling robust statistical analysis. Some of them incorporate a elasto-
plastic forearc wedge, allowing to investigate the relationships between short-term earthquakes
and long-term tectonic deformation. These models have shown that a few percent of the plate
convergence is converted in permanent deformation through splay faulting taking place up- and
down-dip of the seismogenic zone [Rosenau and Oncken, 2009, Rosenau et al., 2009, Kosari
et al., 2022]. If these models can fill the gap between short- and long-term deformation, their
properties are predefined and not the result of the evolution of tectonic stresses, temperature and
pressure.

3.4 Morphology and deformation of the forearc : mirror of
the plate interface properties

3.4.1 Morphology of the wedge reveals spatial variations of megathrust
frictional properties [Cubas et al., 2013b]

Determining the frictional properties of a megathrust is of primary importance for the un-
derstanding of earthquake mechanics as well as for the understanding of the construction of
continental margins [Lamb and Davis, 2003, Lamb, 2006]. We have seen that the shallower,
presumably rate-strengthening, portion of the megathrust is thought to coincide with the extent
of the outer accretionary prism, the most frontal part of the forearc formed of imbricated thrust
sheets of accreted sediments, which is considered to deform internally [Byrne et al., 1988, Ruff

and Tichelaar, 1996, Fuller et al., 2006, Wang and Hu, 2006]. The limit between the deforming
wedge and the more internal stable part of the wedge would then mark the up-dip portion of
the seismogenic zone as suggested from the correlation between the rupture extent of large me-
gathrust earthquakes with shelf-terraces or forearc basins marked by local gravity lows [Song
and Simons, 2003, Wells et al., 2003]. Splay faults are commonly observed at the backstop of
the deforming wedge and their location seem to mark the updip limit of megathrust ruptures
[Collot et al., 2008]. The fact that splay faults form at the transition between aseismic and seis-
mic patches has also been observed in analog experiments [Rosenau and Oncken, 2009]. As the
morphology of the deforming accretionary prism naturally evolves toward a critical geometry
determined by the friction along the megathrust and the wedge strength [Davis et al., 1983], the
frictional properties could then control both the seismogenic behaviour and the forearc morpho-
logy.

The Mw 8.8 Maule earthquake occurred in 2010 along the Central Chilean forearc, north of
the 1960 Mw 9.5 Valdivia rupture (figure 3.10a). Following this earthquake, two major normal
fault aftershocks (Mw = 6.9 and 7.0) occurred near the town of Pichilemu [Farías et al., 2011]
(figure 3.10a,b). These aftershocks ruptured a crustal normal fault rooting down to the inter-
plate, as illuminated by the seismicity [Farías et al., 2011]. Evidence of activation of a thrust
fault within the forearc was also found on the Santa Maria island (figure 3.10a,b). The elevated
topography of the island results from a backthrust fault which most probably roots at depth into
the megathrust [Melnick et al., 2006]. The island is located close to the updip limit of the co-
seismic rupture (figure 3.10b). The splay fault, activated during or shortly after the mainshock,
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uplifted the island by 1.6 m during the 2010 earthquake [Melnick et al., 2012]. Darwin [1851]
reported a 2.4 m to 3 m uplift two and six weeks after the 1835 M > 8 earthquake [Lomnitz,
1970] ; Melnick et al. [2006] inferred a 6 m of uplift related to the 1751 M > 8 event.

Figure 3.10 – a. Co-seismic slip models of the 2010 Mw 8.8 Maule [Lin et al., 2013], and 1960 Mw
9.5 Valdivia earthquakes (slip contours in red) [Moreno et al., 2009]. Large red stars : locations of hy-
pocenters, small black stars : Pichilemu normal aftershocks. b. Segments at accretionary critical state (in
green). Known (plain) and suspected (dashed) active faults are shown in dark green. The crustal faults
activated right after the Maule earthquake are represented in yellow. Modified from Cubas et al. [2013b].

In Cubas et al. [2013b], I used both the CTT and Limit Analysis to constrain the spatial
variation of the megathrust effective friction along the Central Chilean subduction zone from
the wedge morphology and the modelling of the splay faults activated by the earthquake. We
showed that the outer wegde as well as the Arauco peninsula and portions of the Coastal Cor-
dillera, are at critical state, consistent with the distribution of known active faults (figure 3.10b).
All other areas are mechanically stable. We also showed that the ruptures coincide with stable
areas of the forearc and are surrounded with critical areas. The updip limit of the 2010 rup-
ture coincide well with the maximal extent of the critical outer wedge. The coseismic slip of
the 1960 rupture seems to taper down quite abruptly beneath the critical outer wedge. We also
observe that most of the wedge forearc seems critical in the Arauco Peninsula which separates
the 1960 and 2010 ruptures, and in the area just North of the 2010 rupture. The critical patches
along the coastal cordillera also delimit the down-dip extent of the coseismic slip. Similarly,
we observe that postseismic deformation partly coincide with areas at critical states and that
the megathrust beneath the stable areas of the forearc wedge was mostly locked in the inter-
seismic period (figure 3.11a,b). These observations support the claim that the propagation of
a megathrust seismic rupture is probably inhibited by critical outer wedge and coastal areas.
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Furthermore, the observed correlations are consistent with the notion that the forearc is stable
above the seismogenic portions of the megathrust, while the updip rate-strengthening portion
of the megathrust is maintained in critical state as a result of the stress transfer operated by
coseismic and postseismic deformation [Wang and Hu, 2006, Hu and Wang, 2008]. The critical
state of stress in the coastal area would rather be maintained by interseismic stress build up
as aseismic creep proceeds downdip of the coseismic rupture. According to this model, all the
deformation is accommodated along the megathrust in the seismogenic zone, no deformation
being transferred to the upper plate. This model explains the correlation between forearc basins
or regions with negative gravity anomalies [Wells et al., 2003, Song and Simons, 2003] and
seismic asperities. On the other hand, in the creeping areas, the forearc is at or close to critical
state, and as a consequence, a small fraction of the convergence has to be accommodated by the
upper plate leading to coastal uplift, active faulting in the accretionary prism and thrusting at
the transition from the inner to the outer wedge.

Figure 3.11 – Comparison of critical areas in green with a. Maule and Valdivia earthquake coseismic
slip models (in red, Lin et al. [2013], Moreno et al. [2010]) and Maule postseismic slip model [Lin et al.,
2013] with b. interseismic strain accumulation model (in black) from Métois et al. [2012]. c. Effective
basal friction map based on critical taper and limit analysis results, hatching : extrapolation of results.
Modified from Cubas et al. [2013b].

From inversions of critical envelops, we found a low effective friction along the outer wedge
of the Valdivia segment (0.1) and a higher effective friction along the outer wedge of the Maule
segment (between 0.1 to 0.3). The effective friction along the coastal cordillera is relatively high
(∼0.4). We also found a hydrostatic upper plate, and a slight overpressure in the outer wedge of
the Valdivia segment. If the frontal aseismic outer wedge is rate-strengthening, then the effective
basal friction found in this study should be an average value of the higher friction most probably
attained after megathrust rupture as the outer wedge is then brought closer to failure [Wang and
Hu, 2006]. The seismogenic zone is characterized by a lower effective basal friction. With the
limit analysis, we found that to reproduce the Santa Maria backthrust splay fault, the effective
friction of the seismogenic zone has to be lower than 0.07. To activate the Pichilemu normal
fault, the effective friction along the seismogenic zone has to be lower than 0.14. Since the
Santa Maria backthrust has been activated during the main event, and if we consider the normal
sequence of Pichilemu a consequence of the main shock, the deduced friction is most probably
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representative of the effective dynamic friction. An intrinsically low friction is a possibility in
principle. This explanation seems improbable as the static friction retrieved for the surrounding
aseismic zones is generally larger, and already at the lower end of the range that can be explained
with low friction minerals, i.e. clays of the accretionary prism. The low effective basal friction
in the seismogenic zone could alternatively reflect a high basal pore pressure, either permanent
or due to a dynamic increase by thermal-pressurization.

These local results are consistent and supported by larger scale results obtained from the
modelling of heat-flow data for a large number of subduction zones [Gao and Wang, 2014].
They found that megathrusts producing large magnitude events with apparent frictions lower
than 0.05 are weaker than creeping segments, with apparent frictions larger than 0.1.

3.4.2 Trench-coast distance controlled by the megathrust frictional and
rupture properties [Rousset et al., 2016]

Since the seismogenic part of the megathrust only slides during earthquakes, the resulting
deformation should thus be controlled by the dynamic friction of the megathrust. If the effective
friction of aseismic megathrust is larger than the dynamic effective friction, then according to
the CTT, we should expect large tapers above aseismic segments, and lower tapers above highly
coupled segments (figure 3.12a). For equivalent trench depth, we should then expect short trench
coast-distance above aseismic segments, and larger trench-coast distance above highly coupled
segments.
In Rousset et al. [2016], we indeed observed a strong correlation between along-strike variations
of coast-to-trench distances and variations of GPS-derived forearc coupling along the Mexican
subduction zone, from Guerrero to Oaxaca (figure 3.12b).
The same correlation has been obtained along the central and northern Chilean subduction zone
[Saillard et al., 2017].
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Figure 3.12 – a. Scheme representing the trench-coast distance for segments with aseismic or seismic
effective basal friction. b. Example of the Guerrero subduction in Mexico. The trench-coast distance (in
blue) correlates with the average coupling (in red). Modified from Rousset et al. [2016].

3.4.3 Splay faulting induced by transition of frictional properties [Cubas
et al., 2013a,b]

The 2011 Mw 9.0 Tohoku-Oki earthquake ruptured the plate interface between the Pacific
Plate and NE Japan generating a very large slip, probably exceeding 50 m at depth between 10
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and 15 km, and a major tsunami [Ozawa et al., 2011, Wei et al., 2012, Ide et al., 2011] (figure
3.13a). Large shallow slip is attested from the displacement of ocean bottom gauges [Ito et al.,
2011] and comparison of bathymetric profiles measured in 1999 and late March 2011 [Fuji-
wara et al., 2011]. While many magnitude 7.5 earthquakes had occurred along this margin, the
large shallow slip came as a surprise since (1) the upper portion of the megathrust is commonly
thought to slip aseismically [e.g., Oleskevich et al., 1999], (2) previous magnitude 7.5 earth-
quakes had only been instrumentally recorded along the deeper portion of the megathrust and
(3) interseismic strain accumulation models were not showing a locked patch near the trench
[Hashimoto et al., 2009, Loveless and Meade, 2011]. It should be noted, however, that the creep
at shallow depth inferred from the interseismic models [Hashimoto et al., 2009, Loveless and
Meade, 2011] was essentially due to the assumed initial condition and lack of resolution near
the trench of the onshore geodetic data used in these inversions [Loveless and Meade, 2011].
Another intriguing observation is that the earthquake activated a landward dipping normal fault
[Ito and Obara, 2006, Tsuji et al., 2011], located slightly updip of the maximum slip area (figure
3.13a,d). The landward normal fault marks the lower limit of an outer wedge formed by a stack
of thrust sheets. The fault, which extends parallel to the trench for several tens of kilometers,
could have contributed to the tsunami [Tsuji et al., 2011, McKenzie and Jackson, 2012], and
its activation is consistent with the trench-perpendicular horizontal extension of the hanging
wall revealed by aftershocks [Ide et al., 2011, Asano et al., 2011] (figure 3.13c). In this study,
we again used the CTT and Limit Analysis to constrain spatial and temporal variations of the
megathrust effective friction, and study how it could relate to the unexpected large shallow slip
(figure 3.14).

We first found that the outer wedge closely follows the prediction of the CTT in horizontal
compression (figure 3.14a). The best fitting model corresponds to a high pore pressure ratio
in the wedge (λ = 0.8), and a low effective basal friction (φe f f = 7.5o, µe f f = 0.13) (figure
3.14a,c). To reach the extensional critical state at the landward normal fault location, a decrease
of the effective friction down to µe f f = 0.003 is required (figure 3.14b). If the intrinsic friction
is maintained, then the pore pressure would need to have increased from λ = 0.8 to 0.995. Such
a low friction could have resulted from very efficient dynamic weakening, as suggested by some
aspects of the rupture [Ide et al., 2011], possibly resulting from thermal pressurization [Noda
and Lapusta, 2013]. However, since the taper trajectory is not parallel to the extensional branch
of the envelope, it is not clear that the CTT is applicable in this way. Also, if the same properties
apply to the whole outer wedge, the frontal part of the wedge should then collapse due to internal
normal faulting, and slip should gradually increase toward the trench which was not observed.
Actually, it is probably incorrect to assume that the whole wedge has been brought to the verge
of failure in extension. We therefore explored an alternative explanation : the normal fault could
rather be interpreted as a splay fault resulting from changes in frictional properties along the
megathrust.

We used the properties found based on the CTT for the bulk and the inner wedge megathrust
(µ = 0.8, µe f f

BI = 0.13). The inner megathrust pressure ratio is set equal to the internal pressure
ratio (λBI = λint= 0.8). To account for dynamic weakening during seismic sliding, we decrease
µe f f

BI from 0.13 to 0.1. The down-dip part of the wedge is thus in a stable state. Two possibilities
are studied with Limit Analysis : in the first case, the basal friction coefficient angle decreases
toward the trench φBI > φBF (figure 3.15b), in the second case, it increases φBI > φBF (figure
3.15c). We also vary the pore pressure along the frontal part of the megathrust, hence, the
effective basal frontal friction µe f f

BF .

If the effective frontal basal friction is too large (µe f f
BF > 0.13), the taper is then in the

unstable field (figure 3.15a), no sliding is allowed along the updip part of the wedge and conju-
gate thrust faults are formed at the transition in order to increase the taper (figure 3.15b,c).
If the effective frontal basal friction decreases and the wedge reaches the compressional limit
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Figure 3.13 – a. Slip contours of the 2011 Tohoku-Oki earthquake, Mw 9.0 (Japan) and location of
the normal splay fault that was activated during the earthquake. The mainshock epicenter is indicated
by the star. b. Spatial distribution of CMTs of earthquakes before the mainshock (from January 2003
to March 11 2011), and c. non-interplate aftershocks in the hanging-wall (from March 11 to March 24
2011) in the studied area from Asano et al. [2011]. In red : compression, blue : extension, black : strike-
slip. d. Seismic profile recorded before the earthquake Tsuji et al. [2011] ; 30 m and 50 m : displacements
measured by gauges placed on the seafloor on either side of the normal fault Ito et al. [2011]. µe f fBI , µe f fBF :
effective basal frictions estimated from the observed displacements Cubas et al. [2013a]. Modified from
Cubas et al. [2013a].
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Figure 3.14 – a. Theoretical critical envelopes for two different sets of frictional properties compared
to the taper of the swath profile of the studied area (φint=38.75◦). b. The portion of the taper considered
at critical state is overlined in red and corresponds to the high slip patch of the Tohoku-Oki earthquake.
The effective basal friction is decreased in order to reach the extensional limit for the taper measured at
the location of the landward normal fault marked by a black circle (φint=38.75◦, λ=0.8). c. Probability
densities for the three independent parameters φint , φ

e f f
b

and λint without constraints on φint (dashed
line), for φint in the 30-40 degree range (plain line). The densities are determined from fitting the portion
of the wedge presumed to be at critical state with the theoretical envelope. Best fit values of the three
parameters inversion are marked by a black circle. Extracted from Cubas et al. [2013a].

(µe f f
BF = 0.13), the décollement is then fully activated, and a thrust fault appears at the transition

to accommodate the difference of slip along the upper and lower part of the megathrust genera-
ted by the difference in basal friction. For φBI > φBF, a shallow dipping forethrust is formed,
while φBI < φBF leads to a backthrust. If the effective frontal basal friction is decreased, the
frontal wedge enters the stable domain, and fore- and back-thrust get steeper. If the effective
friction decreases again, the extensional critical limit is reached (µe f f

BF = 0.003) and dips in-
crease again resulting in a seaward normal fault for φBI > φBF, and a quasi-vertical normal
fault for φBI < φBF. This exercise demonstrates that a transition in frictional properties (friction
and/or pore pressure ratios) implies the development of a splay fault. The vergence of the splay
is controlled by the friction, while the slip mode (thrust or normal faulting) depends on the ef-
fective friction change. To reproduce the amount of slip inferred along the megathrust and on
the normal fault, the limit analysis requires an effective basal friction below the frontal wedge
ranging between 0.002 < µe f f

BF < 0.015.
The low effective basal friction inferred in this study is consistent with the dynamic over-

shoot proposed by Ide et al. [2011] and could have resulted from thermal pressurization of
the updip part of the megathrust as suggested by Noda and Lapusta [2013]. By contrast, the
long term high pore pressure along the megathrust could be a permanent feature maintained by
continuous dehydration of siliceous sediments and clays dragged along the megathrust [Kimura
et al., 2012] and by a low permeability. The different effective friction coefficient beneath the
inner and outer wedge could reveal a different mineralogy resulting in a more efficient up-dip
dynamic thermal pressurization and thus a dynamic increase of the pore pressure beneath the
outer wedge.
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After activation of slip along the megathrust, the compressional stress must build up again
to bring the outer wedge back to a critical state. The stress build up can result from interseismic
strain or, more probably, from the stress transfer due to ruptures along the deeper portion of the
megathrust, similar to the numerous Mw < 7.5 earthquakes reported historically [Hashimoto
et al., 2009], and afterslip [Hu and Wang, 2008]. On the long-term, the outer wedge would thus
maintain a compressional critical taper.

Normal faults in forearcs have often been interpreted as a consequence of basal erosion [e.g.,
von Huene et al., 2004]. Our interpretation might provide an alternative explanation for these
faults and normal faulting aftershocks sometimes recorded after such earthquakes (as the Maule
event). Forearc normal faults could be evidence for very efficient dynamic weakening along
the megathrust. When located at the transition between outer and inner wedges [McKenzie and
Jackson, 2012, e.g.,], these faults could indicate up-dip propagation of earthquakes and typify
megathrust with high tsunamigenic potential. After the Tohoku-Oki earthquake, a similar large
active landward crustal-scale normal fault was identified along the Shumagin Gap in Alaska
[Bécel et al., 2017], rising large concern.

3.4.4 Thermal pressurization [Cubas et al., 2015]
As stated above, the large shallow slip of the Tohoku earthquake (figure 3.16a) took the

community by surprise, in particular because interseismic strain accumulation models were not
showing a locked patch near the trench [Hashimoto et al., 2009, Loveless and Meade, 2011]. Al-
though it was suggested to result from a lack of resolution near the trench [Loveless and Meade,
2011], the seafloor measurements (as reported in Sato et al. [2013]) do require some amount of
interseismic creep near the trench. Moreover, all the historical Mw 7.5 earthquakes were lo-
cated in the highly coupled area, with the exception of the 1896 Sanriku tsunami earthquake
(figure 3.16b). It thus seems that the shallow portion of the Japan megathrust could creep aseis-
mically, e.g. as afterslip and interseismically, as well as accumulate substantial slip during large
tsunamigenic earthquakes. The Tohoku-Oki earthquake was remarkable in two other ways. The
large shallow slip area did not radiate much seismic energy at high frequencies compared to the
deeper portion of the megathrust which experienced less slip [Ide et al., 2011, Simons et al.,
2011, Meng et al., 2011, Wei et al., 2012]. A complex propagation was also observed, with a
small initial phase of deep rupture up to 40 s, followed by extensive shallow rupture at 60-70 s,
and a continuing deep rupture lasting over 100 s [Ide et al., 2011]. Finally, from tsunami records
[Sawai et al., 2012], the last earthquake in the area with comparable tsunami deposits occurred
in AD 869 and hence the recurrence time of the Tohoku-Oki-like events, unless irregular, was
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Figure 3.16 – a. Coseismic (colors) and postseismic (black dashed lines) slip from Yamagiwa et al.
[2015] derived from the modeling of on-shore and seafloor displacements. b. Interseismic coupling ratio
(colors) from an updated inversion of onshore and offshore geodetic measurements based on Perfettini
and Avouac [2014] but including the interseismic seafloor displacements of Sato et al. [2013]. The dotted
pink contour lines show the estimated location of rupture areas of smaller (∼M7.5) historical earthquakes
[Yamanaka and Kikuchi, 2004, Shibazaki et al., 2011]. Extracted from Cubas et al. [2015].

estimated of 1000 years.
To reconcile these observations, Noda and Lapusta [2013] have suggested that the shallow

megathrust could undergo aseismic slip at low slip rates, due to its rate-strengthening properties,
as well as substantial coseismic slip due to efficient weakening by thermal pressurization of pore
fluids [Sibson, 1973, Lachenbruch and Sass, 1980, Mase and Smith, 1984, 1987, Rice, 2006].
This dual behaviour, rate-strengthening at low slip rates and strong weakening at seismic slip
rates, was also observed for lab experiments on wet clays characteristic of shallow megathrusts,
and attributed to thermal pressurization at high slip rates [Faulkner et al., 2011].

However, thermal pressurization can explain the large coseismic slip regardless of the rate-
strengthening or rate-weakening behaviour of the shallow zone. Since it is uncertain that the
megathrust was fully locked up to the trench before the Tohoku-Oki event, the properties of
the interface could be rate-weakening at low slip rates. Determining if the observed behaviour
of the megathrust that hosted the 2011 Tohoku-Oki event is due to an unusual rate-weakening
shallow patch or to co-seismic weakening of an otherwise rate-strengthening shallow portion of
the fault is of fundamental importance for future seismic and tsunamigenic risk assessment.

In this paper, we followed up on the study of Noda and Lapusta [2013]. We used 2D dynamic
model of seismic cycles developed by Noda and Lapusta [2010] to investigate several possible
scenarios of the megathrust properties, incorporating the frictional parameters deduced from the
morphological analysis [Cubas et al., 2013a]. The approach allows to simulate slow fault slip as
well as self-driven rupture propagation with all inertial effects under slow tectonic-type loading
in a mode II configuration while accounting for shear heating and pore pressure changes. A
planar fault is embedded in a homogeneous elastic medium and governed by the ageing form
of the rate-and-state friction law [Dieterich, 1979, Rice and Ruina, 1983, Ruina, 1983]. For
the set-up, we considered 4 segments (figure 3.17) : (1) a deep rate-strengthening zone below
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the seismogenic zone, (2) a seismogenic zone corresponding to the extent of the historical Mw
7.5 earthquakes, (3) a shallow patch prone to thermal pressurization along which we explored
the dependency on the rate and state parameter (a − b), and (4) an updip rate-strengthening
patch where coseismic slip tapers off and postseismic slip was observed. We attributed to these
segments the frictional values deduced from the previous mechanical analysis [Cubas et al.,
2013a]. To get efficient thermal-pressurization in patch 3, we used relatively small hydraulic
diffusivity there and larger values elsewhere, with all values within laboratory measurements
of Tanikawa and Shimamoto [2009]. In the shallowest patch 4, we chose a larger hydraulic
diffusivity to simulate unconsolidated clays close to the trench. In patch 3, we chose parameters
enabling only relatively large slips of the order of 10 m to activate efficient weakening.

a-b < 0

Vplate

periodic boundary

periodic boundary
Vplate

40km
80km2

3

4

1

40km
40km

μ1 = 0.6
αhy 1 = 1.10-1

μ2 = 0.6
αhy 2 = 1.10-1

μ3 = 0.7
αhy 3 = 3.10-3

μ4 = 0.4
αhy 4 = 1.10-1

a-b > 0

supposed trench
location

Figure 3.17 – Model set-up. Patch 3 has a higher reference friction coefficient consistent with the
study of Cubas et al. (2013) and lower hydraulic diffusivity to get efficient thermal pressurization and
enhanced slip. Different values of parameter (a − b) are explored along this patch. Extracted from Cubas
et al. [2015].

We found that regardless of the rate properties at low slip rates of the shallow portion of
the fault (between 40 and 80 km in our models), an efficient thermal pressurization along this
portion allows reproducing the alternation between several deeper moderate (M 7.5) events and
much larger (M 9) events accumulating significant slip close to the trench (figure 3.18). Both
behaviours also reproduced dominant high-frequency radiation from the deeper portions of the
fault as well as the complex up- and down-dip rupture propagation. There are however, impor-
tant differences. Since no interseismic slip takes place along patch 3 within the rate-weakening
patch 3 model, the recurrence time of large events is short (200-250 years). On the contrary, the
recurrence time increases, up to several thousand years, with larger rate-strengthening (a − b)
parameter. Neither changes of the hydraulic diffusivity, nucleation size, nor the addition of

42



a rate-strengthening barrier allowed to significantly increase the recurrence time. The rate-
strengthening properties result in interseismic creep in addition to occasional significant co-
seismic slip, allowing the model to reproduce the inferred recurrence times of the order of 1000
years. These properties near the trench can also explain the lack of smaller seismicity near the
trench in the last 300 years (except for the rare large events), as observed along the Japan mega-
thrust as well as along most subduction megathrusts worldwide [Byrne et al., 1992]. The local
variation in permeability allowing for efficient thermal pressurization could be related to the
low incoming sediment thickness or the disrupted oceanic crust by horst and grabben.

This paper demonstrates how combining long- and short-term modelling can bring impor-
tant insights on earthquake mechanics.

3.4.5 Seismic and tsunamigenic risk assessment
Today, the prediction of earthquake extent mostly relies on geodetic observations of inter-

seismic coupling [e.g., Moreno et al., 2009]. However, the majority of these observations are
made onshore, often at large distances from the locked portion of the fault, and as discussed
above, with poor resolution near the trench [e.g., Loveless and Meade, 2011]. Moreover, geode-
tic observations usually represent a small fraction (tens of years) of an interseismic earthquake
cycle (hundreds of years) with patterns of deformation inferred from surface motions evolving
with the viscoelastic relaxation [Wang et al., 2012]. A larger time span can be obtained from re-
cords of the relative sea level change extracted from corals, that can help to constrain sequences
of large events [e.g., Sieh et al., 2008, Philibosian et al., 2017]. However, this method can not be
applied worldwide, and the number of recorded events is limited to provide statistically robust
predictions.
In the Cubas et al. [2013b,a] studies, through the search of critical segments and the study of
splay faults, we have demonstrated a relationship between the long- and short-term deformation
of the forearc. If seismic asperities are persistent through time and space, then morphology and
deformation should act as a mirror of the plate interface properties and could help improving
seismic and tsunamigenic hazard assessment. This is of particular importance in very poorly
instrumented regions where topography and deformation are the only easily accessible infor-
mation.

In the following papers, I show how the study of the criticality, vergence, and type of faults
of the outer wedge can bring information about potential shallow ruptures. I also discuss how
the search of patches of low friction could be used to delineate seismic asperities.

Outer wedge deformation reflects the slip behaviour of the shallow megathrust [Cubas
et al., 2016]

The two last giant earthquakes of magnitude >9 of the 21st century (2004 Sumatra and 2011
Japan) took both scientists and government agencies by surprise, with frontal ruptures that led
to devastating tsunamis with enormous loss of lives, properties and a near-nuclear disaster.
During the 2000-2010 decade, Sumatra experienced the most intense sequence of earthquakes
ever recorded on Earth, starting with the Mw 9.1 December 26 2004 Sumatra-Andaman earth-
quake, that ruptured 1300 km from the Simeulue Island to the northern Andaman Islands [Am-
mon et al., 2005, Lay et al., 2005] (figure 3.20c). This earthquake was followed three months
later by the Mw 8.7 2005 Nias earthquake located just south that did not generate a significant
tsunami [Hsu et al., 2006] (figure 3.19). The sequence resumed in 2007, with two relatively deep
events along the Mentawai segment [Konca et al., 2008]. The frontal part of the 2007 Mentawai
earthquake ruptured in 2010 with a Mw 7.8 [Lay et al., 2011] (figure 3.19). This event, quali-
fied as a tsunami earthquake, generated waves of 3 up to 9 m [Lay et al., 2011]. A 500 km long
northern Mentawai segment is now the only major gap left in the Sumatra region (figure 3.19).
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Figure 3.18 – Accumulated slip as a function of the distance along the fault, for a. Model A1, rate-
strengthening patch 3 (a − b = 0.009) ; b. Model B, rate-neutral patch 3 (a − b = 0.0) ; c. Model C1,
rate-weakening patch 3 (a − b = −0.004). Dashed red lines show coseismic slip every 4 seconds, thick
blue lines indicate interseismic slip every 50 years, thin black lines signify the end of each earthquake.
Zero slip corresponds to fault slip after several tens of simulated earthquakes, to focus on the long-term
response of the model. Extracted from Cubas et al. [2015].
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2010
(Mw 7.8)

GAP

Figure 3.19 – Coupling pattern derived from the modeling of geodetic and paleo-geodetic data, com-
pared to major historical and recent earthquakes. Modified from Konca et al. [2008].

Following the 2004 Sumatra Andaman earthquake, a correlation between landward vergent
thrusts and shallow propagation of earthquakes was suggested by some authors [Gulick et al.,
2011, Moeremans et al., 2014]. Several landward vergent thrusts have been observed at the
front of the accretionary wedge where the 2004 earthquake seems to have reached the seafloor
[Chlieh et al., 2007, Gulick et al., 2011] (figure 3.20a,c). The 2010 Mentawai earthquake oc-
curred along a prism showing landward vergent thrusts [Moeremans et al., 2014, Cubas et al.,
2016]. The seismic gap along the Sumatra subduction zone also shows frontal landward vergent
structures [Kuncoro et al., 2015]. Along this portion, the 1797 Mw∼8.7 event generated a very
large tsunami with run-up heights of ∼10 m in Padang [Newcomb and McCann, 1987]. On
the contrary, no landward-vergent thrusts have been reported along the Nias segment where the
2005 earthquake was limited to the ’standard’ seismogenic zone [Cook et al., 2014, Konca et al.,
2008].

Normal sequences of landward-vergent thrusts have also been reported along the Cascadia
subduction zone offshore the Oregon-Washington (USA) margin (figure 3.20b,d) [MacKay,
1995, Adam et al., 2004] and north of the Mendocino triple junction [Gulick et al., 1998].
This subduction zone is known to generate Mw∼9 earthquakes every 300-500 yr with tsunamis
crossing the whole Pacific ocean [Satake et al., 1996, Atwater and Griggs, 2012]. In this region,
the extent of the landward vergence in accretionary prism matches well with the location of
high slip patches of the 1700 earthquake [Wang et al., 2013] (figure 3.20).

Hence, understanding the mechanical requirements for landward vergence and its possible
link with frontal propagation of earthquakes is fundamental for seismic and tsunamigenic risk
assessment, for the last Sumatra gap as for Cascadia.

In this 2016 paper, we used the Limit Analysis method to explore the mechanical condi-
tions necessary for this type of vergence. In addition to an extremely low megathrust effective
friction, we found that landward vergence is favored by a low strength ratio between the me-
gathrust and the wedge. For Cascadia and northern Sumatra, only a narrow range of properties
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Figure 3.20 – Landward-vergent accretionary prisms and frictional properties. a. Seismic profile WG2
in northern Sumatra [Moeremans et al., 2014]. b. Seismic profile SO 108–03 in Cascadia [Adam et al.,
2004]. c. Comparison of the observed landward-vergent thrusts in northern Sumatra (hachured white
lines ; compilation from Dean et al. [2010], Gulick et al. [2011], Moeremans et al. [2014] with coseismic
slip of the 2004 Mw 9.1 Sumatra-Andaman earthquake (slip contours in red every 5 m increment ; Chlieh
et al. [2007]). d. Comparison of the observed landward-vergent thrusts in Cascadia (hachured white
lines ; compilation from MacKay, 1995, Gulick et al. [1998], Adam et al. [2004]) with the estimated slip
contours of the 1700 Cascadia earthquake considering a trench-breaking rupture scenario with a Mw 8.9
[Wang et al., 2013] ; the downdip end of the highly locked zone is shown by the black dotted line [Wang
et al., 2013]. e, f. Vergence is shown as a function of the internal friction (µint ) and the megathrust
effective friction (µe f f

b
) for northern Sumatra and Cascadia. In the studied frictional range, the prism

can either be at stable state (the full megathrust is activated as well as a frontal thrust) or at extensional
unstable state (white domain, corresponding to a gravitational collapse). At stable state, the frontal thrust
can either be landward (red domain) or seaward (blue domain) vergent. The gray domain stands for the
propagation of the deformation toward the tip of the wedge. Extracted from [Cubas et al., 2016]

could reproduce this vergence, with extremely low effective megathrust friction (≤ 0.02 and
≤ 0.032 respectively, figure 3.20). We obtained a larger range for southern Sumatra, with still
low effective megathrust friction (µe f f ≤ 0.13).

The very low effective friction could either be due to long-term pore pressure or dyna-
mic weakening mechanisms such as thermal pressurization. However, we have also shown that
landward vergence only develops if a wedge lies in the upper and left part of the stable domain
established by the critical taper theory, close to the extensional critical limit (figure 3.21a). Yet,
a wedge usually tends to stay close to its compressional critical state, which is the less expensive
state. Only two conditions can lead a wedge to diverge from this limit : (1) a very high sedimen-
tation rate impeding the wedge to recover the compressional critical state, or (2) sudden and
successive decreases of the effective megathrust friction (figure 3.21b). No high sedimentation
rate has been reported for either southern Cascadia [MacKay, 1995] or the Sumatra margin. We
therefore favored hypothesis 2.

This hypothesis was further supported from VP and VP/Vs ratios attesting of a high pore
fluid pressure where the accretionary prism is seaward and a moderate one where the wedge has
a landward vergence [Han et al., 2017, Zhu et al., 2020a].

The deformation of accretionary prisms can thus provide strong insights on past seafloor
ruptures and tsunamigenic potential (figure 3.21c). Accretionary prisms with seaward-vergent
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Figure 3.21 – Mechanical explanations for landward vergence in accretionary prisms. A : A strong
sedimentation rate can increase the topographic slope, transferring the prism from the compressional
(comp) critical state (black cross) to the landward domain (gray cross). ext.— extension. B : A sudden
decrease of the effective megathrust friction can bring the prism (black cross) from the compressional
critical state associated with a relatively high megathrust effective friction to the stable landward domain
of a low effective megathrust friction envelope (µe f f

b
, effective basal friction). C : Relations between

thrusting, normal faulting, and vergence with the seismic behaviour. Seaward-vergent thrust faults of
a prism at compressional critical state are expected to be aseismic. Landward-vergent thrust faults and
normal faults can be related to a dynamic decrease of the effective megathrust friction. Extracted from
[Cubas et al., 2016]

faults (c1 in figure 3.21c), close to their critical state and characterized by megathrust frictions
> 0.1, such as Central Chile, are probably only deformed aseismically [Gao and Wang, 2014,
Cubas et al., 2013b]. No clear conclusion can be drawn for seaward-vergent prisms at stable
state with very low effective friction. Accretionary prisms showing two styles of deformation,
seaward- and landward-vergent thrusts (c2) such as southern Sumatra or thrust and normal faults
(c3) as the Tohoku-Oki prism, could undergo both aseismic and seismic slip. At a slow slip rate,
the wedge is most probably at compressional critical state, characterized by friction ∼ 0.1,
but during frontal propagation of an earthquake, the dynamic decrease of the effective friction
would displace the wedge either in the landward domain or at the extensional critical limit.
Accretionary prisms with only landward-vergent thrusts such as Cascadia and some portions of
Sumatra (c4) are probably mainly deformed during or shortly after the frontal propagation of
earthquakes. Hence, appropriate measures should be taken to mitigate tsunamigenic risks along
the Mentawai and Cascadia gaps.

Looking for spatial variations of frictional properties to identify seismic asperities [Pajang
et al., 2021]

The 1000 km long Makran is one of the few subduction zones left with a largely unconstrai-
ned seismogenic potential. The region indeed lacks historical records due to the sparsity of past
settled population and is still very poorly instrumented. Along the Pakistani side, only three
significant events in 1756, 1851 and 1945 have been reported [Byrne et al., 1992]. The last
one, with an estimated magnitude of 8.1, is the only major event instrumentally recorded so far
(figure 3.22a). Along the Iranian side, one major event dated back to 1483 could be linked to
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the subduction [Ambraseys and Melville, 1982], but its location and date are strongly debated
[Musson, 2009]. Recent geodetic and InSAR studies have shown that some accumulation of
elastic strain along the plate interface is required to explain the velocity profiles on both the
Pakistani and Iranian sides [Lin et al., 2015, Frohling and Szeliga, 2016, Penney et al., 2017]
(figure 3.22b). All studies proposed a relatively strong coupling along eastern Makran (where
the 1945 earthquake occurred), a decrease along the central part, and a possible increase west-
ward. However, due to the sparsity of stations (figure 3.22b), large trench-coast distance, and
limited constraints on slab dip, these studies were unable to constrain neither the along- dip nor
the along-strike extent of possible coupled zones [e.g., Penney et al., 2017].

The Makran subduction zone is famous for its impressive ∼7.5 km thick and 400 km wide
accretionary prism, half of it subaerial [Kopp et al., 2000]. Large accretionary prisms have of-
ten been considered of limited seismic and tsunamigenic risk because of the rate-strengthening
nature of their unconsolidated sediments [Oleskevich et al., 1999, Scholz, 1998]. This classi-
cal view, the particular dimension of the Makran prism, and the lack of historical earthquake
led many authors to disregard the seismogenic potential of the area. However, the idea of limi-
ted extent of earthquakes to accretionary prisms was strongly challenged by the 2011 Mw 9.0
Tohoku-Oki and the 2004 Mw 9.1 Sumatra Andaman events.

As we have seen before, megathrust effective friction appears to differ significantly between
aseismic or seismic areas. Megathrusts undergoing mostly aseismic deformation are charac-
terized by intermediate values of effective friction (µe f f

b > 0.1), whereas lower effective (or
apparent) friction is found where major earthquakes occur (µe f f

b < 0.01-0.03) [Gao and Wang,
2014, Cubas et al., 2013b]. Such differences in effective friction are significant enough to pro-
duce wedge segments with varying morphologies and deformation patterns. For instance, a
wedge characterized by aseismic slip and thus intermediate friction along the megathrust will
reach more easily its critical state generating internal deformation. On the contrary, seismic
asperities characterized by very low effective friction coefficients are expected to construct a
stable wedge, impeding any internal deformation. Moreover, the transition of effective friction
coefficients from aseismic to seismic asperities can also induce activation of splay faults. As a
consequence, the accretionary wedge deformation can bring significant information on the slip
behaviour of the megathrust.

The Western Makran accretionary prism appears as an ideal candidate to study and link
the finite deformation with spatial variations of megathrust frictional properties and seismic
behaviour. In this study, we took advantage of seismic profiles released by NIOC along the
whole Iranian side to improve the assessment of seismic and tsunamigenic hazards of the region.
A structural map along the Iranian part of the Oman Sea was first built and three N-S seismic
profiles were then investigated (orange lines figure 3.22). The profiles are characterized by a
long imbricated thrust zone that takes place at the front of the wedge. A diapiric zone of shallow
origin lies in between the imbricated zone and the shore. Along the eastern and western shores,
active listric normal faults seem to root down to the megathrust. Eastern and western domains
have developed similar deformation, with three zones of active faulting : the normal faults on
shore, thrusts ahead of the mud diapirs, and the frontal thrusts. On the contrary, no normal
faults are identified along the central domain, where a seamount is entering into subduction.
Two mechanical analyses were performed to retrieve the frictional properties of the megathrust.
We first applied the critical taper theory to constrain the pore fluid pressure of the wedge. We
then applied the limit analysis on two selected profiles. Along the eastern profile, a transition
from very low to extremely low friction is required to activate the large coastal normal fault
(from µe f f

b = 0.01-0.06, to µe f f
b = 0.003-0.012, figure 3.23). To propagate the deformation to

the front, an increase of friction along the imbricated zone is necessary (µe f f
b = 0.017-0.031,

figure 3.23). The method could not be applied on the incomplete western profile. However, since
the deformation is similar to the eastern profile, the same transitions of friction are expected.
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Figure 3.22 – Seismo-tectonic map of Makran a. Seismicity, with earthquakes of magnitude≥3.5 from
1945 to 2013 shown as coloured circles. Red lines indicate known faults, mud volcanoes are shown
by black contours. Positions of active mud volcanoes within Pakistani side from Kassi et al. [2013].
Imbricate thrust faults in the Pakistani side from Smith et al. [2012] picked from MCS data (multichannel
seismic reflection) and correlated with bathymetric data. On the Iranian side, mud volcanoes, imbricate
thrust faults, and normal faults are picked from PC2000 data released by NIOC. The onshore well in Iran
is indicated by black star and the 1945 Mw 8.1 earthquake by yellow star. Thick orange lines indicate the
2D seismic lines used in this study. Based on the structural analysis western Makran can be separated in
three different structural domains (Western, Central and Eastern) which are identified by dashed-orange
boxes. b. Relative motions with respect to stable Eurasia. Yellow arrows are GPS velocity vectors with
95 per cent confidence ellipses [Masson et al., 2007, Frohling and Szeliga, 2016] ; MORVEL velocities
from DeMets et al. [2010]. Focal mechanisms reported by gCMT. Extracted from Pajang et al. [2021]
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The Central domain is also characterized by very low effective friction ; but, the absence of
normal fault does not allow to evidence any frictional transition.

Since dynamic effective friction coefficients are significantly lower than frictions at slow
slip rate, the region of extremely low friction between the normal fault and the imbricated
zone might reveal the location of a seismic asperity (figure 3.24). The along-dip extent of these
potential asperities would be very similar to the 1851 and 1945 events, which supports our
hypothesis. The difference in deformation along strike would thus reveal the existence of two
different asperities, one along the eastern domain and a second along the western domain. Since
no earthquake have occurred in the region for, at least, the last 1000 years, an event of large
magnitude may strike the Iranian Makran, in particular its Eastern domain.

3.4.6 Accounting for structural and rheological complexities of the mega-
thrust

The more we monitor subduction zones, the more we detect temporal changes in beha-
viours that are incompatible with the sole application of the rate-and-state friction laws. For
instance, around the 2016 Mw 7.8 Perdenales rupture zone large and rapid afterslip, governed
by rate-strengthening properties, developed at discrete areas of the Ecuadorian megathrust that
had previously hosted slow slip events, of rate-weakening behaviour [Rolandone et al., 2018].
Afterslip occurred within the coseismic area of the 2015 Mw 8.3 Illapel earthquake [Tissandier
et al., 2023]. The same type of contradictory observations has been recorded along continental
faults [e.g., Thomas et al., 2017]. A tsunami earthquake and SSEs occurred along the same por-
tion of the Hikurangi margin megathrust [Wallace et al., 2016]. Along the Chilean and Japan
subduction zones, large earthquakes or large slip areas unexpectedly occurred along weakly
coupled patches, of supposed rate-strengthening behaviour [Perfettini and Avouac, 2014, Béjar-
Pizarro et al., 2013].

From seismic imaging and exhumed fault zone studies, we know that plate boundaries are
not discrete planes but rather complex zones, with a finite width, composed of linked segments
embedded in a damage zone, of typically a few tens to hundreds of meters [Vannucchi et al.,
2012, and references herein]. Moreover, the plate boundary undergoes regular vertical migra-
tion : downward migration during underplating and underthrusting events [Gutscher et al., 1998,
Park et al., 2002, Collot et al., 2008, 2011] ; upward migration during basal erosion events, re-
lated to seafloor reliefs such as seamounts, ridges or horts and grabbens [e.g., von Huene and
Lallemand, 1990, McIntosh et al., 1993, Ranero and von Huene, 2000, Clift et al., 2003, Van-
nucchi et al., 2003, von Huene and Ranero, 2003] . This seafloor roughness and its subsequent
upper plate damage, has repeatedly been invoked as acting as barriers to earthquake propagation
[e.g., Kodaira et al., 2000, Wang and Bilek, 2014, Geersen et al., 2015]. In addition, as shown
by core sampling and exhumed fault zone, faults resemble more to melange shear zones, that
can experience both ductile and brittle deformation controlled by temporal changes in strain
rate or effective stress, and brittle-ductile transition are not as sharp as proposed in the rate-
and-state paradigm [e.g., Fagereng and Sibson, 2010, Fagereng and Beall, 2021]. Hence, mega-
thrust cannot be considered as formed of a unique plane, with a single composition and a single
depth-dependent rheology. Inconsistent observations might be related to the over-simplification
imposed by the rate-and-state paradigm.

In the following study [Cubas et al., 2022], from a CTT analysis applied along the Chilean
forearc, we explored the role of plate boundary migration and its resulting distributed deforma-
tion, on mega-earthquake extent and slip behaviours. This work led us to propose that slip deficit
patterns and earthquake segmentation could actually reflect the along-dip and along-strike dis-
tribution of the plate interface deformation.

In the framework of Sepideh Pajang’s thesis, we used thermo-mechanical models accounting
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Figure 3.23 – A. Kinematics obtained for the range of effective frictions along the décollement provided
in figure B and C. a-f are failure models, g is the kinematics we seek to reproduce (a : Normal fault acts
as reverse and décollement not active, b : Normal fault and décollement non-active, c : Normal fault and
out-of-sequence thrust faults non-active, d : Décollement partially active, e : Gravitational normal fault,
f : Normal faulting but non-active out-of-sequence thrust faults, g : Normal faulting, out-of-sequence
thrust faults and full décollement active). B.1 Exploration of kinematics for varying effective friction
coefficients along the middle and deep décollement. Circles correspond to simulations, coloured areas
to kinematical domains, with kinematics g in green. B.2 Exploration of kinematics for varying effective
friction coefficients along the frontal and middle décollement. C. 1-3. Frictions along the frontal and
middle décollement reproducing kinematics g. Two different pore pressure ratios (λ= 0.6 and 0.7) and
two different décollement dips (β = 2o and 5o ) are investigated. Extracted from Pajang et al. [2021]
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Figure 3.24 – Areas of high seismogenic potential along the Makran subduction zone, according to
our structural and mechanical analysis and past seismic ruptures from Lin et al. [2015]. Extracted from
Pajang et al. [2021]

for temperature evolution to capture how thermally controlled rheological transitions can affect
the deformation and topography of accretionary prisms. The model has then been applied to
Makran, to locate the brittle/viscous transition and to propose a possible origin for the large
coastal normal faults.

Earthquake ruptures and topography of the Chilean margin controlled by plate interface
deformation [Cubas et al., 2022]
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Abstract. What controls the location and segmentation of
mega-earthquakes in subduction zones is a long-standing
problem in Earth sciences. Prediction of earthquake rupture
extent mostly relies on interplate coupling models based on
Global Navigation Satellite Systems providing patterns of
slip deficit between tectonic plates. We here investigate if and
how the strongly and weakly coupled patches revealed by
these models relate to the distribution of deformation along
the plate interface, i.e., basal erosion and/or underplating.
From a mechanical analysis of the topography applied along
the Chilean subduction zone, we show that extensive plate in-
terface deformation takes place along most of the margin. We
show that basal erosion occurs preferentially at 15 km depth
while underplating does at 35± 10 and 60± 5 km depth, in
agreement with P -T conditions of recovered underplated
material, expected pore pressures and the spatial distribu-
tion of marine terraces and uplift rates. South of the Juan
Fernández Ridge, large sediment input favors shallow accre-
tion and underplating of subducted sediments, while along
northern Chile, extensive basal erosion provides material for
the underplating. We then show that, along the accretionary
margin, the two last major earthquakes were limited along
their down-dip end by underplating while, along the erosive
margin, they were surrounded by both basal erosion and un-
derplating. Segments with heterogeneously distributed de-
formation largely coincide with lateral earthquake termina-
tions. We therefore propose that long-lived plate interface de-
formation promotes stress build-up and leads to earthquake
nucleation. Earthquakes then propagate along fault planes
shielded from this long-lived permanent deformation, and are
finally stopped by segments of heterogeneously distributed
deformation. Slip deficit patterns and earthquake segmenta-

tion therefore reflect the along-dip and along-strike distribu-
tion of the plate interface deformation. Topography acts as a
mirror of distributed plate interface deformation and should
be more systematically studied to improve the prediction of
earthquake ruptures.

1 Introduction

Predicting the extent of subduction zone seismic ruptures
mostly relies on geodetic observations of interseismic cou-
pling (e.g., Moreno et al., 2010), notwithstanding spatial
resolution issues (Loveless and Meade, 2011). Some earth-
quakes have however ruptured low coupled zones (Noda and
Lapusta, 2013) or ruptured only parts of the highly locked
patches (e.g., Konca et al., 2008). This was the case for the
2014 Mw 8.4 Iquique earthquake, which only ruptured the
northern end of the north Chile gap (last broken in 1877; Ruiz
et al., 2014a), or the Tocopilla Mw 7.8 earthquake, which
struck the down-dip and less coupled part of the same gap
7 years before (Delouis et al., 1998; Metois et al., 2016;
Fig. 1). Predicting the location and extent of earthquakes
clearly requires a better understanding of earthquake me-
chanics.

Subduction earthquake propagation has so far been either
related to megathrust frictional and pore fluid pressure prop-
erties (Perfettini et al., 2010; Kaneko et al., 2010; Moreno
et al., 2014), inherited stress states (Konca et al., 2008;
Kaneko et al., 2010) or seafloor roughness (Kodaira et al.,
2000; Wang and Bilek, 2014; Bletery et al., 2016). Megath-
rusts, commonly regarded as interfingered seismic and aseis-
mic patches with contrasting frictional properties, are con-
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Figure 1. (a) Sediment thickness at the trench (Santibáñez et al., 2018; Tréhu et al., 2019). (b) Difference between internal and basal effective
friction of identified critical segments. Large differences lead to standard accretion with thrust faults reaching the surface, while small
differences lead to the development of faults parallel to the plate interface, allowing for either basal erosion or underplating. (c) Interpreted
patches with distributed deformation along the plate interface related to either basal erosion or underplating compared to last major events:
Antofagasta 1995 (Chlieh et al., 2004), Tocopilla 2007 (Béjar-Pizarro et al., 2013), Maule 2010 (Lin et al., 2013), Iquique 2014 and its
aftershock (Ruiz et al., 2014b) and Illapel 2015 (Tilmann et al., 2016). Orange stars: Global Centroid Moment Tensor (GCMT) solutions,
blue stars: Community Seismic Network (CSN) catalog. High-frequency radiation (yellow; Wang and Mori, 2011; Meng et al., 2015, 2018),
identified seamounts (green; Geersen et al., 2015; Maksymowicz et al., 2015), slab depths (dashed black; Hayes et al., 2018) and slab-
Moho intercept (orange; Tassara and Echaurren, 2012). (d) Interpreted patches with a distributed plate interface compared to coupling model
(Metois et al., 2016) with known active faults (Santibáñez et al., 2018).
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ventionally sub-divided into four domains with depth (A–D;
Lay et al., 2012). The highly coupled domain-B hosts mega-
earthquakes, while the partly coupled domain-C is charac-
terized by moderate slip earthquakes generating significant
high-frequency seismic radiation (Lay et al., 2012).

The distribution of these patches might persist over
timescales of up to millions of years and control forearc mor-
phology (Song and Simons, 2003). A spatial correlation be-
tween the coastline and the down-dip limit of the strongly
locked zone has indeed been evidenced along the northern
Chilean margin (Béjar-Pizarro et al., 2013; Metois et al.,
2016). Coastal uplift rates inferred from marine terraces,
between 0.1 and 0.3 mm a−1 over the last 400 kyr (Saillard
et al., 2017), have been linked to the change of mechanical
coupling between domain-B and domain-C (Saillard et al.,
2017) and to underplating (Delouis et al., 1998; Adam and
Reuther, 2000; Clift and Hartley, 2007). Numerical investi-
gations recently suggested that underplating, through tran-
sient stripping of the slab-top near the base of the forearc
crust, may generate periodic multi-million-year-long uplift
sequences and a trackable 100 m high topographic signal
(Menant et al., 2020).

Bathymetric features are considered as potential seismic
barriers, based on the distribution of incoming plate rough-
ness (Wang and Bilek, 2014; Lallemand et al., 2018) or gravi-
metric anomalies (Bassett and Watts, 2015). Subduction of
bathymetric features induces large fracture networks, pro-
moting removal of material from the bottom of the overrid-
ing plate (basal erosion, Ranero and von Huene, 2000) and
potentially characteristic topographic features (Dominguez
et al., 1998; Collot et al., 2008; Ruh et al., 2016). Hetero-
geneities in the structure of the damaged plate interface and
stress field, as a result, would favor aseismic slip and impede
the propagation of large ruptures (Wang and Bilek, 2014).
Very few seismic surveys, however, have imaged seamounts
surrounding a large rupture (Kodaira et al., 2000; Geersen
et al., 2015).

We herein explore an alternative explanation: rather than
variations of frictional properties or of seafloor roughness,
earthquake segmentation might relate to the distribution
of deformation along the plate interface (Wang and Bilek,
2014), as observed along strike-slip faults (Wesnousky,
2006). Both underplating and basal erosion require the redis-
tribution of deformation, ultimately leading to the migration
of the plate boundary (Vannucchi et al., 2012; Agard et al.,
2018). We here show that the location of such distributed de-
formation along the plate interface can be captured from a
simple mechanical analysis of the topography, since under-
plating and basal erosion both impact forearc morphology.
This method is applied over a 2000 km long stretch along
the Chilean margin, known to transition from erosive to ac-
cretionary from north to south, as incoming sediment thick-
ness increases (von Huene and Ranero, 2003; Clift and Van-
nucchi, 2004; Clift and Hartley, 2007; Fig. 1a). This mar-
gin is one of the best instrumentally documented subduc-

tion zones, along which five mega-earthquakes, including
a domain-C event, have occurred during the last 25 years
(Fig. 1c). We first map out the location of the distributed
deformation zones associated with basal erosion and under-
plating and compare them with the megathrust segmentation
proposed so far. We then discuss how distributed deforma-
tion along the plate interface impacts and therefore can be
used to constrain earthquake extent and mechanics.

2 Methodology

We applied the critical taper theory (CTT; Davis et al., 1983,
Fig. 2). The theory predicts the topographic slope of a wedge
on the verge of failure as well as dips of its internal faults,
from the frictional and pore fluid pressure properties of the
wedge and megathrust (Dahlen, 1984). We used the solution
of Dahlen (1984) for a non cohesive wedge, describing the
critical taper, formed by the topographic slope α and the slab
dip β, as a function of the angle9B , formed by the maximum
principal stress σ1 and the base of the wedge and the angle
90, formed by σ1 and the top of the wedge. The solution for
the lower compressional branch is

(α+β)=9B −90 , (1)

with

9B =
1
2

arcsin
(

sinφ′b
sinφb

)
−

1
2
φ′b , (2)

90 =
1
2

arcsin
(

sinα′

sinφint

)
−

1
2
α′. (3)

The angles φint and φb are the internal and basal coefficients
of friction defined as µint = tanφint and µb = tanφb, and

φ′b = arctan
[(

1− λb

1− λ

)
tanφb

]
, (4)

α′ = arctan
[(

1− ρw/ρ

1− λ

)
tanα

]
. (5)

The internal and basal Hubbert–Rubbey fluid pressure ratios
λ and λb are defined in Davis et al. (1983) as

λ=
P − ρwgD

|σz| − ρwgD
, (6)

λb =
Pb− ρwgD

|σz| − ρwgD
, (7)

where ρ and ρw are the wedge material and water densities
and D is the water depth. The solution is exact if λ = λb and
the approximation is valid for small tapers as used in this
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Figure 2. Critical taper theory with different mechanical states. The
gray rectangle represents the standard range of topographic slope
α and slab dip β of subduction zones. With extremely low effec-
tive friction along the megathrust (red curve), the wedge systemat-
ically falls in the stable domain. With larger effective friction, and
large difference of effective friction between the megathrust and the
wedge (green curve), the wedge can reach the accretionary criti-
cal state characterized by internal faulting. With a reduced differ-
ence (blue curves), a wedge can still reach the critical state but the
dip of internal faults within the wedge will decrease and become
parallel to the plate interface. High pore fluid pressure facilitates in-
terface deformation for low slab dips (dashed blue curve), whereas
lower pore fluid pressure induces interface deformation at larger
slab dip (plain blue curve).

study (Wang et al., 2006).
The relationship between the topographic slope α and the
slab dip β forms an envelope separating different mechani-
cal states (Fig. 2). The wedge is at critical state if the taper
formed by α and β follows a critical envelope. In that case,
activation of the megathrust requires internal faulting. In con-
trast, if the taper exceeds this critical limit, the wedge enters
in a stable domain (in the sense of the CTT), where the only
possible active fault is the megathrust.

Dynamic effective friction of seismogenic zones has been
shown to reach extremely low values (µ∼ 0.01–0.03; Ful-
ton et al., 2013; Gao and Wang, 2014). As a consequence, a
forearc above a seismogenic megathrust, with standard α and
β, will systematically fall in the CTT stable domain (Fig. 2).
In contrast, aseismic megathrusts are characterized by larger
effective friction (µ∼ 0.1–0.15; Cubas et al., 2013; Gao and
Wang, 2014), allowing the wedge to reach critical conditions
(Cubas et al., 2013) (Fig. 2). Furthermore, at critical state, if
the basal effective friction of the wedge approaches the in-
ternal effective friction, the dip of internal faults within the
wedge will decrease and become parallel to the plate inter-
face. A small difference of friction will thus lead to deforma-
tion either by basal accretion (in the lower plate) or by basal

erosion (in the upper plate), instead of standard accretion
characterized by thrust faults reaching the surface (Dahlen,
1984; Fig. 2). If the basal effective friction reaches the inter-
nal one, a highly fractured forearc is even expected.

We here used inversion to retrieve the effective basal fric-
tion, the internal friction and the internal pore pressure ra-
tio from the α−β co-variation. To do so, we followed the
procedure developed by Cubas et al. (2013) and detailed
in the Supplement. We used the ETOPO 1 model (Amante
and Eakins, 2009) to derive the bathymetric and topographic
slope, and slab 2.0 (Hayes et al., 2018) for the slab dip. We
built swath profiles perpendicular to the trench every 0.1◦

along trench to get average topographic slopes and slab dips
with their standard deviations necessary to the inversion pro-
cedure (Fig. S1 in the Supplement). We explored from 10
to 45◦ for φint, from 1 to 44.9◦ for φeff

b and from 0.35 to
0.975 for λ. Along the α−β profiles, we selected segments
with a slope comprised between the two extreme theoretical
envelops of the parameter set (Figs. 3 and S2 in the Sup-
plement). For each of these segments, we retrieved probabil-
ity density functions for the friction of the wedge, the pore
pressure ratio of the wedge and the effective friction of the
megathrust (Fig. S3 in the Supplement) and best misfit sets
(Fig. S4 in the Supplement). We only kept segments with
misfits lower than 0.1, and with values consistent with stan-
dard friction: from 25 to 43◦ for φint (consistent with lab ex-
periment values (Byerlee, 1978)), from 1 to 42.9◦ for φeff

b
(same range as the internal friction but considering additional
pore fluid pressure effect) and from 0.35 to 0.975 for λ. Fig-
ure 3a–c shows the fit between the α−β profiles and the en-
velops corresponding to the best misfit of the identified crit-
ical segments. These segments (Fig. 3b–d) have then been
reported on Fig. 1b.

The CTT inversion only provides internal pore pressure,
which can be considered as a lower bound for the megathrust
pore pressure. Moreover, close effective internal and basal
friction implies close internal and megathrust pore pressure.

3 Results

3.1 Locating plate interface deformation

Since we seek to capture distribution of deformation along
the plate interface, we compared the internal and megath-
rust effective friction and mapped the difference (Fig. 1b).
A 1◦ difference implies a dip difference < 10◦ between the
megathrust and the forward-verging thrusts. This representa-
tion allows inferring areas prone to either standard accretion,
or to basal erosion/accretion, the latter being herein defined
as distributed deformation along the plate interface.

The transition from erosion to accretion is particularly
well captured by the method despite its relative simplic-
ity (Fig. 1a–b). North of 26◦ S (i.e., at the transition between
erosive and accretionary subduction), the difference in effec-
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Figure 3. (a) Topographic slope (α) versus slab dip (β) for a swath profile along the Iquique segment (locations on Fig. 1b). Gray: swath plus
or minus standard deviation. Segments at critical state, according to inversion, are shown in blue. For every segment, the difference between
the effective internal and basal friction is lower than 1 (properties of each segment are provided in Table 1 in the Supplement). They are
thus interpreted as regions of favorable plate interface deformation, shown in light blue when probably erosive and dark blue for probable
underplating. Depth and distance to the trench can be viewed in Fig. S5 in the Supplement. (b) Relocation of the critical segments on the
swath profile. (c) Topographic slope (α) versus slab dip (β) and (d) relocation of the critical segments for a swath profile along the Tocopilla
segment.

tive friction is systematically lower than 2◦, and mostly lower
than 1◦, which means that deformation is essentially located
along the plate interface. The difference increases notably
south of the Juan Fernández Ridge, and progresses inland
towards the south, consistent with active faults mapped near
the Arauco Peninsula (Fig. 1d). The method also captures
basal erosion linked to the few subducted seamounts imaged
around the Iquique rupture (Geersen et al., 2015; Fig. 1c).

To interpret the origin of plate interface deformation, we
set the limit between accretion and interface deformation for
a difference of friction angle of 1◦ and then searched for the
depth distribution of each process (Fig. 4a–b). Results for
different thresholds are also presented.

Accretion mostly occurs at depths shallower than 20 km,
whereas distributed deformation along the plate interface is
found at every depth with three favorable peaks: a first one
at 15 km depth, a second at 35± 10 km depth and a third
at 60± 5 km depth. Basal erosion due to bathymetric fea-
tures is known to be efficient at shallow depth (von Huene
et al., 2004), but might also occur slightly deeper as testified
by subsidence of forearc basins (Clift and Hartley, 2007).
Underplating has been observed at shallow depth (Kimura
et al., 2010; Tréhu et al., 2019; Bangs et al., 2020), even for
seamount moats (Clarke et al., 2018), but mostly occurs be-
low 30–40 km, i.e., the long-term coupling–decoupling tran-
sition (Agard et al., 2018). The compilation of P -T con-
ditions for recovered underplated material shows a similar
distribution as CTT, with peaks at depths of 30± 5 km and
50± 5 km and a gap in between (Fig. 4b). Numerical model-

ing also suggests that erosion predominates over underplat-
ing at depths shallower than 20 km (Menant et al., 2020).
As a consequence, we assume that the interface deformation
documented here mostly relates to basal erosion for depths
< 20 km, whereas underplating dominates at greater depths,
in particular below the coast.

This depth divide between basal erosion and underplating
is strengthened by estimates of the pore fluid pressure ra-
tio (Fig. 4d–f). If low pore fluid pressure is mainly found in
accretion conditions, higher fluid pressure dominates where
basal erosion occurs (von Huene and Ranero, 2003; Vannuc-
chi et al., 2012). Conversely, recovered underplated material
from greater depth present very consistent P -T conditions
of lithostatic pressure, which rules out any significant fluid
overpressure (Agard et al., 2018). The first peak for basal
erosion at low pore fluid pressures in Fig. 4e could be related
to the 20 km depth assumption and reveal the minor occur-
rence of underplating at shallower depth. The trimodal dis-
tribution deduced from CTT (one peak for basal erosion and
two peaks for underplating) and differences in pore pressure
remains for a 0.5◦ or a 2◦ difference of friction.

Most of the critical segments attesting to distributed in-
terface deformation have lengths smaller than 7 km, and do
not exceed 20 km (Fig. 4c). This is in good agreement with
the length of graben and horst and seamounts observed on
the subducting plate (von Huene and Ranero, 2003; Geersen
et al., 2015). This is also consistent with seismic obser-
vations (Kimura et al., 2010; Tréhu et al., 2019; Bangs
et al., 2020) and the long-term rock record showing gen-
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Figure 4. (a) Mean depth of segments at accretionary critical state and (b) distributed plate interface deformation critical state, compared to
a compilation of the maximum burial depth reached by exhumed tectonic slicing (grey; Agard et al., 2018), and to the box plot of the Moho
intercept depth (Tassara and Echaurren, 2012). (c) Length of segments at accretionary and distributed plate interface deformation critical
state. (d)–(f) Pore fluid ratio λ of segments at accretionary, basal erosion and underplating critical state, assuming that basal erosion prevails
above 20 km depth, and underplating below. Histogram curves are shown for a 1◦ difference of internal and basal effective friction, thin line
for a 0.5◦ difference and bold line for 2◦ (curves were chosen for sake of clarity).

erally ≤ 300–500 m thick exhumed slices from the top of
the slab (Agard et al., 2018) extending 5–10 km downdip
at most (Plunder et al., 2012, 2013). Such tabular shape ra-
tios, with seamounts probably near the higher bound (Bonnet
et al., 2019), further support interface deformation parallel
to the megathrust (Fagereng and Sibson, 2010; Rowe et al.,
2013).

3.2 Relating plate interface deformation with
long-term coastal uplift

In order to approach internal effective friction, the basal fric-
tion of the wedge needs to be relatively high (Fig. 2a). De-
formation captured at depth by CTT therefore corresponds
to underplating in the making, when deformation is still dis-
tributed: once tectonic slicing is achieved, basal friction will
reach low values characteristic of mature faults, bringing the
taper in the stable domain and impeding detection by CTT.

We here show that active, incipient underplating takes
place along most of the Chilean margin (Figs. 1, 5a), whether
or not strain accumulation ultimately turns these critical
zones into tectonic slices (Agard et al., 2018; Bonnet et al.,

2019; Kimura et al., 2007). Along the Tocopilla and Maule
segments, incipient underplating takes place below the slab
– continental Moho intercept (orange curve on Fig. 1c),
whereas it is located above and near the intercept between
25 and 33◦ S. Along the northern erosive margin (Fig. 5a–
b), the thin oceanic sediment is covered together with eroded
material, and pieces stripped from the subducting plate are
being possibly underplated. Southward, larger sediment in-
put favors shallow accretion and underplating of subducted
sediments (Fig. 5a–b), as locally observed by seismic sur-
veys (Tréhu et al., 2019).

To evaluate the possible link between coastal uplift and re-
gions of distributed deformation along the plate interface, we
compare our spatial distribution of underplating with docu-
mented marine terraces and uplift rates (Saillard et al., 2017;
Fig. 5a–c). While the irregular distribution of marine terraces
may relate to fragmentary preservation rather than discon-
tinuous underplating, most of them coincide with segments
of underplating (or with standard accretion near the Arauco
peninsula). The typical length of the segments showing dis-
tributed deformation along the interface is modest (∼ 10–
20 km). This advocates for propagation of deformation only
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Figure 5. (a) Along-dip cumulative length of segments at accretionary (green), underplating (dark blue) or basal erosion (orange) critical
state (length smoothed by a rectangular window over eight profiles). The light blue curve shows the cumulative length of segments with
interface deformation (basal erosion + underplating). Regions with limited underplating (and interface deformation) length are represented
by blue bands. (b) Thickness of sediment income (green; Santibáñez et al., 2018; Tréhu et al., 2019). (c) Quaternary uplift rates of marine
terraces (black bars, largest average rate since terrace abandonment; Saillard et al., 2017), coastal uplift rate obtained from a landscape
evolution model (black curve; Melnick, 2016) and extent of known active faults (NF: normal fault, TF: thrust fault; Santibáñez et al., 2018).
(d) Along-strike extent of historical megathrust ruptures (Saillard et al., 2017). (e) Comparison between the cumulative length of segments
at critical state (thin black), with underplating (thick blue), with both underplating and basal erosion (light blue) and the average coupling
value along profiles from Metois et al. (2016) corrected by Klein et al. (2018) between 24.5 and 28◦ S (plain red curve). Red bands show
segments of decreasing coupling. Correlation factor between coupling and underplating: r =−0.36, between coupling and underplating +
basal erosion: r =−0.39.
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into the topmost part of the subducting plate, e.g., into the
stack of oceanic/eroded material or along a hydrated basalt
layer within the crust. Although the comparison with uplift
rates inferred from morphometric analysis and modeling of
landscape evolution (Melnick, 2016) shows no particular pat-
tern, underplating of relatively thin slices would be consis-
tent with both the low uplift rates and the rock record (Agard
et al., 2018).

Shallow normal faults identified along northern Chile have
been related to potential underplating (Adam and Reuther,
2000; Clift and Hartley, 2007). We here show that they are
located above underplating areas, and that normal faults tran-
sition southward to thrusts where accretion prevails (Fig. 5a–
c).

3.3 Large megathrust earthquakes surrounded by
plate interface deformation

We now compare zones of distributed deformation with ar-
eas struck by recent large earthquakes (Fig. 1c). The Mw 8.1
2014 Iquique earthquake is surrounded by patches of dis-
tributed deformation associated with basal erosion according
to their depth and to seamounts detected in the area (Geersen
et al., 2015). The aftershock, located 50 km south of the main
event, also falls in between patches of distributed deforma-
tion. TheMw 7.8 2007 Tocopilla earthquake is limited up-dip
as well as to the south by interface deformation attributed
to underplating. The Mw 8.1 1995 Antofagasta earthquake
seems limited up- and down-dip by distributed deformation
along the plate interface. The high slip areas of the Mw 8.2
2015 Illapel and the Mw 8.7 2010 Maule earthquakes are
both limited down-dip by plate interface deformation. Their
frontal extent partially propagates in areas at critical state but
corresponding to standard accretion. A small portion of the
earthquake ruptures do overlap with the plate interface defor-
mation, but high slip areas are always clearly limited by plate
interface deformation. Moreover, Fig. 6 shows the diversity
of published co-seismic models, emphasizing the uncertain-
ties related to the proposed slip areas, that need to be taken
into account for the comparison.

To summarize, along the accretionary part of the margin,
mega-earthquakes are delimited down-dip by underplating
whereas along the erosive domain, the extent is controlled
by both basal erosion and underplating.

We now investigate the relationships between the critical
segments characterized by relatively high effective basal fric-
tion, hence expected to behave aseismically, both with the
along-strike segmentation inferred for large historical earth-
quakes (Mw ≥ 7.5; Saillard et al., 2017, Fig. 5a–d) and
with the estimates of coupling (Metois et al., 2016; Klein
et al., 2018, Fig. 5a–e). Segments with limited plate inter-
face deformation (< 15 km) coincide with a significant num-
ber of rupture terminations (blue and gray overlays, respec-
tively: Fig. 5a–d), particularly in the southern region. Be-
tween 29 and 24◦ S, rupture terminations coincide with seg-

ments where plate interface deformation is reduced. The un-
derplating segments also show a long wavelength distribu-
tion (4 to 8◦ latitude) corresponding to the three main seis-
mic regions visible on Fig. 5a, d (respectively, located north
of Mejillones, between Mejillones and Punta Choros, and to
the south of Punta Choros). No correlation exists with sed-
iment input (Fig. 5b). The proportion of a swath profile at
critical state is then compared to the average estimate of cou-
pling along this profile (Fig. 5e). A positive correlation is evi-
denced at small scale (1.5 and 2◦ latitude, Fig. S7 in the Sup-
plement) between the segments with minimal underplating
(blue overlays; Fig. 5a) and the regions of minimal coupling
(red overlays; Fig. 5e). On a larger scale (4 and 8◦ latitude,
Fig. S7), an anti-correlation is observed with coupling: zones
of high coupling correspond to domains where underplating
is somewhat more limited (e.g., between 31 and 38◦ S). As
shown by Fig. 1d, areas marked by intense plate deformation
are mostly located down-dip of the highly locked patches,
in particular in the south. Continuous and voluminous sedi-
ment influx provides spatially and temporally stable mechan-
ical conditions (Olsen et al., 2020). This leads to station-
ary seismic asperities followed, once the Moho is crossed,
by the regular underplating of very thin and relatively short
slices (typically 300–500 m thick, 5–10 km long). This spa-
tial and temporal stability promotes topographic build-up,
explaining the spatial coincidence between strongly coupled
patches and efficient underplating. In contrast, segments with
limited underplating might reveal spatially and temporally
heterogeneous conditions along the megathrust (Olsen et al.,
2020), i.e., heterogeneous deformation impeding earthquake
propagation and significant topographic build-up.

Noteworthily, the hypocenters of the last major events lie
at the boundary with a patch of distributed deformation. Fi-
nally, we show that the high-frequency radiation generated
by the Maule and Illapel earthquakes (Wang and Mori, 2011;
Meng et al., 2015, 2018) coincide with areas of extensive
interplate deformation (Fig. 1c), along which spatially re-
stricted fault planes might have been dynamically triggered.

4 Discussion

4.1 Link between earthquake ruptures and plate
interface deformation

We herein show two major results: (1) recent earthquakes are
bounded by extensive plate interface deformation character-
ized, along the southern accretionary part of the margin by
underplating at their down-dip edge and, along the northern
erosive part of the margin by both basal erosion and under-
plating (Fig. 1); (2) along strike, segments characterized by
minimal interplate deformation largely coincide with lateral
earthquake terminations (circles; Fig. 5d). These observa-
tions demonstrate a close link between distributed interplate
deformation and earthquake segmentation.
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Figure 6. Areas prone to distributed deformation along the plate interface compared to various published co-seismic slip models (Duputel
et al., 2015; Schurr et al., 2012; Pritchard and Simons, 2006; Tilmann et al., 2016; Vigny et al., 2011; Ruiz et al., 2014b; Chlieh et al., 2004;
Moreno et al., 2010; Hayes et al., 2014; Béjar-Pizarro et al., 2013; Lin et al., 2013). Orange stars: GCMT solutions, blue stars: CSN solution.
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Figure 7. 3D view of the subduction plate interface depicting the mutual spatial relationships between earthquake ruptures (in red) and
longer-lived deformation determined from the CTT analysis (blue patches). Stages 1–4 illustrate how this deformation controls the triggering
and limits seismic ruptures. HFR: high-frequency radiation. See text for further discussion.

We therefore propose that plastic deformation and stress
build-up associated with interplate deformation along dis-
tributed fault planes of limited extent (Fig. 7 – step 1) even-
tually lead to mega-earthquake nucleation (Fig. 7 – step 2).
This is suggested by the location of hypocenters at bound-
aries with distributed deformation (Fig. 1). This interseis-
mic deformation might be accompanied by some micro-
seismicity, as observed prior to the Iquique rupture (Schurr
et al., 2020) and in the upper plate in northern Chile (Sippl
et al., 2018). If high pore fluid pressure prevails, this defor-
mation could also be accompanied by transient seismic/slip
events (Liu and Rice, 2007; Kimura et al., 2010; Collot et al.,
2017), which agrees with observations for the Iquique earth-
quake (Ruiz et al., 2014a; Meng et al., 2015; Socquet et al.,
2017) and others elsewhere (Tohoku, Kato et al., 2012; Guer-
rero, Radiguet et al., 2016).

Once nucleated, large earthquakes propagate along well-
localized and smoothed rate-weakening fault planes (Bletery
et al., 2016) limited by elongate zones of underplating
which, in addition, inhibit further rupture propagation and
slip (Figs. 1, 7 – step 3).

These earthquakes abut regions of heterogeneously dis-
tributed deformation and stress concentrations (Fig. 7 –
step 4), impeding the development of well-localized slip
zones (Wang and Bilek, 2014), and again significant
slip (Wesnousky, 2006). Some of these fractures might how-

ever slip seismically during large events and produce the ob-
served high-frequency radiation (Meng et al., 2018, 2015).

4.2 Down-dip segmentation and plate interface
deformation

Within this framework, domain-C (Lay et al., 2012) would
correspond to the region of incipient underplating, and
domain-B to the smoothed rate-weakening fault zone. This
is consistent with partial coupling of domain-C, where defor-
mation is dominated by creep mechanisms, and elastic strain
is accumulated along undeformed segments of the megath-
rust, producing moderate slip earthquakes with a higher re-
currence time and significant coherent short-period seismic
radiation. Domain-C might more specifically be delimited
by the two underplating peaks (Fig. 4), the upper one cor-
responding to the slicing of oceanic sediments and/or eroded
continental material, the second to the propagation of defor-
mation into the hydrated basalt layer once the continental
Moho is crossed (Agard et al., 2018), a process ultimately
leading to the underplating of very thin and relatively short
slices (typically 300–500 m thick, 5–10 km long; Agard
et al., 2018).

Data suggest that domain-C, by locally concentrating in-
terplate permanent deformation due to specific geometry
(i.e., morphological asperities) and/or mechanical behavior
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(i.e., frictional properties, fluid content, porosity), shields
the rate-weakening domain-B from long-lived deformation
(Fig. 7). Contrary to the prevalent paradigm, domain-B
should not be regarded as an “asperity”, i.e., a strongly cou-
pled yet mechanically weak zone with high recurrence time
earthquakes, but instead as a relatively weak zone devoid of
permanent deformation which only stores elastic energy. In
this new paradigm, loading along domain-C tightly controls
slip deficit as well as rupture nucleation and extent along
domain-B (Fig. 7), explaining the correlation observed be-
tween historical earthquakes, earthquake terminations and
distributed plate interface deformation (Fig. 5a, d). In the
short term, elastic deformation generates subsidence at the
coast during domain-B earthquakes and uplift for domain-
C events (Melnick, 2016). In the long term, the thin under-
plated slices ultimately build a topographic signal over mil-
lions of years of slow uplift, particularly difficult to capture
with geodetic measurements due to the interplay of elastic
and plastic deformation (Menant et al., 2020). The Coastal
Cordillera present along much of the Chilean margin could
result from this long-term underplating process. The absence
of upper plate deformation above the seismogenic zone in
conjunction with topographic build-up above underplating
areas account for the correlation between seismic behavior
and gravity anomalies (Song and Simons, 2003).

5 Conclusions

We herein show, through a simple CTT analysis of topog-
raphy, that, along the Chilean subduction zone, earthquakes
are bounded by long-lived, extensive plate interface defor-
mation occurring preferentially at 35± 10 and 60± 5 km
depth. Along the central Chilean margin, earthquakes are
limited along their down-dip edge by underplating while,
along northern Chile, they are surrounded by distributed de-
formation related to both basal erosion and underplating.
Plate interface deformation might control earthquake nucle-
ation, extent and arrest, and its distribution provides a rela-
tively reliable image of the seismic potential at depth. This
topography analysis may also remedy the lack of preserved
marine terraces or weakly constrained coupling models. This
method could therefore be used more systematically to iden-
tify regions with precursory transient signals and to enhance
predictions of future earthquakes’ extent.
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The topographic signature of temperature-controlled rheological transitions in an accre-
tionary prism [Pajang et al., 2022b]

During her PhD, Sepideh Pajang used thermo-mechanical models accounting for tempera-
ture evolution and its feedback on rheology. She studied how dehydration reactions within the
décollement and how the brittle-viscous transition could impact the deformation and topogra-
phy of an accretionary wedge. She explored the effect of basal heat flow, shear heating, thermal
blanketing by sediments, and of incoming sediments thickness.

Figure 3.25 – (a.) Proposed model for the mature brittle–ductile wedge which forms three distinct
segments ; pure brittle wedge with a rather constant slope predicted by the CTT at the front (blue star),
low but non-zero topographic slope close to the backstop corresponds to viscous deformation (black
star), and larger topographic slope in between these segments as a result of the brittle–ductile transition
(red star and yellow rectangle). (b) Topographic slope versus internal friction for µbasal = 5o . (c) Basal
friction versus topographic slope for µint = 10, 17, and 25o . Extracted from Pajang et al. [2022b]

According to the models, a mature wedge will end up forming three to four structural seg-
ments (figure 3.25) :

— the frontal brittle part of the wedge is characterized by an imbricated zone with active
in-sequence thrusts faults ahead (figure 3.25a, blue box). The décollement and the above
sequence behave plastically. The topographic slope created in this section is controlled
by the basal and average internal friction and is consistent with the CTT predictions
(figure 3.25b, c blue star).

— The presence of a smectite–illite transition (dehydration reaction) leads to a segment
characterized by a flat topographic slope and little internal deformation, in between the
frontal brittle wedge and the brittle–ductile transition (figure 3.25a, red box). If this
dehydration reaction corresponds to the up-dip limit of the seismogenic zone, then this
could explain the correlation between the rupture extent of large megathrust earthquakes
with shelf-terraces or forearc basins marked by local gravity lows [Wells et al., 2003,
Song and Simons, 2003].

— The brittle–viscous transition zone is characterized by out- of-sequence thrusts and back-
thrusts with high internal deformation (figure 3.25a, yellow box). This part forms a stee-
per topographic slope than the brittle-only one. A careful examination of the behaviour
of this segment reveals that the décollement remains brittle, but the above sequence has
entered the viscous phase. By plotting the surface slope on the critical taper diagram, we
notice that this part is consistent with a critical taper of a lower internal friction angle
(figure 3.25 b, red star). This internal deformation could cause an apparent decrease
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of the geodetic coupling without implying any modification in the interface frictional
properties or deformation mode.

— The viscous part presents an approximate flat zone without effective internal deforma-
tion. The décollement and the above sequence deform viscously (figure 3.25a, green
box). The topographic slope is again consistent with the critical taper theory, conside-
ring that a viscous décollement is equivalent to a brittle décollement with extremely low
friction (figure 3.25b, black star).

The morphologic resemblances of the brittle–ductile and ductile segments with fore-arc high
and forearc basins of accretionary active margins, respectively, led us to propose an alternative
metamorphic origin of the forearc crust in this context.

The distinct morphologic signature of underplating and seamounts in accretionary prisms,
insights from thermomechanical modeling applied to Coastal Iranian Makran [Pajang
et al., 2022a]

In a third paper, Sepideh Pajang used again thermo-mechanical models to produce onshore-
offshore cross-sections of the Iranian Makran accretionary prism. To do so, she explored (1) the
effect of underplating on the topography and on distribution of the brittle and viscous deforma-
tion, and (2) the conditions necessary to produce the large coastal normal faults.

She found that underplating can result from the onset of the brittle/viscous transition of the
sediments located beneath the brittle décollement : viscous deformation occurs along the deeper
décollement and in the duplexes while the shallow décollement keeps its frictional behaviour
(figures 3.26 and 3.27). This could again explain the occurrence of earthquakes in apparently
low coupling zones. As with a single décollement, the brittle-ductile transition and the dehydra-
tion reaction produce a four slope segment accretionary prism, as observed in Makran (figures
3.26 and 3.27) : the frontal segment corresponds to the regular accretionary prism, the flat seg-
ment marks the smectite-illite transition, a topographic rise is located above the zone where the
tegument reaches its temperature-controlled brittle-ductile transition causing underplating, and
a second flat marks the viscous décollement.
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Figure 3.26 – Finite strain and Current strain rate of a simulation considering temperature dependent
transitions (smectite-illite dehydration reaction and brittle-viscous transition). The yellowish-brown co-
lor illustrates syn-tectonic sedimentation in the form of piggyback basins, and represents a given age
corresponding to the deposition time. Where the material is yielding plastically is in light grey or de-
forms viscously is in dark grey. The local topographic slope with a color code shown at the top of the
slice is affected by temperature and frictional properties, 1 :1 scale. Extracted from Pajang et al. [2022a]
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She also showed that neither the decrease in friction associated with dehydration nor the
onset of underplating are sufficient to produce the normal faults observed along coastal Makran
in a self-consistent manner. Large normal faults only emerged in simulations including the
subduction of a large seamount. However, their position would vary with time. If not related to
seamount subduction, these large normal faults may result from elastic deformation associated
to the seismic cycle not taken into account in this visco-plastic model.

Figure 3.27 – Plot of the strength distribution (yield strength envelope) at the loading axis with depth
along the first 30 km of a wedge, resulting from thermo-mechanical modelling interpretation. The purple
segment marks the dehydration reaction window along the shallow décollement. Extracted from Pajang
et al. [2022a]
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3.5 Projet - Towards a mechanical understanding of the me-
gathrust behaviour

3.5.1 ANR MechaThrust

As discussed in the last section, megathrust cannot be considered as formed of a unique
plane, with a single composition and a single depth-dependent rheology. Megathrust can nei-
ther be considered as a unique fault plane embedded in an homogeneous nor purely elastic
medium. To improve our capacity to assess seismic hazard, it is crucial to develop a true physi-
cal understanding of the megathrust behaviour and of the slip deficit patterns in their long-term
tectonic environment.
In Pajang et al. [2022b], we have shown that long-term tectonics thermo-mechanical models
at forearc scale, incorporating temperature evolution and its feedback on rock rheology, are
capable of capturing how the complexity of the brittle-ductile transition in a wedge affects dif-
ferently the rocks deforming in the wedge and the megathrust. Our main finding is that the
brittle/ductile transition leads to a topographic slope increase related to the onset of internal
distributed viscous deformation in between brittle structures above a brittle megathrust. This
internal deformation would be interpreted as an apparent decrease of coupling by geodetic mo-
dels, although no modification of frictional properties or deformation mode would affect the
megathrust. The wedge morphology thus provides information on the distribution of the defor-
mation that geodesy is unable to capture. In a following paper [Pajang et al., 2022a], we have
also shown that a subducted seamount, hardly resolvable by geophysical means, can be captured
from the long-term tectonic deformation style and the general shape of the forearc.

Yet, these papers focus on the Makran wedge, and neither the flexural response of the lower
plate nor elasticity were incorporated in the model, impeding to capture the distribution of the
deformation and the relationships between the megathrust, the internal faults and the bulk at
an earthquake cycle scale. Emergence of dynamic thermo-mechanical simulations, at the whole
subduction scale, incorporating equivalent rate-and-state friction laws, in which deformation
and material properties evolve in response to tectonic stresses, temperatures, and pressures [e.g.,
Van Dinther et al., 2013] permit to produce a lot of the complexity mentioned above. However,
the results of these large-scale models are so complex that they miss to convince part of the ear-
thquake community. Very recent studies have focused on earthquake sequences along a planar
megathrust governed by rate-and-state friction laws embedded in a visco-elasto-plastic wedge
[Dal Zilio et al., 2022]. However, they did not yet consider the complexities acquired from the
long-term evolution.

To summarize, to understand the controlling parameters of the seismogenic behaviour of a
megathrust and to enhance the seismic hazard assessment, we need numerical modelling taking
into account :

— the temperature evolution and its feedback on rock rheology to capture the effect of
dehydration reactions and brittle/ductile competitions,

— complex geometries and sedimentary layering to capture the effect of bathymetric fea-
tures subduction and underplating,

— elasticity, to capture the relationships between the deformation at the seismic cycle scale
with the self-consistent long-term structure of the forearc.

I have thus proposed in the MechaThrust ANR, to :

1. Develop a dynamic thermo-mechanical model at forearc scale incorporating visco-
elasto-plastic behaviour and temperature evolution, able to drop the time steps at key

70



geological moments of the simulations to capture slow motion of earthquake cycle
conditioned by loading and structures that are self-consistent with long-term de-
formation. Our objectives are :
— To understand the main parameters controlling the megathrust behaviour and

how they differ according to initial conditions (thermal state, accretionary - non-
accretionary wedge, sediment thickness, rheology and mineralogy transitions of in-
coming material, plate roughness - subduction of bathymetric features, erosional
rate, ...)

— To identify how these different properties impact the overriding plate and the
morphology of the wedge

— To understand the interactions between the long- and short-term (seismic cycle
scale) deformation.

2. Confront our results to well-instrumented forearcs such as the Northern, Central and
Southern Chile, Nankai, Ecuador, known to host major earthquakes, a variety of seismic
behaviours, to transition from erosive to accretionary and to be affected by seamounts
subduction and underplating. Our objectives are :
— To reproduce these forearcs, and by confronting our results to the short-term records,

provide a mechanical understanding of the megathrust behaviour for each selected
zone.

— To study their expected behaviour at the seismic cycle scale to improve their seismic
hazard assessment.

3. Finally, thanks to our understanding of how the megathrust behaviour impact the distri-
bution of the deformation and the forearc morphology, we will constrain the seismic
potential of weakly constrained subduction zones, such as Makran, the Antilles, or
the Mediterranean ridge.

Two technical barriers have to be lifted. The first one relates to the incorporation of the elasti-
city and the time stepping algorithm. However, I will work with Laëtitia Le Pourhiet who has
already carried such work and has working prototypes [Le Pourhiet, 2013, Duretz et al., 2019,
2020]. The second relates to the incorporation of the rate-and-state laws to reproduce the whole
seismic cycle steps. However, the objective of this stage is to capture how the long-term loa-
ding affects the rupture dynamics. If we do not succeed, first, this will not impede us to study the
main parameters controlling the megathrust mechanical behaviour, main goal of the project, and
second, in that case, we will export the long-term stress obtained in our simulations as starting
stress (initial condition) in an existing rupture propagation code, developed by my collaborator
M. Thomas.

3.5.2 Targets

Nankai

I will start with the Nankai Trough, a booktype accretionary prism. Numerous 2D and
3D seismic reflection and ocean bottom seismometer wide-angle seismic surveys have been
conducted [e.g., Aoki et al., 1982, Moore et al., 1990, Nakanishi et al., 2002, Park et al., 2002,
Kodaira et al., 2006], some calibrated with Integrated Ocean Drilling Program (IODP) core
and log data of the Nankai Trough Seismogenic Zone Experiment drillling program (NanTro-
SEIZE). Heat flow surveys have also been conducted [e.g., Ashi et al., 2002]. The megasplay
fault in the rupture area of the 1944 Tonankai Mw 8.1 has been intensively studied [e.g., Park
et al., 2002, Moore et al., 2007, Kimura et al., 2011]. Two Mw 8 have occurred in 1944 and 1946
[e.g., Baba and Cummins, 2005], and the subduction is suspected to host Mw 9 [Yokota et al.,
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2016]. The subduction shows along-dip and along-strike variations of slip behaviours. Along-
dip, the megathrust is characterized by stable sliding at the front, followed by a low frequency
and very low frequency earthquakes zone, then the classic seismogenic zone hosting megathrust
earthquakes, followed by a zone of long-term SSE (lasting years), and then short-term SSE (las-
ting days) with deep low frequency tremors [Obara and Kato, 2016]. The along-strike coupling
segmentation is related to bathymetric features, two seamounts and a ridge, highlighted by very
low frequency earthquakes [Kodaira et al., 2000, Park et al., 2004, Yamamoto et al., 2013, Yo-
kota et al., 2016]. Nankai hence presents the advantage to have a rich variety of mechanical
behaviours to investigate.

Chili

I will follow with the Chilean subduction zone, possibly in the context of a PRCI proposal
named BEES (PIs : Romain Jolivet, ENS, and Claudio Faccena, GFZ). Numerous seismic cam-
paigns have been conducted along the Chilean subduction zone [e.g., Contreras-Reyes et al.,
2008, 2010, 2015, 2021, Maksymowicz et al., 2018, Olsen et al., 2020, Bangs et al., 2020,
Storch et al., 2021]. From these works, the margin is known to transition from erosive to the
North to accretionary to the South. Along the erosive part, seamounts have been imaged around
the 2014 Iquique rupture [Geersen et al., 2015]. The sediment thickness increases from North
to South, where part of the sediments is accreted and part subducted [Olsen et al., 2020, Bangs
et al., 2020]. Heat flows have been published [Gao and Wang, 2014]. Five major earthquakes
have occurred over the last 25 years, and an abundant literature published [e.g., Cubas et al.,
2022]. Several coupling models have been proposed showing important along-strike variations
[e.g., Metois et al., 2016, Klein et al., 2018]. Splay faults have been imaged [Melnick et al.,
2012, Farías et al., 2011]. An along-dip segmentation has also been proposed from the location
of past earthquakes, of unknown mechanical origin [Lay et al., 2012]. The Chilean margin hence
offers the possibility to study effects of varying sediment thickness, of bathymetric features and
underplated sediments. Furthermore, I will take advantage of several strong constraints acqui-
red in the framework of the ANR PRCI proposal BEES, such as : active faults mapping, P-T-t
paths, short- and long-term vertical movements, and relocated seismicity.

Ecuador - ANR PRC FLUID2SLIP

I will then pursue with the Ecuadorian subduction zone, in the framework of the ANR
FLUID2SLIP (PI Audrey Galve, Géoazur). The region, as the former two, host major earth-
quakes, shows along-strike and along-dip variations of slip behaviours [Nocquet et al., 2014,
Rolandone et al., 2018], host SSEs [Rolandone et al., 2018, Vaca et al., 2018], some related
to a seamount subduction [Collot et al., 2017]. Splay faults have been imaged [Collot et al.,
2008], heat flow constrained [Marcaillou et al., 2008], and a recent seismic campain conducted
(HIPER).

Predicting the seismic potential of weakly constrained forearcs

I will finally apply our models along less constrained subduction zones to improve their
seismic hazard assessment. We plan to start with Makran. Our previous numerical investigation
were unable to reproduce the large coastal normal faults at their present day location. We suspect
that these features are related to the seismic behaviour of the megathrust, and will investigate
this option to provide extent of potential seismic asperities. We could continue with the Antilles,
also poorly constrained by geodesy due to the distance and sparcity of the stations, and along
which the seismogenic potential of the megathrust is strongly debated [Van Rijsingen et al.,

72



2021, Philibosian et al., 2022]. The mediterranean Ridge and its unknow seismic risk could
also be an important target.
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Abstract. The local topographic slope of the accretionary
prism is often used together with the critical taper theory
to determine the effective friction on subduction megath-
rust. In this context, extremely small topographic slopes as-
sociated with extremely low effective basal friction (µ≤
0.05) can be interpreted either as seismically locked por-
tions of megathrust, which deforms episodically at dynamic
slip rates or as a viscously creeping décollement. Exist-
ing mechanical models of the long-term evolution of accre-
tionary prism, sandbox models, and numerical simulations
alike, generally do not account for heat conservation nor
for temperature-dependent rheological transitions. Here, we
solve for advection–diffusion of heat with imposed constant
heat flow at the base of the model domain. This allows the
temperature to increase with burial and therefore to capture
how the brittle–ductile transition and dehydration reactions
within the décollement affect the dynamic of the accretionary
prism and its topography. We investigate the effect of basal
heat flow, shear heating, thermal blanketing by sediments,
and the thickness of the incoming sediments. We find that
while reduction of the friction during dewatering reactions
results as expected in a flat segment often in the forearc, the
brittle–ductile transition results unexpectedly in a local in-
crease of topographic slope by decreasing internal friction.
We show that this counterintuitive backproduct of the nu-
merical simulation can be explained by the onset of internal
ductile deformation in between the active thrusts. Our mod-
els, therefore, imply significant viscous deformation of sed-
iments above a brittle décollement, at geological rates, and
we discuss its consequences in terms of interpretation of cou-
pling ratios at subduction megathrust. We also find that, with
increasing burial and ductile deformation, the internal brittle

deformation tends to be accommodated by backthrusts un-
til the basal temperature becomes sufficient to form a vis-
cous channel, parallel to the décollement, which serves as
the root to a major splay fault and its backthrust and delimits
a region with a small topographic slope. Morphologic resem-
blances of the brittle–ductile and ductile segments with fore-
arc high and forearc basins of accretionary active margins,
respectively, allow us to propose an alternative metamorphic
origin of the forearc crust in this context.

1 Introduction

Several studies have suggested a link between the morphol-
ogy of forearc wedges and the seismic behavior of megath-
rusts, showing a correlation between large subduction earth-
quakes and forearc basins or deep-sea terraces (Wells et al.,
2003) or with negative free-air gravity anomalies (Song and
Simons, 2003; Wells et al., 2003).

Forearc wedges are to the first order well described by
the critical taper theory (CTT) (Davis et al., 1983; Dahlen
et al., 1984). This theory assumes that wedges are built by
accretion of material equivalent to sand pushed by a moving
bulldozer over a frictional basal décollement. This theory has
been very successful in describing the equilibrium morphol-
ogy of wedges in response to accretion and as a function of
its effective internal and basal frictional strength (Davis et al.,
1983; Dahlen et al., 1984).

The relationship between the forearc wedge morphology
and the seismogenic behavior has been attributed to spatial
variations of basal shear strength (Song and Simons, 2003)
and forearc basins are generally associated with an extremely
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low effective friction within the seismogenic zone (µ≤ 0.05)
(Cubas et al., 2013; Pajang et al., 2021a), which is also sup-
ported by heat flow measurements and thermal modeling
(Gao and Wang, 2014).

The effective friction µeff = τ
∗/(σn) is the ratio of the ef-

fective shear stress τ ∗ to the normal stress σn acting on a
specific plane. Effective shear stress is the shear stress τ cor-
rected from isotropic fluid pressure contribution Pf follow-
ing τ ∗ = τ −Pf (Terzaghi, 1925). Effective friction differs
from the internal friction of rocks µ= τ/σn, which is con-
stant for most geological material except mineralogical clays
(Byerlee, 1978). Clay minerals are phyllosilicate hydrated
and their stability field is mainly controlled by temperature.
Prograde metamorphic reactions that affect clay minerals re-
lease water in the system, which is suspected to raise fluid
pressure and diminish effective friction. Clay contents, their
nature, and their evolution during accretion may therefore af-
fect the effective friction of the décollement as a function of
temperature history.

Several studies have related the depth dependence of sub-
duction megathrust seismicity to the diagenetic transforma-
tion of smectite to illite, two clay minerals (Vrolijk, 1990;
Hyndman et al., 1995; Oleskevich et al., 1999; Moore and
Saffer, 2001).

This transition appears at∼ 2.5–5 km depth or 100–150 ◦C
temperature threshold in clay-rich accretionary complexes
(Pytte and Reynolds, 1988; Hyndman et al., 1995; Oleske-
vich et al., 1999) and could account for up to 80 % of the
excess in pore fluid pressure (Bekins et al., 1994; Lanson
et al., 2009) necessary to explain the low topographic slope
of forearc basins according to CTT. This transition is found
to roughly correlate with the up-dip limit of the seismogenic
zone (Oleskevich et al., 1999). Yet, the relationships between
forearc basins and seismogenic zones do not work along
all subduction zones (Song and Simons, 2003; Wells et al.,
2003).

An alternative explanation for the flat slope of forearc
basins could be the presence of a weak viscous décollement.
This hypothesis is supported by rock records in exhumed
large accretionary complexes (Raimbourg et al., 2014; Chen
et al., 2018), which show that the increase in tempera-
ture with burial permits to reach the brittle–ductile transi-
tion. Yet, this transition from solid (rate-independent or rate-
weakening) versus fluid (rate-hardening) friction is hard to
parametrize within the CTT as it produces rate-dependent ef-
fective friction and rate dependence is absent of CTT. Long-
term models which include the tectonic and thermal structure
inherited from building the forearc wedge are thus needed to
explore alternative or reconciling explanations.

The evolution and distribution of long-term internal de-
formation of forearc wedges has been intensively studied
by numerical models in two (Burbidge and Braun, 2002;
Strayer et al., 2001; Buiter et al., 2016; Stockmal et al., 2007;
Miyakawa et al., 2010; Simpson, 2011; Ruh et al., 2012; Ruh,
2020) and three dimensions (Braun and Yamato, 2010; Ruh

et al., 2013; Ruh, 2016) complementing analogue models
(see Graveleau et al., 2012, for a review). These models have
covered the influence of many parameters such as the geom-
etry (e.g., Dahlen et al., 1984; Davis et al., 1983; Smit et al.,
2003; Ruh et al., 2016), basal friction (e.g., Colletta et al.,
1991; Nieuwland et al., 2000; Burbidge and Braun, 2002;
Ruh et al., 2012; Cubas et al., 2008), surface processes (e.g.,
Storti and McClay, 1995; Mary et al., 2013; Willett, 1999;
Bonnet et al., 2007; Fillon et al., 2013; Simpson, 2006), and
the presence of viscous material along the décollement (e.g.,
Costa and Vendeville, 2002; Smit et al., 2003; Pichot and
Nalpas, 2009; Simpson et al., 2010; Ruh et al., 2012; Bor-
derie et al., 2018). Despite the large number of published
studies, none of them included the dependence of effective
basal friction on temperature due to metamorphic reaction or
brittle–ductile transition.

Here, we study how the introduction of temperature evo-
lution and its feedback on rock rheology generates devia-
tions from CTT. For that purpose, we use a typical CTT
setup (Fig. 1), and we solve for the heat equation on the
same domain with a constant heat flow boundary condition
at the base, which corresponds to plate age, to allow the
temperature to increase with burial. As this contribution fo-
cuses on the thermal effect, we also include shear heating and
thermal blanketing of sediments. We present different series
of 2-D thermomechanical simulations which assess how the
brittle–ductile and the smectite–illite transitions affect the to-
pographic slope of an accretionary prism and its internal de-
formation. We briefly discuss the internal deformation and
the morphology of the wedge and also its potential seismic
behavior. We therefore retrieve the spatial and temporal vari-
ation of the morphologies and deformation patterns and dis-
cuss their implications in terms of the forearc basin and fore-
arc high genesis and nature.

2 Modeling approach

2.1 Method

In order to model the long-term behavior of the accretionary
prism, we use pTatin2d (May et al., 2014, 2015), a code
based on finite element method that employs an arbitrary
Lagrangian–Eulerian (ALE) discretization together with the
material point method to solve the conservation of momen-
tum (Eq. 1), mass (Eq. 2), and energy (Eq. 3) for an incom-
pressible fluid. It allows solving thermomechanical prob-
lems. It has been widely used to model lithospheric-scale
long-term tectonic problems coupled to surface processes
(Jourdon et al., 2018; Perron et al., 2021) and benchmarked
with sandbox experiments (Buiter et al., 2016).

The code solves for velocity v and pressure P assuming
conservation of momentum:

∇ · (2ηε̇)−∇P = ρg, (1)
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Figure 1. Model setup. Mechanical boundary conditions are a non-deformable backstop on the left side, a constant velocity in the horizontal
direction of 4 cm yr−1; the top boundary behaves as a free surface above sea level, while the weight of the water column is prescribed as
stress normal to the deformed boundary below sea level. Temperature is fixed at the surface; the thermal gradient is prescribed across all
other boundaries with the value of zero on vertical ones and value of ∇Tb at the bottom boundary. The mesh consists of 512× ny Q2P1
elements which deform to adapt to the deforming top boundary. Parameters are defined in Table 1.

in an incompressible fluid assuming

∇ · v= 0, (2)

of nonlinear effective viscosity η and constant density ρ. ε̇

is the strain rate tensor and g the gravity acceleration. Evo-
lution of temperature T is obtained by solving the time-
dependent, t , conservation of heat:

∂T

∂t
=∇ · (κ∇T )− v∇T +

H

ρCp
. (3)

The coefficients of Eq. (3) are κ the thermal diffusivity, Cp
the heat capacity, and H the heat production. We do not in-
clude radiogenic heat production in our simulation, and

H = τij ε̇ij = 2η(ε̇2
xx + 2ε̇2

xy + ε̇
2
yy) (4)

corresponds to the sole shear heating. The Stokes problem
(Eqs. 1 and 2) is solved using high-order stable elements
(Q2−P1), while the heat equation (Eq. 3) is discretized on
Q1 elements. Physical properties of rocks are computed on
Lagrangian markers and projected to gauss points using con-
stant value per element. Averaging of marker-defined coef-
ficients within element is geometric for viscosity and alge-
braic for other properties. At every time step, the surface of
the models, h, is smoothed according to the Culling diffusive
erosion law:

∂h

∂t
=−∇ · (k∇h), (5)

with a diffusion coefficient k. Details on implementation of
the surface process model in pTatin2d are to be found in Jour-
don et al. (2018).

2.2 Rheological model

We use temperature- and pressure-dependent nonlinear rhe-
ologies. Effective viscosity is evaluated on material points
using first the Arrhenius flow law for dislocation creep:

ηvis = A
−

1
n
(
ε̇II) 1

n−1 exp
(
Q+PV

nRT

)
, (6)

written in term of the second invariant of the strain rate tensor
ε̇II. The activation volume is set to V = 8× 10−6 m3 mol−1

for all the lithologies; the other constants (A, n,Q) are listed
for each lithology in Table 1. If the prediction of the second
invariant of stress for a viscous rheology

σ II
= 2ηvisε̇

II (7)

exceeds the Drucker–Prager frictional plastic yield criterion,

σY = sinφP +C cosφ , (8)

which depends on φ the internal friction angle and C the co-
hesion, the effective viscosity of the marker is corrected in
order to return to the yield envelop with

ηp =
σY

2ε̇II . (9)

Finally, the friction angle φ and cohesion C decrease lin-
early with accumulation of strain in the brittle regime εp
from an initial friction φ0 to a final friction φ∞ (C0 and C∞
for cohesion, respectively):

φ = φ0−
εp − εmin

εmax− εmin
(φ0−φ∞) , (10)

over a range of accumulated plastic strain varying from
εmin = 0 to εmax = 0.5. This drop of friction and cohesion
permits former faults to remain brittle where undeformed
rocks creep viscously. The décollement is exempt from soft-
ening both to facilitate the comparison with CTT and be-
cause it is considered originally frictionally weak. Frictional
parameters are listed together with viscous parameters, den-
sity, and thermal diffusivity in Table 1. As all Stokes solvers,
pTatin2d also applies cut-off values on effective viscosity in
order to maintain a reasonably well-conditioned system of
equations. These are set to a minimum value ηmin = 1016 Pa s
and a maximum value ηmax = 1025 Pa s. We made sure that
the minimum is never reached to ensure that the frictional
properties of the décollement reflect its extremely low fric-
tion.
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Table 1. Variable rheological parameters and coefficients for the different lithologies; creep parameters a from Ranalli and Murphy (1987)
and b from Shea and Kronenberg (1992). c In models M13 to M15 the friction in the shale is temperature dependent.

Parameter Name Unit Sandstone/quartza Shaleb Sediment/quartza

A Pre-exponential factor MPa−n s−1 6.8× 10−6 1.3× 10−67 6.8× 10−6

n Exponential stress – 3 31 3
Q Activation energy kJ 156 98 156
C0 Initial cohesion MPa 2 0.1 2
C∞ Final cohesion MPa 1 0.1 1
φ0 Initial friction degrees 25 5 25
φ∞ Final friction degrees 10 5c 10
κ Heat diffusivity m2 s−1 10−6 10−6 10−7

ρ Density kg m−3 2400 2400 2000

2.3 Initial and boundary conditions

The model domain is 500 km long and its initial thickness
is either 4 or 7.5 km (Fig. 1). It is constituted of two layers,
a 500 m thick décollement modeled by shale, while the rest
is modeled by sandstone/quartz. The domain is discretized
with a mesh of 512× 16 and 512× 24 Q2 elements, for 4
and 7.5 km thickness, respectively. In the y direction, two
mesh elements are aligned with the initial décollement layer
to better capture its interface and friction at small strain. The
décollement material is considered as part of the domain, as
such, we allow shale to be dragged in the rest of the model
domain contrarily to frictional boundary conditions adopted
to benchmark the code with sandbox experiments (Buiter
et al., 2016). The shortening of the model is driven by a con-
stant horizontal velocity vx = 4 cm yr−1, applied both at the
right and bottom boundaries. Above the décollement level,
the left side of the domain is rigid. Within the two mesh ele-
ments of the left boundary which belongs to the décollement,
a vertical velocity gradient is applied to ensure the continuity
with the bottom boundary. The surface of the domain is mod-
eled with a free surface above sea level (located 3 km above
the top of the mechanical model, Fig. 1); below sea level,
additional normal stress:

σn =Hwρwg, (11)

is applied on the deformed surface to mimic the weight of
water, yet shear stress is zero like above sea level.

The thermal boundary conditions assign the temperature
T0 = 0 ◦C at the surface, a constant thermal gradient ∇Tb =
∂T
∂y

∣∣∣
y=yb

at the base and no horizontal gradient (insulating

boundary) on the vertical walls of the domain. As we assume
no radiogenic heat production, the initial temperature in the
domain is fixed to

T = T0−∇Tby, (12)

consistently with the boundary conditions.

2.4 Post-processing

Models are named by a number within a bullet on the right of
the panels. This number refers to Table 2 which contains all
the specific parameters used for this realization of the model.
For each simulation, we show the finite brittle strain in the
rocks and the strain rate of the current state. The total strain
(brittle and viscous) can be deduced from the geometry of the
incoming sediments (gray and black originally horizontal).

The finite strain figure displays the lithologies of rocks and
the accumulated plastic strain on markers with a linear color
map. Markers with values of plastic strain εp larger than 2
or 3 can be interpreted as being part of a fault. In order to
better show the deformation, sandstone sequences have been
colored with thin layers that have no physical existence. Sed-
iment markers deposited by surface processes are colored by
the time of deposition from brown to yellow colors. As the
color palette for brittle strain would not show well in the sed-
iments produced by the surface process model (SPM), we
actually do not plot the brittle strain on top of erosional prod-
ucts. However, they do deform in a brittle manner from the
strain rate and as for incoming sedimentary rocks. The brit-
tle/localized deformation in the sediments is outlined by the
deformation of their bedding.

The current state figure displays whether the material is
yielding plastically (blue) or deforms viscously (red). It is
overlaid by green shades of the second invariant of strain
rate to outline structures that are currently active by com-
parison to finite strain. A cut-off range from 5×10−16 s−1 to
2×10−14 s−1 is used for the post-processing. The actual val-
ues span a larger range. We also represent three isotherms
(180, 300, and 450 ◦C) which have been chosen to corre-
spond to the onset of viscous deformation in low strain is-
lands, brittle–ductile transition for quartz at average strain
rate and completely ductile behavior. In the simulation with
dehydration reactions, the 120 ◦C isotherm is added to locate
the onset of the dehydration reaction. Finally, we represent
the local slope with a color code at the top of the slice.
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Table 2. Variable parameters.Hs indicates domain thickness, ny in-
dicates the number of vertical element,∇Tb indicates the basal ther-
mal gradient, k indicates coefficient of diffusion for surface process
model, SH indicates shear heating, DR indicates dehydration reac-
tion followed by values for temperature-dependent internal friction
angle in degrees.

Model Hs ny ∇Tb k SH DR
(km) (◦ km−1)

M0 4 16 – 10−6 off off
M1 4 16 15 10−6 on off
M2 4 16 15 10−6 off off
M3 4 16 15 10−5 on off
M4 4 16 15 10−5 off off
M5 7.5 24 15 10−6 off off
M6 7.5 24 15 10−5 off off
M7 7.5 24 15 10−6 on off
M8 7.5 24 15 10−5 on off
M9 4 16 25 10−6 on off
M10 4 16 25 10−5 on off
M11 7.5 24 25 10−6 on off
M12 7.5 24 25 10−5 on off
M13 4 16 15 10−6 off on 5–0.1–10
M14 4 16 15 10−6 on on 5–0.1–10
M15 4 16 15 10−6 on on 5–0.1–5

2.5 Experimental plan

Our aim is to provide the community with a first assess-
ment of the topographic expression of the change in ther-
morheological regime with burial in an accretionary prism.
We, therefore, have chosen a simple reference model which
produces well defined thrust and backthrust, with a moder-
ate amount of sedimentation. The effects of softening, basal
friction, and basal slope on accretion have already been thor-
oughly studied (e.g., Graveleau et al., 2012; Buiter et al.,
2016; Ruh et al., 2012, 2014).

Hence, we here concentrate on parameters that are known
to affect the geotherm: basal heat flow (represented by basal
thermal gradient ∇Tb), initial burial (Hs), coefficient of dif-
fusion of the topography (erosion and sedimentation) (κ),
and shear heating (SH) following the plan listed in Table 2. In
all the experiments, thermal blanketing (Jeffreys, 1931; Wan-
gen, 1994) is very roughly simulated by using a lower ther-
mal diffusivity for sediments produced by the surface process
model (see Table 1). As we do not simulate the compaction
of sediments with burial, thermal insulation is probably over-
estimated but it allows testing potential effects of sedimenta-
tion on the thermal state of the accretionary wedges.

3 Main results

3.1 Effect of brittle–ductile transition at one glance

In Fig. 2, we first compare the results of our reference model
(M1), with a 4 km thick pile of sediments affected by moder-
ate erosion sedimentation, shear heating, and a thermal gra-
dient of 15◦ km−1 which corresponds to a plate age of 65 Ma,
with the same model run without thermal coupling (M0).

While the frontal parts are not significantly different, with
similar tapers and ramp spacing, as soon as the thickness of
the wedge doubles (close to sea level at x of approximately
300 km), the backthrusts are more active in the purely brittle
wedge than in the thermally controlled wedge for these brittle
parameters. This results in the deactivation of one ramp over
two, which leads to the formation of the distinct twinned-
slice patterns observed between x = 430 km and x = 300 km
in M0. In M1, the twinning of slice by backthrust occurs only
once the temperature at the base of the model reaches 300 ◦C.

Looking at the internal part of the two accretionary prisms,
the differences become of course more striking. In the case
without thermal coupling (M0), deformation continues by
pairing together more and more slices within sequences of
thrust and backthrust which root deeper and deeper as the
accretionary prism thickens. The prolonged activity of these
out-of-sequence thrusts and backthrust is best measured by
the small out-of-sequence basins that form at their top, dis-
cordant on the older sediments. Very little exhumation oc-
curs close to the backstop. In the case of thermal coupling,
as soon as the 450 ◦C isotherm is reached, deformation be-
comes highly partitioned vertically. A thick layer at the base
accommodates the simple shear and branches on main frontal
thrusts which root at the brittle–ductile transition. The duc-
tile material is exhumed along a normal fault that roots on
the backstop. In between, the deformation in the brittle part
is either very distributed or almost nonexistent as the strain
rate remains below our visualization threshold.

In the end, zooming out of these details and looking at
the topographic slope, we can see that a brittle accretionary
wedge displays a rather constant 4◦ slope, as predicted by
the CTT taking into account the softening parameter (Ruh
et al., 2014). A mature brittle–ductile wedge forms three
distinct segments that can be distinguished based on topo-
graphic slope. The back segment, close to the backstop where
the décollement is viscous displays a rather low but non-
zero topographic slope. The third segment, at the toe where
the wedge is purely brittle, displays a CTT predicted slope.
In between, where both brittle and ductile deformation co-
exist within the wedge, while the décollement is still brittle,
a central segment displays a distinctively larger topographic
slope than predicted by CTT. We refer to that segment as the
brittle–ductile transition segment of the wedge.
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Figure 2. Model M0: without temperature compared to model M1: the same experiment with temperature-dependent rheologies, both after
15 Myr evolution. The finite strain and the current state and strain rate are shown for basal frictional angle (φb = 5◦) and internal friction
angle dropping from 25 to 10◦ with strain. The yellowish-brown color illustrates syn-tectonic sedimentation in the form of piggyback basins
which represent a given age that corresponds to the time of deposition. Where the material is yielding plastically is in blue or where it deforms
viscously is in red with the onset of 180, 300, and 450 ◦C isotherms. Black arrows display decreasing thrust space towards the backstop and
white arrows show increasing sequence thickness and inclination angle θ . The local topographic slope with a color code shown at the top of
the slice is affected by temperature and frictional properties, 1 : 1 scale.

3.2 Time evolution of reference model

Figure 3 shows the structural evolution of the reference sim-
ulation M1 through time. The wedge grows horizontally
by in-sequence thrusting and vertically by reactivation of
thrusts within the wedge. Most of the horizontal shortening
is accommodated by the active frontal thrust. As the wedge
evolves, the surface slope also changes and we detail here its
evolution in time.

After 1 Ma, accumulated plastic strain shows that the de-
formation is strongly localized along the frontal part and on
the décollement. Brittle shear bands initially occurred in con-
jugate sets; with ongoing shortening, landward dipping brit-
tle shear bands are preferred and backthrusts are almost aban-
doned. The wedge is trying to reach a critical state by creat-
ing a topographic slope. Due to internal frictional softening,
the brittle wedge present a slope α, which corresponds to the
slope predicted by CTT for basal friction φb and internal fric-
tion of 17◦, i.e., the average of φ∞ = 10◦ and φ0 = 25◦.

At 5 Ma, some patches of viscous deformation appear in
between the main faults at x = 413 km once the base of
the model reaches 180 ◦C. From that point, landward plas-
tic strain and the second invariant of the strain rate indicate
the activity of out-of-sequence thrusts and steep backthrusts
which dissect the former slices and tend to flatten horizon-
tally the sequences as the former ramps become more and
more vertical. This phenomena induces vertical thickening
that correlates with the occurrence of internal viscous defor-
mation at depth and with an increase in local slope α inde-
pendently of basal friction which remains constant. This in-
crease in slope causes an increase in sedimentation rate at the

front where piggyback basins tend to be more starved than in
the initial phase favoring the activity of thrusts, and a length-
ening of the slices as predicted by other studies like Storti
and McClay (1995) using sandbox experiments or Simpson
et al. (2010) using numerical simulations.

As the shortening goes on, the temperature continues in-
creasing at the back of the wedge due to burial. Between 5
and 10 Ma, the strain rate shows that the thickness of the dé-
collement increases to reach 2 km. A normal fault forms near
the backstop (which could be probably an inevitable bound-
ary effect) and starts accommodating the exhumation of high
metamorphic grade rocks, which deforms in a ductile man-
ner. At the front of this wide ductile horizontal shear zone,
which terminates right at the 300 ◦C isotherm, roots a system
of low-angle thrusts and high-angle backthrusts which sepa-
rates the warm distributed part of the wedge from the thrust
dominated section of the wedge.

From 10 to 15 Ma, the warm part of the wedge grows in
length and its topography flattens. The vertical partitioning
between simple shear at the base and pure shear at the top
becomes evident. At the front of this ductile wedge, the tran-
sition zone, where thrusts and their backthrust roots directly
in the ductile décollement near the 300 ◦C isotherm, devel-
ops giving rise to a distinctively larger slope than predicted
by CTT. At the toe of the wedge, the slope remains constant
and CTT compatible.

At 20 Ma, the overall architecture of the accretionary
prism has not changed; the whole wedge is just shifted to-
wards the right as the ductile part of the wedge has grown
wider. One could state that the brittle–ductile wedge has
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Figure 3. Temporal evolution of the reference model (M1) from beginning to 20 Myr of shortening, 1 : 1 scale.

reached some sort of steady state between 15 and 20 Ma.
Rocks that are incorporated in the wedge start by rotating
along with brittle thrust and maybe deforming in a pure brit-
tle manner within the slice. In a second semi-brittle phase, in-
ternal viscous–ductile deformation affects the whole tectonic
slices separated by brittle thrusts. This phase of deformation
corresponds to the moment at which the incoming sediments
are incorporated to the second segment of the wedge where
the topographic slope is larger than CTT predictions. Finally,
depending on whether rocks were incorporated in the ramp
or not, they go through passive rotation by distributed pure
shear thickening associated with low temperature or intense
ductile simple shear before being exhumed by the higher
temperature.

In conclusion, the large slope segment which corresponds
to the brittle–ductile transition is acquired as soon as some
viscous internal deformation occurs in between faults. The
brittle–ductile wedge reaches a steady state when ductile de-
formation becomes predominant on the décollement that is
for temperature greater than 450 ◦C.

3.3 Sensitivity to shear heating, erosion, and thickness
of incoming sediments

Depending on the chosen thermal parameters, the three seg-
ments described above are more or less developed in our sim-
ulations. A major player in the development of the ductile

flat part of the wedge associated with high-grade metamor-
phic rock exhumation and formation of a forearc basin is the
occurrence of shear heating.

Shear heating might be largely reduced by several factors
and noteworthy enough the presence of water which reduces
the ductile strength of the material or by thermal pressur-
ization during earthquakes (Sibson, 1973; Lachenbruch and
Sass, 1980; Mase and Smith, 1984, 1987; Segall and Rice,
2006). Gao and Wang (2014) actually showed that megath-
rusts that produce great earthquakes tend to dissipate less
heat than megathrusts that slip mainly by creep. Hence, our
shear heating models give a maximum bound for the heat that
could be produced in the system. In order to study the other
bound, we run some model with shear heating off which
would correspond to a system where most slip is accommo-
dated by earthquakes.

Results are clear; all models with shear heating (Fig. 4)
develop a large flat area because the shear at depth helps the
temperature to rise above the 450 ◦C isotherm, which cor-
relates with the formation of the topographic plateau where
high-grade metamorphic rocks are exhumed. Models with no
shear heating hardly develop a plateau and a normal fault to
exhume high-grade material at the back (Fig. 5).

Actually, exhumation is reached under two conditions in
our models, with large erosion coefficients, i.e., M4 and M6,
and in presence of shear heating. The peak metamorphic tem-
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Figure 4. Models with shear heating on after 15 Myr of shortening. (a) Thin and (b) thick sequence pile models. M1, M3 and M7, M8 are
the same experiment with normal and high surface diffusion rates, respectively. Experiment parameters are given in Tables 1 and 2, and color
code for markers is given in Fig. 2, 1 : 1 scale.

perature of rocks exhumed at the backstop is compatible with
thermochronometry studies in stationary accretionary prism
like Taiwan (Suppe, 1981; Willett and Brandon, 2002). Its
samples are exhumed to the surface by rock uplift to com-
pensate for the mass lost via erosion (Fuller et al., 2006) and
they have experienced temperatures in excess of 300–365 ◦C
but below 440 ◦C (e.g., Lo and Onstott, 1995; Fuller et al.,
2006).

Models with larger sedimentation rate (models M3, M4,
M6, M8, M10, M12) produce, as expected from former
studies (Storti and McClay, 1995; Simpson et al., 2010), a
smaller number of thrusts and a larger spacing between them.
Erosion and sedimentation also participate at reducing the
slope at every step, thus favoring out-of-sequence activity
(Fig. 5 M2 from x = 260 to 380 km and M4 from x = 290
to 320 km). In our models, sediments also affect the ther-
mal regime because they are attributed a lower thermal dif-
fusivity; thick sediment sequences act therefore as a blan-
ket isolating the heat flux coming from below. As a result,
temperature rises faster at depth when a large sedimentary
basin forms. This explains why, in absence of shear heating
(Fig. 5), only models with large sedimentation rate develop a
ductile flat at the back (Fig. 5 M4 and M6).

Thermal blanketing also affects the geotherm at a smaller
scale as shown by the distinctive wiggles in the isotherms.
For small basins, these wiggles are limited to the 180 ◦C

isotherm (Fig. 5 M2 and M5), but for large basins the 300 ◦C
isotherm is affected at larger wavelength and potentially
feeds back on the rheology (Fig. 5 M4 and M6).

In absence of heat production and large vertical advec-
tive terms, the temperature is more or less proportional to
the depth and thermal gradient in the models. Therefore, in
experiments with thick sequences (M5 and M6 in Fig. 5 and
M7 and M8 in Fig. 4) or in models with larger imposed basal
gradient (M9, M10, M11, M12 in Fig. 6), the brittle–ductile
transition is reached earlier. As a result, the completely brit-
tle part of the accretionary prism, located at the toe of the
wedge, is less developed in models with a larger pile of in-
coming sediments and in models with a larger thermal gra-
dient. The local slope in these models is always larger than
the CTT-predicted one and backthrust appear earlier in the
history of deformation.

3.4 Effect of dehydration reactions

We now report some models which intend to tackle the effect
of fluid over pressure due to dehydration of shale materials
which potentially corresponds to smectite–illite transition.
In clay-rich accretionary complexes, this transition appears
at ∼ 2.5–5 km depth corresponding approximately to 100–
150 ◦C (Pytte and Reynolds, 1988; Hyndman et al., 1995;
Oleskevich et al., 1999). Smectite and illite clays are fric-
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Figure 5. Models with no shear heating after 15 Myr of shortening for (a) thin and (b) thick sequence pile models. Normal sedimentation
rate use in M2 and M5, and high erosion rate in M4 and M6. Refer to Fig. 2 for color codes and Tables 1 and 2 for experiment parameters,
1 : 1 scale.

Figure 6. High temperature gradient (25 ◦C km−1) after 10 Myr for (a) thin sequence and (b) thick sequence. M9 and M11 are with normal
erosion and sedimentation rate whereas M10 and M12 indicate high sedimentation rate. Color codes and experiment parameters are given in
Fig. 2 and Tables 1 and 2, 1 : 1 scale.
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Figure 7. Evolution of friction with temperature with our param-
eterization of smectite–illite transition. The dashed line is for the
evolution of friction in simulation M15 which serves as comparison
with M1 at the brittle–ductile transition zone.

tionally weak but illite is slightly stronger (Morrow et al.,
1982; Saffer and Marone, 2003). We therefore consider that
our clay-rich décollement is initially smectite rich with an in-
ternal friction angle of 5◦. Once dehydration reaction is ter-
minated the same décollement is considered illite rich and
affected a friction angle of 10◦. We do not have a kinetic
reaction included in the code but we assume that the reac-
tion is occurring at fast rate in the 120–140 ◦C window. This
is slightly smaller than the 100–150 ◦C reported in the litera-
ture and it is aimed at roughly accounting for a slow kinetic at
lower temperatures and the lack of reactant (smectite) left at
higher temperatures. During this phase of fast reaction, fluids
are released in the clay-rich décollement of low permeability
permitting to build strong local fluid over pressure (Bekins
et al., 1994; Lanson et al., 2009). The code does not explic-
itly include fluids, but these overpressures are reflected by an
effective friction angle of 0.1◦ within the reaction tempera-
ture window. The evolution of friction with temperature in
the décollement layer is reported in Fig. 7.

Figure 8 shows the structural evolution of simulation M14,
identical to the reference model M1 but accounting for the
smectite–illite transition.

After 1 Ma, by the formation of conjugate shear bands, the
wedge tries to reach its critical state in accordance with basal
friction of φb = 5◦. Since the base quickly reaches 120 ◦C,
the frontal wedge is extremely narrow and followed by a flat
area induced by the drop of friction (φb = 0.1◦), as expected
from CTT.

At 3.8 Ma, the flat area is highly extended (x= 380–
470 km). The onset of this transition serves as the root to a
shallow splay fault accompanied by a backthrust.

At 6.3 Ma, as the shortening goes on, the temperature rises
due to burial. Once the décollement reaches 140 ◦C, the basal

friction increases to 10◦, leading to the onset of a larger to-
pographic slope. Once the décollement reaches 180 ◦C, some
patches of viscous deformation appear in between active
thrusts (at x = 440 km). As observed in model M1, a seg-
ment of the high topographic slope, formed by a low-angle
thrust and its backthrusts, separates the flat segment from the
warmer distributed part of the wedge.

At 10 Ma, the wedge is characterized by four distinct
segments: a narrow frontal critical taper, a weakly de-
formed zone with a flat topographic slope associated with the
smectite–illite transition (120 to 140 ◦C), a high topographic
slope corresponding to the brittle–ductile transition formed
by a low-angle thrust and its backthrusts rooting on the duc-
tile décollement, and, finally, a second flat segment corre-
sponding to the ductile wedge once the décollement reaches a
temperature of 450 ◦C. The brittle–ductile transition segment
shows a larger topographic slope than the reference model
M1 (Fig. 3), because of the higher basal friction reached
once the dehydration reaction finishes (φb = 10◦). From 10
to 15 Ma, the warm and flat part of the ductile wedge grows
in length like in model M1.

Figure 8b illustrates that shear heating tends to increase
the extent of the flat dehydration segment by reducing both
the size of the critical taper corresponding to the smectite dé-
collement located at the toe of the wedge and the lateral ex-
tent of the steep segment located at the brittle–ductile transi-
tion. Figure 8c demonstrates that the increase of slope of the
brittle–ductile segment in model M14 as compared to model
M1 is indeed related to the increase in basal friction up to 10◦

after the dehydration reaction. As described above, without
shear heating, the flat plateau above the viscous décollement
hardly develops.

4 Discussion

4.1 Slopes and modes of deformation

The thermomechanical model provides an opportunity to in-
vestigate the specific variations of topographic slope of an
accretionary prism, supported by the CTT analysis (Davis
et al., 1983). Our results show that very simple models of ac-
cretionary prism lead to the formation of four different struc-
tural zones which corresponds to three different type phases
of deformation related to transitions in the rheology.

The frontal brittle part of the wedge is characterized by an
imbricated zone and active in-sequence thrusts faults ahead.
The décollement and the above sequence behave plastically
(Fig. 9a). The topographic slope created in this section is con-
trolled by the basal and average internal friction and is con-
sistent with the CTT predictions (Fig. 9b and c, blue star).

The presence of a smectite–illite transition (dehydration
reaction) leads to a segment characterized by a flat topo-
graphic slope and little internal deformation, in between
the frontal brittle wedge and the brittle–ductile transition
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Figure 8. (a) 15 Myr of time evolution of simulation M14 with dehydration reaction and shear heating. (b) Model at 15 Ma for similar
simulation without shear heating M13. (c) Model at 15 Ma for similar simulation M15 with 5◦ friction instead of 10◦ friction after the end
of dehydration reaction, 1 : 1 scale.

(Fig. 9a). This flat segment appears during the early stage
of the accretionary prism formation.

The brittle–viscous transition zone is characterized by out-
of-sequence thrusts and backthrusts with high internal defor-
mation (Fig. 9a). This part forms a steeper topography slope
than the brittle-only part. A careful examination of the be-
havior of this segment reveals that the décollement remains
brittle, but the above sequence has entered the viscous phase
(Fig. 9a). By plotting the surface slope on the critical taper
diagram, we notice that this part is consistent with a critical
taper of a lower internal friction angle (Fig. 9b, red star).

The viscous part presents an approximate flat zone with-
out effective internal deformation. Décollement and above
sequence deform viscously. The topographic slope is again
consistent with the critical taper theory, considering that a
viscous décollement is equivalent to a brittle décollement of
extremely low friction. Therefore, the increase of the topo-
graphic slope between the brittle and viscous segments re-
sults from an equivalent decrease of internal friction rather
than an increase of basal friction. Since we run simulations
with basal slope β = 0, according to CTT the simulated to-
pographic slope might be overestimated compared with nat-
ural examples. We thus run the reference simulation with a
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basal slope of 2◦. We found the same segmentation but with
slightly lower topographic slopes as expected from the CTT
(Movie M16, please see Sect. “Video supplement” for further
information).

4.2 Comparison with exhumed accretionary prism

Based on the models, we can interpret that the rocks ex-
humed at the back of the models have been through three
main phases of deformation through time. The first phase
(D1) is purely brittle and corresponds to the onset of accre-
tion at the toe of the accretionary prism. The passive trans-
port through the dehydration flat segment does not cause im-
portant deformation. The D1 is therefore overprinted by the
phase D2, which is the start of a low grade metamorphic foli-
ation as a result of penetrative horizontal shortening. As tem-
perature increases with burial, material behavior in between
faults which deforms with lower strain rates changes from
brittle to ductile decreasing the effective friction coefficient
of the bulk. This in turns causes the steepening of the slope
which favors the activation of brittle backthrusts, that scrap
off the frontal wedge rather than forethrusts that would have
to uplift a lot of material. In an accretionary prism with large
basal heat flow, or thick incoming sediments, sequence D2
appears closer to the toe of the prism and might replace D1.
Warmer models then develop a phase in which deformation
is partitioned between ductile simple shear at depth (D3) and
distributed shortening at the surface (more penetrative ver-
sion of D2). Once the horizontal ductile shear zone corre-
sponding to D3 has formed, it branches on a shallow dip-
ping splay fault accompanied by a vertical backthrust. The
three phases of deformation recorded by the rocks exhumed
at the back of the models along a normal fault correspond to
the different phases recorded in exhumed accretionary prism
like the Shimanto belt (Raimbourg et al., 2014), although
this paper would classify our D1 and D2 as more or less lo-
calized deformation related to frontal accretion and in our
case the high-grade ductile foliation D3 would show a more
marked asymmetry. In the Lesser Antilles arc, Verati et al.
(2018) have documented distributed deformation by pressure
solution occurring at 300 ◦C/4–5 km depth conditions, in vol-
canics reworked within the brittle accretionary prism which
could correspond to exhumed remnants of D2, although our
models are too simplistic to account for incorporation of arc
material into the tectonic wedge.

4.3 Forearc basins

Every phase of deformation is accompanied by different
types of sedimentary basins. Indeed, while phase D1 is ac-
companied by piggyback basins which length depends on the
sedimentation rate (e.g., Fig. 4), D2 is accompanied with the
formation of trench slope basins discordant on the early pig-
gyback basins, and the onset of D3 pinpoints the start of ac-
tivity of the splay fault and its backthrust. These structures

isolate the ductile part of the prism, where forearc sediments
can accumulate within small basins in discordance on the
sediments accreted during D1 and D2, from the brittle part of
the prism. The splay fault and its conjugate high-angle back-
thrust serve as a current backstop for the brittle part before
being incorporated into the ductile forearc part of the prism
as accretion continues.

Backthrusting between the imbricated segment and fore-
arc basins has been described along various accretionary
margins of high sedimentation rate (Silver and Reed, 1988).
Along the Sumatra subduction zone, well known for its high
sedimentation rate and high thermal gradient (Chlieh et al.,
2008), the slope break predicted by our model is visible on
seismic images of northern (Chauhan et al., 2009) and south-
western (Singh et al., 2010) Sumatra, and a clear backthrust
has been imaged down to 7 s (TWT) (15 km) (Chauhan et al.,
2009). Backthrusts have also been imaged along the Antilles
subduction zone, in particular along the Barbados region,
again known for its high sedimentation rate (Silver and Reed,
1988; Laigle et al., 2013). A backthrust is also well docu-
mented in New Zealand (Barnes and Nicol, 2004) but has
been interpreted as resulting from a change in basal friction.
Noda (2016) reviews a number of other compressive accre-
tionary margins which all seem to develop an active back-
thrust at the edge of the forearc basin like in our models.

However, most of these seismic studies place the splay
fault and its backthrust at the limit of the continental crust
which posits, in a way, a stable position through time, at least
relative to the upper plate. In our simulations, the splay fault
roots at the location of the 450 ◦C isotherm along the décolle-
ment (Fig. 10a). This isotherm at 15 km depth corresponds
to greenschist facies metamorphic conditions. Using typi-
cal sediments composition, perplex software yields typical
continental crust seismic attributes with 5.5> Vp > 5 km s−1

and Vs ∼ 2.5 km s−1. With volcanoclastic sediments, larger
velocities are expected for similar metamorphic conditions.
As a result, seismic refraction investigation of active margin
would definitely identify this part of the models as a con-
tinental crust or former arc crust. Using the location of the
splay fault in warm, compressional accretionary contexts like
South Sumatra (Fig. 10b) and Lesser Antilles (Fig. 10c), we
propose that what is typically interpreted as attenuated conti-
nental or arc crust with Vp>=5 could also well mark the lo-
cation of the brittle–ductile transition According to our mod-
els, along with accretionary prisms of little seismic activity,
the forearc basin should correlate with the fully viscous do-
main at least along high sedimentation rate and high thermal
gradient compressive accretionary margins (Fig. 9a).

4.4 Up- and down-dip end of the seismogenic zone

We here confirm that the smectite–illite transition produces
a flat segment that can explain, for young or cold accre-
tionary complexes, the observed correlation between deep-
sea terraces or forearc basins with large subduction earth-
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Figure 9. (a) Proposed model for the mature brittle–ductile wedge which forms three distinct segments; pure brittle wedge with a rather
constant slope predicted by the CTT at the front (blue star), low but non-zero topographic slope close to the backstop corresponds to viscous
deformation (black star), and larger topographic slope in between these segments as a result of the brittle–ductile transition (red star and
yellow rectangle). (b) Topographic slope versus internal friction for φbasal = 5◦. (c) Basal friction versus topographic slope for φint of 10,
17, and 25◦.

quakes (Song and Simons, 2003; Wells et al., 2003). In such
specific contexts, the flat segment would thus underline the
up-dip limit of the seismogenic zone (part of the megath-
rust geodetically coupled, i.e., locked during the interseismic
period). Along seismically active accretionary prisms, an in-
crease of topographic slope and decrease in apparent geode-
tic coupling are interpreted as the down-dip limit of the seis-
mogenic zone (Cubas et al., 2013). In the first case, the rise
in topographic slope indicates an increase of effective basal
friction which corresponds to the down-dip end of dominant
seismic slip (Cubas et al., 2013; Pajang et al., 2021a). In
the second case, geodetic deformation at velocities that dif-
fers from subducting plate velocities is generally interpreted
as a lack of coupling on the plate interface based on elas-
tic models (Perfettini et al., 2010; Chlieh et al., 2008). Here,
we show that the brittle–ductile transition corresponds to the
onset of internal distributed viscous deformation in between
brittle structures in the accretionary prism above a brittle dé-
collement. Internal deformation causes a decreased geodetic
coupling and an increased apparent basal friction but does
not imply any modification in the interface frictional prop-
erties or deformation mode. This questions both the search
for field analogs of the down-dip end of the seismogenic
zone and the interpretation of seismic coupling in terms of
locked/creeping décollement.

4.5 Limitations and perspectives

Our simple models permit us to understand first-order mech-
anisms in forearc formation, but improvements are still
needed to better understand how the brittle–ductile transition

affects the formation of splay faults providing an alternative
model to the formation of forearc basins as well as an alterna-
tive origin for the forearc crust. We find that the drop in fric-
tion between the ductile and brittle part of the accretionary
prism and smectite to illite dehydration reaction is not suf-
ficient to explain the normal faults observed along some ac-
cretionary margins like Chile or Makran Cubas et al. (2013);
Pajang et al. (2021a). This result leads us to conclude that
the normal faults arise from phenomena we neglected in our
simplified approach. This includes

– the effect of heterogeneities in the subducting plate,

– the effect of elastic deformation during the seismic cy-
cle, and/or

– the oversimplification of the bottom boundary condi-
tions which does not allow an increase in taper angle
with burial like in Beaumont et al. (1992) and Ruh
(2020).

We plan on testing these other hypotheses in the future and
posit that improving the bottom mechanical boundary condi-
tions will also permit performing more accurate simulations
of the sedimentation in the forearc basins by keeping them
below sea level.

5 Conclusions

Despite the simplicity and limitations of our simulations,
their results are sufficient to propose a new model for the
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Figure 10. (a) Structure of accretionary wedge and forearc basin modified from Noda (2016) based on our modeling results for the geometry
of isotherms and the distribution of brittle and viscous strain. Schematic cross sections of (b) South Sumatra based on Singh et al. (2011).
(c) Lesser Antilles based on Laigle et al. (2013) with indication of the possible location of the brittle–ductile transition based on our model
and the observed geometry of faults.

interpretation of changes in topographic slope at compres-
sive accretionary margins, at least, warm margins with large
sedimentary supply. Using only the topographic gradient,
our model distinguished four segments, which correspond
to three modes of deformations observed in exhumed accre-
tionary complexes:

– brittle décollement and internal deformation at the toe
where the topographic slope respects the CTT;

– a flat area with little internal deformation in young ac-
cretionary prisms, if a dehydration reaction is consid-
ered;

– brittle décollement and viscous internal deformation of
fault-bounded blocks, where the topographic slope is
in excess compared to the CTT and these large slopes
should not be interpreted as the down-dip limit of the
seismogenic zone;

– viscous décollement and backthrust-bounded blocks in
the most internal part where the topographic slope is
close to zero.

The most important finding is that the onset of internal vis-
cous deformation in fault-bounded blocks increases the topo-
graphic slope of the accretionary complex independently of
the basal friction.

Comparing the simulations results with natural cases, we
show that this anomalous topography related to the brittle–
ductile transition is analogue to the forearc high in a com-
pressional accretionary prism. It is indeed the location of
an active backthrust and splay fault system rooting on the
viscous channel that forms in the internal part where the
basal temperature reaches 450 ◦C. The location of this vis-
cous channel, which is active in greenschist facies condi-
tions, corresponds to portions of seismic sections that are of-
ten interpreted as an attenuated continental crust or former
arc crust. Our model provides, we believe, a valid alterna-
tive interpretation which has the advantage to explain why
the forearc crust is always thinner than the continental crust
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on seismic sections but also why the warm subduction seg-
ments are representative of our mature stage simulation, such
as South Sumatra or the Lesser Antilles are considered aseis-
mic.
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ABSTRACT
The very large slip up to the subduction front of the 2011 Tohoku-Oki (Japan) earthquake 

has challenged our classic view of the megathrust undergoing only aseismic slip at shallow 
depth. Furthermore, the enhancement of tsunamis during frontal rupturing has increased 
concern about tsunami risks. Recent seismic reflection images from the Sumatra subduction 
zone show frontal landward-vergent thrusts in the accretionary prism in the area of supposed 
shallow ruptures and enhanced tsunamis. Using mechanical analysis, we here show that sudden 
and successive decreases of the effective friction along the megathrust are required to form 
landward-vergent frontal thrusts. These decreases are most likely caused by dynamic weaken-
ing mechanisms, such as thermal pressurization of the pore fluids related to the propagation of 
earthquakes to the seafloor. Therefore, landward vergence in accretionary prisms is indicative 
of past seafloor frontal ruptures and consequent tsunamis. The presence of landward-verging 
structures in the Cascadia and Sumatra accretionary prisms might indicate future frontal 
rupture of the shallowest portion of the megathrust, resulting in large tsunamis.

INTRODUCTION
The Tohoku-Oki (Japan) earthquake pro-

duced a devastating tsunami because of the 
shallow propagation of the rupture. This earth-
quake surprised the earth science community 
because the upper portion of the megathrust was 
commonly thought to slip aseismically (Scholz, 
1998) and because interseismic strain accumu-
lation models were showing creep at shallow 
depth (Loveless and Meade, 2011). However, 
the shallow creep was essentially due to the 
assumed initial conditions and the inability to 
resolve, on onshore geodetic data, megathrust 
behavior near the trench (Loveless and Meade, 
2011). From the Tohoku-Oki event, we have also 
learned that shallow megathrusts have the poten-
tial to creep at a slow slip rate and to have very 
large coseismic slip due to efficient weakening 
by thermal pressurization of pore fluids (Noda 
and Lapusta, 2013). As a consequence, assessing 
the potential for shallow propagation of earth-
quakes along subduction zones worldwide has 
become a new challenge.

Recent seismic reflection studies have indi-
cated a possible correlation between landward-
vergent thrusts and shallow propagation of 
earthquakes along the Sumatra subduction zone 
(Gulick et al., 2011; Moeremans et al., 2014). 
Several landward-vergent thrusts are observed 
at the front of the accretionary wedge where 
the 2004 Mw 9.2 Sumatra-Andaman earthquake 
seems to have reached the seafloor (Chlieh et 

al., 2007; Singh et al., 2008; Gulick et al., 2011) 
(Figs. 1A and 1C). Furthermore, the shallow 
2010 Mw 7.8 Mentawai Islands (Sumatra) tsu-
nami earthquake (Lay et al., 2011) also occurred 
in the frontal landward-vergent accretionary 
prism region (Moeremans et al., 2014) (Figs. 
DR2a and DR2b in the GSA Data Repository1). 
Both of these events produced large tsunamis. 
The seismic gap along the Sumatra subduction 
zone also shows frontal landward-vergent struc-
tures (Kuncoro et al., 2015; Cook et al., 2014). 
In this region, the 1797 Mw ~8.7 event gener-
ated a very large tsunami with run-up heights 
of ~10 m in Padang (Newcomb and McCann, 
1987), suggesting that the locked patch offshore 
Sumatra (Konca et al., 2008) could produce a 
large tsunami. No landward-vergent thrusts have 
been reported along the Nias segment where the 
2005 Mw 8.7 earthquake was limited to the deep 
seismogenic zone (Cook et al., 2014; Konca et 
al., 2008).

Normal sequences of landward-vergent 
thrusts have also been reported along the Cas-
cadia subduction zone offshore the Oregon-
Washington (USA) margin (Figs. 1B–1D) 
(MacKay, 1995; Adam et al., 2004) and north of 

1 GSA Data Repository item 2016258, methods, 
Figure DR1 (modeling stages), and Figure DR2 (land-
ward vergence and frictional properties of the Men-
tawai Islands segment, Southern Sumatra), is available 
online at www.geosociety.org/pubs/ft2016.htm, or on 
request from editing@geosociety.org.

the Mendocino triple junction (Fig. 1D) (Gulick 
et al., 1998). This subduction zone is also known 
to generate Mw ~9 earthquakes every 300–500 
yr with consequent tsunamis across the Pacific 
(Satake et al., 1996; Atwater and Griggs, 2012). 
In this region, the extent of the landward ver-
gence in accretionary prism matches well with 
the location of high slip patches of the 1700 
earthquake (Wang et al., 2013; Fig. 1D). There-
fore, understanding the mechanical requirements 
for landward vergence and the possible link with 
frontal propagation of earthquakes is of funda-
mental importance for seismic and tsunamigenic 
risk assessment for Sumatra and Cascadia.

To date, the most recurrent explanation 
for landward vergence has been a low mega-
thrust friction due to high pore pressure along 
the megathrust (Seely, 1977; MacKay, 1995; 
Adam et al., 2004; Moeremans et al., 2014). This 
hypothesis is mainly based on the observed low 
taper (MacKay, 1995; Gulick et al., 1998), the 
presence of a high amplitude–negative polarity 
(HA-NP) reflector above the oceanic basement 
in northern Cascadia (Cochrane et al., 1994) and 
Sumatra (Dean et al., 2010; Gulick et al., 2011; 
Moeremans et al., 2014), and comparison with 
sandbox experiments done at very low basal 
friction showing conjugate thrust systems with 
mixed vergence (Seely, 1977). Clear landward 
vergence in analogue models was only obtained 
with a viscous basal layer (Gutscher et al., 2001) 
or with strong lateral wall effects standing for 
lateral strike-slip faults (Zhou et al., 2015). How-
ever, the deformation style of the Cascadia mega-
thrust is not in good accordance with a viscoelas-
tic behavior (Adam et al., 2004) and strike-slip 
faults are not systematically observed. The high 
basal pore pressure has been linked to the com-
paction of a large amount of sediments (Moer-
emans et al., 2014; Adam et al., 2004). However, 
some accretionary prisms displaying both very 
large sediment thickness (>4 km) and high pore 
pressure, such as Barbados (Bangs et al., 1990) 
or Makran (Pakistan) (Kukowski et al., 2001), 
did not develop landward-vergent thrusts. On the 
contrary, a thin sedimentary layer (1.5 km) in the 
Mentawai segment contains landward-vergent 
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structures (Moeremans et al., 2014; Cook et 
al., 2014; Kuncoro et al., 2015) (Fig. DR2a). 
Therefore, high pore pressure and large sediment 
thickness might be important ingredients but not 
sufficient to control the vergence of thrusts. Here 
we investigate if landward-vergent thrust faults 
could result from specific frictional properties.

METHODS
We apply the two-dimensional mechanical 

model named Sequential Limit Analysis Method 
for Tectonics (SLAMTec; Mary et al., 2013) that 
allows predicting faults and their evolution in 
accretionary wedges. The method, accounting 
for mechanical equilibrium and based on the 
Coulomb criterion, is composed of two major 
steps (for a complete description, see the Data 
Repository). The first stage consists in comput-
ing the pushing tectonic force associated with 
any possible set of faults in the wedge. The fault 
system leading to the lowest tectonic pushing 
force is selected as the optimum. The second 
stage consists of a rigid translation along the 
predicted faults. In that stage, we compare the 
force that would require a translation along a 
landward-vergent thrust fault with the force 
required by a seaward-vergent thrust fault. 
We select the one leading to the lowest force. 
The location and evolution of faults are thus 

predicted from the frictional properties of the 
wedge (mint = tan fint), the megathrust (mb = tan 
fb), and the thrust faults (mf = tan ff).

RESULTS
We first explore the role of the topographic 

slope (a) and the slab dip (b) on the vergence 
with a simple triangular wedge followed by a 
flat layer of sediments beyond the deformation 
front. The results are plotted in the a versus b 
envelope to compare with the mechanical states 
defined by the critical taper theory (Davis et al., 
1983; Dahlen, 1984) (Figs. 2A and 2B). For a 
dry wedge, with megathrust frictions from mb 
0.25 to 0.05, we find that landward vergence 
develops for large slab dips and is favored 
by very low basal frictions. The topographic 
slope only has a minor influence, in particular 
for the typical range of observed slab dip and 
topographic slope (gray box in Fig. 2B). Along 
the accretionary prism, because the maximum 
compressional principal stress plunges seaward 
(Hafner, 1951), landward-vergent thrusts always 
have larger dips than seaward-vergent thrusts. 
As a consequence, uplifting material above a 
seaward-vergent thrust requires less gravita-
tional energy than along a landward-vergent 
thrust. For negligible basal shear stress and a 
strong wedge, conjugate faults tend to have the 

same dip, and both can be active in forming pop-
up structures (Hafner, 1951). However, when the 
seaward-vergent thrust is the active fault, some 
additional material coming from the tip of the 
wedge also needs to be uplifted, whereas the 
landward-verging kinematics requires uplifting 
only the frontal horizontal pack of sediments 
(Figs. DR1b and DR1c). For very low basal fric-
tion, the frictional force decreases compared to 
the gravitational force. Therefore, for a large 
slab dip, the increase of the gravitational force 
due to the additional material coming from the 
tip of the wedge becomes important and allows 
for the jump from seaward to landward vergence 
(Fig. 2B).

We also investigate the effect of the frictional 
properties on the vergence (Fig. 2C). We set a = 
b = 5° to be consistent with a real case scenario. 
We vary the internal friction and the megathrust 
friction that we consider as effective to take into 
account the megathrust pore pressure effect. We 
find that, in addition to the very low megathrust 
effective friction (mb

eff ≤ 0.04), landward ver-
gence is favored by a low strength ratio between 
the megathrust and the wedge. Moreover, the 
landward vergence develops in the upper part 
of the stable domain of the a-b plot (or in the 
left part of the friction graph) close to the exten-
sional critical limit.
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Figure 1. Landward-vergent accretionary prisms and frictional properties. A: Seismic profile WG2 in northern Sumatra (Moeremans et al., 
2014). B: Seismic profile SO 108–03 in Cascadia (Adam et al., 2004). C: Comparison of the observed landward-vergent thrusts in northern 
Sumatra (hachured white lines; compilation from Dean et al., 2010; Gulick et al., 2011; Moeremans et al., 2014) with coseismic slip of the 
2004 Mw 9.1 Sumatra-Andaman earthquake (slip contours in red every 5 m increment; Chlieh et al., 2007). D: Comparison of the observed 
landward-vergent thrusts in Cascadia (hachured white lines; compilation from MacKay, 1995, Gulick et al., 1998; Adam et al., 2004) with the 
estimated slip contours of the 1700 Cascadia earthquake considering a trench-breaking rupture scenario with a Mw 8.9 (Wang et al., 2013); 
the downdip end of the highly locked zone is shown by the black dotted line (Wang et al., 2013). E, F: Vergence is shown as a function of 
the internal friction (mint) and the megathrust effective friction (mb

eff) for northern Sumatra and Cascadia. In the studied frictional range, the 
prism can either be at stable state (the full megathrust is activated as well as a frontal thrust) or at extensional unstable state (white domain, 
corresponding to a gravitational collapse). At stable state, the frontal thrust can either be landward (red domain) or seaward (blue domain) 
vergent. The gray domain stands for the propagation of the deformation toward the tip of the wedge.
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We now consider three accretionary prisms 
characterized by different sediment thickness: 
northern Sumatra (4.5 km), southern Suma-
tra (1.5 km), and Cascadia (2–3 km); we take 
into account the real topography and assume 
a single slab dip for the megathrust (b = 2.1°, 
5.8°, and 1.1°, respectively). For the Cascadia 
example, landward vergence is obtained for 
effective megathrust friction lower than 0.032 
(Fig. 1F). For high internal friction, a landward 
thrust fault tends to appear seaward of the 
incipient fault. For the northern Sumatra case, 
the range of internal and basal frictions allow-
ing for landward-vergent fault is very narrow, 
and the effective megathrust friction has to be 
≤0.02 (Fig. 1E). The range of frictional param-
eters for southern Sumatra (Fig. DR2c) is larger, 
although the effective megathrust friction is still 
low (mb

eff ≤ 0.13). The larger range is probably 
due to the high topographic slope and slab dip 
and the triangular shape of the sedimentary pile 
at the front of the wedge.

DISCUSSION
The very low effective friction necessary to 

develop landward-vergent thrusts could be due 
to long-term pore pressure or dynamic weak-
ening mechanisms such as thermal pressur-
ization of pore fluids (Di Toro et al., 2011). In 
the long-term pore pressure case, deformation 
would thus be aseismic and take place during 
the interseismic and/or postseismic period. In the 
dynamic case, the high pore pressure would be 
related to the shallow propagation of earthquake. 
Deformation would then take place during the 
coseismic or very early postseismic period. From 
these mechanical results, it is clear that landward 
vergence develops for tapers far from the com-
pressional critical limit. However, a wedge will 
always tend to stay close to the compressional 
critical state, because it requires a lower tectonic 
pushing force. Only two conditions can lead a 
wedge to move away from this limit: (1) a very 

high sedimentation rate impeding the wedge to 
recover the compressional critical state (Fig. 3A), 
or (2) sudden and successive decreases of the 
effective megathrust friction (Fig. 3B).

However, in the typical range of topographic 
slope and slab dip of an accretionary prism, we 
have shown that an increase of the topographic 
slope does not imply a change in the vergence; 
landward vergence is favored by large differences 
of pore pressure between the sedimentary pile 
and the megathrust, and no high sedimentation 
rates have been reported for the southern Casca-
dia (MacKay, 1995) and the Sumatra margins. As 
a consequence, we favor the dynamic hypothesis.

Therefore, the deformation style of accretion-
ary prisms could provide strong insights on past 

seafloor ruptures and the tsunamigenic poten-
tial of subduction zones (Fig. 3C). Accretionary 
prisms with seaward-vergent faults (c1 in Fig. 
3C), close to critical state and characterized by 
megathrust frictions >0.1, such as that for central 
Chile, are probably only deformed aseismically 
(Gao and Wang, 2014; Cubas et al., 2013b). No 
conclusion can be drawn for seaward-vergent 
prisms at stable state with very low effective 
friction. However, accretionary prisms show-
ing two styles of deformation, seaward- and 
landward-vergent thrusts (c2) such as southern 
Sumatra or thrust and normal faults (c3) as the 
Tohoku-Oki prism, could undergo both aseismic 
and seismic slip. At a slow slip rate, the wedge 
is at compressional critical state, characterized 
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Figure 2. Thrust vergence compared with critical taper envelops. A: Mechanical states of a wedge defined by the critical taper theory (Davis 
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Figure 3. Mechanical explanations for landward vergence in accretionary prisms. A: A strong 
sedimentation rate can increase the topographic slope, transferring the prism from the 
compressional (comp) critical state (black cross) to the landward domain (gray cross). ext.—
extension. B: A sudden decrease of the effective megathrust friction can bring the prism (black 
cross) from the compressional critical state associated with a relatively high megathrust 
effective friction to the stable landward domain of a low effective megathrust friction envelope 
(mb

eff—effective basal friction). C: Relations between thrusting, normal faulting, and vergence 
with the seismic behavior. Seaward-vergent thrust faults of a prism at compressional critical 
state are expected to be aseismic. Landward-vergent thrust faults and normal faults can be 
related to a dynamic decrease of the effective megathrust friction.
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by friction >0.1, but during frontal propaga-
tion of an earthquake, the dynamic decrease of 
the effective friction would displace the wedge 
either in the landward domain or at the exten-
sional critical limit, as inferred for the Tohoku-
Oki prism (Cubas et al., 2013a). Accretionary 
prisms with only landward-vergent thrusts such 
as Cascadia and some portions of Sumatra (c4) 
are probably mainly deformed during or shortly 
after the frontal propagation of earthquakes.

As shown by the Tohoku-Oki earthquake, 
tsunami assessment is currently strongly lim-
ited by the fact that geodetic models based on 
onshore GPS stations cannot resolve the slip 
behavior near the trench. Here we have shown 
that the deformation of accretionary prisms can 
help us apprehend seismic and tsunami risks. In 
particular, we need to pay particular attention to 
the presence of frontal landward-vergent thrust 
faults, markers of past seafloor coseismic rup-
tures leading to very large tsunamis. For these 
areas, such as the Mentawai section of Sumatra 
or Cascadia, appropriate measures should be 
taken to mitigate these risks.
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We use numerical modeling to investigate fault properties that explain key features of the 2011 Mw 
9.0 Tohoku-Oki earthquake as well as the overall regional behavior of the NE Japan megathrust. In 
particular, we study the possibility that slip near the trench resulted from thermal pressurization on 
a shallow patch of the megathrust, and investigate whether low-velocity friction on that patch is rate-
strengthening or rate-weakening. Our models also contain a deeper rate-weakening patch, not prone 
to efficient thermal pressurization, to account for the moderate-sized interplate seismicity. We produce 
earthquake sequences and aseismic slip in our models using 2D dynamic simulations that incorporate 
shear-induced temperature variations and the associated change in pore fluid pressure to capture thermal 
pressurization. We find that all our models can reproduce more frequent deeper moderate (Mw 7.5) 
events and less frequent larger events with substantial slip at shallow depth, as observed along the 
Fukushima–Miyagi segment of the Japan megathrust. However, only the scenario with a sufficiently 
rate-strengthening patch can match the thousand-year recurrence time of Tohoku-Oki-like earthquakes 
suggested by the historical and geological record, due to co-existence of seismic and aseismic slip at 
the shallow depths. This scenario also reproduces other characteristics of the Tohoku-Oki earthquake: 
the trenchward-skewed distribution of slip, the backward re-rupture of the deeper patch, as well as the 
weaker radiation at high frequency of the shallower portion of the rupture in spite of its larger slip.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The 2011 Mw 9.0 Tohoku-Oki earthquake produced exception-
ally large shallow slip, at depth between 10 and 20 km, generating 
a major tsunami (Yamagiwa et al., 2015; Bletery et al., 2014; Wei et 
al., 2012; Ozawa et al., 2011; Ide et al., 2011; Simons et al., 2011;
Ito et al., 2011) (Fig. 1a). The rupture propagated all the way to 
the trench, with the shallow-portion displacement of 15 to 40 m 
as attested from the displacement of ocean-bottom pressure gages 
(Ito et al., 2011) and comparison of bathymetric profiles measured 
in 1999 and after the earthquake in March 2011 (Fujiwara et al., 
2011).

* Corresponding author.
E-mail address: nadaya.cubas@upmc.fr (N. Cubas).

1 Now at Institut des Sciences de la Terre, Université Pierre et Marie Curie, UMR 
7193, 4 Place Jussieu, 75005 Paris, France.

This large shallow slip is most surprising since (1) the upper 
portion of the megathrust is commonly thought to slip aseismi-
cally (e.g., Byrne et al., 1992; Oleskevich et al., 1999), (2) previous 
magnitude 7.5 earthquakes had only been instrumentally recorded 
along the deeper portion of the megathrust (Fig. 1b), and (3) in-
terseismic strain accumulation models were not showing any evi-
dence for locking of the megathrust at shallow depth (Hashimoto 
et al., 2009; Loveless and Meade, 2011). It should be noted, how-
ever, that the creep at shallow depth inferred from the interseismic 
models (Hashimoto et al., 2009; Loveless and Meade, 2011) was 
essentially due to the assumed initial condition and lack of reso-
lution near the trench of the onshore geodetic data used in these 
inversions (Loveless and Meade, 2011).

Fig. 1a shows the co-seismic and afterslip models of Yamagiwa 
et al. (2015) derived from the modeling of on-shore and seafloor 
displacements. The co-seismic model is similar to the models ob-
tained by other groups incorporating seismological and tsunami 
waveforms (e.g., Bletery et al., 2014), which all show that the rup-
ture propagated close to the trench. The deeper patch of afterslip 

http://dx.doi.org/10.1016/j.epsl.2015.03.002
0012-821X/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Coseismic (colors) and postseismic (black dashed lines) slip from Yamagiwa et al. (2015) derived from the modeling of on-shore and seafloor displacements. 
(b) Interseismic coupling ratio (colors) from an updated inversion of onshore and offshore geodetic measurements based on Perfettini and Avouac (2014) but including the 
interseismic seafloor displacements of Sato et al. (2013). Comparison of the observed and predicted displacements is given in the supplementary figure. The dotted pink 
contour lines show the estimated location of rupture areas of smaller (∼M7.5) historical earthquakes (Yamanaka and Kikuchi, 2004; Shibazaki et al., 2011; Johnson et al., 
2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

outlines the downdip end of the co-seismic rupture as observed
by previous studies (Ozawa et al., 2012; Johnson et al., 2012;
Sun et al., 2014; Hu et al., 2014). There is some degree of uncer-
tainty regarding the exact amount of slip that occurred near the 
trench due to the fact that the postseismic seafloor measurements 
were acquired weeks after the mainshock. Eastward displacement 
and subsidence at station FUKU, south of the rupture area, clearly 
indicate shallow afterslip there. In contrast, the postseismic sea-
floor displacements are mostly westward above the rupture area 
and indicate a predominantly viscoelastic relaxation process there, 
over the time period covered by these measurements, from one 
month to three years after the mainshock (Sun et al., 2014;
Watanabe et al., 2014; Hu et al., 2014). The data does not rule out 
the possibility of shallow afterslip but the afterslip would need to 
be small enough to be obscured by the viscoelastic response over 
this time period. As suggested by Perfettini and Avouac (2014) (see 
their Section 6.3 and Appendix A1), some significant shallow after-
slip could have occurred over the first month. The afterslip model 
of Yamagiwa et al. (2015) shows both deep and shallow afterslip 
mostly complementary to the co-seismic rupture area. It should be 
noted that this afterslip model, similarly to others (e.g., Ozawa et 
al., 2012), assumes no slip at the trench as a boundary condition in 
the inversion. Shallow afterslip could be underestimated as a result 
of this boundary condition and of the Laplacian regularization.

An interseismic coupling model before the Tohoku-Oki event 
is shown in Fig. 1b. It is a revised version of the model given 
in Fig. 11 of Perfettini and Avouac (2014). In this revised ver-
sion, the interseismic seafloor displacements of Matsumuto et al. 
(2008) were replaced by the more recent measurements of Sato 
et al. (2013). These measurements, initially given relative to the 
North American plate, are referenced to NE Honshu assuming the 
NUVEL-1A plate motion of North America relative to Eurasia and 
the block motion of NE Honshu relative to Eurasia of Loveless and 
Meade (2011). We have considered two boundary conditions: one 
for which back-slip is prohibited near the trench (corresponding to 
a creeping trench at the long term slip rate prior to the mainshock, 
dabbed CT in the following), and another one for which back-slip 
rate at the trench is unconstrained (corresponding to a partially to 
fully locked trench prior to the mainshock, dabbed LT in the fol-

lowing). The two resulting inverted models yield nearly identical 
coupling maps, with the corresponding reduced chi-square values 
being 9.82 and 9.76, respectively; the LT model is shown in Fig. 1b. 
The LT model matches the data slightly better than the CT model 
because it has more degrees of freedom. The comparison of ob-
served and predicted displacements and residuals are shown in the 
supplementary material.

Therefore, the seafloor measurements as reported in Sato et 
al. (2013) require some amount of interseismic creep near the 
trench. This implies that the locked patches below are appar-
ently not screening the interseismic loading as would be ex-
pected from the stress shadow effect (Bürgmann et al., 2005;
Hetland and Simons, 2010). Note that the historical ruptures are all 
located in the highly coupled area, with the exception of the 1896 
Sanriku tsunami earthquake (Fig. 1b). It thus seems that the shal-
low portion of the Japan megathrust could creep aseismically, e.g. 
as afterslip and interseismically, as well as accumulate substantial 
slip during large tsunamigenic earthquakes.

The Tohoku-Oki earthquake is remarkable in two other ways. 
The large shallow slip area did not radiate much seismic energy at 
high frequencies compared to the deeper portion of the megath-
rust which experienced less slip (Ide et al., 2011; Simons et al., 
2011; Meng et al., 2011; Wei et al., 2012). A complex propagation 
was also observed, with a small initial phase of deep rupture up to 
40 s, followed by extensive shallow rupture at 60–70 s, and a con-
tinuing deep rupture lasting over 100 s (Ide et al., 2011). Finally, 
from tsunami records (Sawai et al., 2012), the last earthquake in 
the area with comparable tsunami deposits occurred in AD 869 
and hence the recurrence time of the Tohoku-Oki-like events is 
probably ∼1000 years, unless the recurrence interval is quite ir-
regular.

To reconcile these observations, Noda and Lapusta (2013) have 
suggested that the shallow megathrust could undergo aseismic 
slip at low slip rates, due to its rate-strengthening properties, as 
well as substantial coseismic slip due to efficient weakening by 
thermal pressurization of pore fluids (Sibson, 1973; Lachenbruch, 
1980; Mase and Smith, 1985, 1987; Rice, 2006). From model pa-
rameters based on lab experiments (Tanikawa and Shimamoto, 
2009), they were able to reproduce the larger slip of the shallow 
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(rate-strengthening) patch, the difference of the frequency con-
tent of seismic radiation, and the re-rupture of the deeper (rate-
weakening) patch. This dual behavior, rate-strengthening at low 
slip rates and strong weakening at seismic slip rates, was also 
observed from lab experiments on wet clays characteristic of shal-
low megathrust, and also attributed to thermal pressurization at 
high slip rates (Faulkner et al., 2011). We also note that the post-
earthquake temperature measurements in the shallow part of the 
megathrust imply a co-seismic friction coefficient of 0.08 (Fulton et 
al., 2013), which supports substantial co-seismic weakening during 
the Tohoku-Oki earthquake.

However, thermal pressurization can explain the large co-
seismic slip regardless of the rate-strengthening or rate-weakening 
behavior of the shallow zone. Since it is uncertain that the megath-
rust was fully locked up to the trench before the Tohoku-Oki event 
(Loveless and Meade, 2011), the properties of the interface can be 
rate-weakening at low slip rates. This hypothesis has been consid-
ered in dynamic simulations, which attributed the large shallow 
slip to either enhanced weakening at high slip rate by strong 
slip-weakening (Shibazaki et al., 2011), or thermal pressurization 
(Mitsu et al., 2012), or the effect of the free surface (Kozdon and 
Dunham, 2013).

Determining if the observed behavior of the megathrust that 
hosted the 2011 Tohoku-Oki event is due to an unusual rate-
weakening shallow patch or to co-seismic weakening of an oth-
erwise rate-strengthening shallow portion of the fault is of fun-
damental importance for future seismic and tsunamigenic risk as-
sessment.

In this study, we follow up on the study of Noda and Lapusta
(2013) and investigate several possible scenarios of the megathrust 
properties, some with a shallow rate-weakening patch and oth-
ers with a shallow rate-strengthening patch. All models include 
a deeper seismogenic zone where magnitude ∼7.5 earthquakes 
occur. In all scenarios, the shallow zones can undergo coseismic 
weakening by thermal pressurization. The model set-up and results 
are presented in the next two sections. To determine the most 
likely scenario, simulations results are compared to the observed 
slip accumulation of the last 300 years along the Fukushima–
Miyagi segment. The approach is conceptually similar to the mod-
eling of the Parkfield segment of the San Andreas Fault in Barbot 
et al. (2012) but under a two-dimensional approximation and in-
corporating the effect of thermal pressurization. Note that our 
models do not incorporate a free surface. The interaction of the 
earthquake-generated stress field with a free surface can promote 
large slip at shallow depth during thrust event (Oglesby et al., 
1998) and this effect may have been at play during the Tohoku-
Oki earthquake (Kozdon and Dunham, 2013). We take into account 
this discrepancy in our comparison.

2. Dynamic simulation of fault slip

2.1. Model

We use the 2D modeling approach of Noda and Lapusta (2010), 
which builds on earlier work by Lapusta et al. (2000) and Lapusta 
and Liu (2009). The approach allows to simulate slow fault slip 
as well as self-driven rupture propagation with all inertial ef-
fects under slow tectonic-type loading in a mode II configuration 
while accounting for shear heating and pore pressure changes. 
Our model consists of a planar fault embedded in a homoge-
neous elastic medium and governed by the ageing form of the 
rate-and-state friction law (Dieterich, 1979; Rice and Ruina, 1983;
Ruina, 1983):

τ = (σ − p)

(
μo + a ln

V

Vo
+ b ln

Voθ

L

)
, (1)

θ̇ = 1 − V θ

L
, (2)

where σ is the elastodynamic normal stress, p is the pore pres-
sure, σ − p = σ eff is the effective normal stress, μo and Vo are 
the reference friction coefficient and slip rate, V the slip rate, 
a > 0 and b > 0 are rate and state parameters, θ is a state vari-
able which can be interpreted as the average age of the population 
of contacts between two surfaces, and L is the characteristic slip 
for state evolution (e.g. Dieterich, 1979; Rice and Ruina, 1983;
Ruina, 1983). At constant slip rate, the shear stress τ evolves to-
wards steady state:

τss = (σ − p)

(
μo + (a − b) ln

V

Vo

)
. (3)

If a − b < 0, the friction is rate-weakening leading to a stick-slip 
behavior on large enough fault patches, whereas for a − b > 0, the 
friction is rate-strengthening allowing for stable sliding. Note, how-
ever, that rate-strengthening areas can also be locked, for example, 
after they experience seismic slip that drops their shear stress lev-
els (Noda and Lapusta, 2013).

To capture thermal pressurization leading to efficient coseis-
mic weakening, the model incorporates shear-induced temperature 
variations on the fault and the associated evolution of pore fluid 
pressure, in the form (e.g., Lachenbruch, 1980):

δT (x, y, z, t)

δt
= αth

δ2T (x, y, z, t)

δy2
+ ω(x, y, z, t)

ρc
, (4)

δp(x, y, z, t)

δt
= αhy

δ2 p(x, y, z, t)

δy2
+ 	

δT (x, y, z, t)

δt
, (5)

where T (x, y, z, t) is the temperature, p(x, y, z, t) is the pore fluid 
pressure, ω(x, y, z, t) is the shear heating source, αth is the ther-
mal diffusivity, αhy is the hydraulic diffusivity, ρc is the specific 
heat capacity, and 	 is the pore pressure change per unit temper-
ature under undrained conditions. The shear heating source is due 
to fault slip:

ω = τ V
exp (−y2/2 h2

w )√
2π hw

(6)

where hw is the half width of the shear zone.

2.2. Model set-up

Based on coseismic slip and afterslip models of the Tohoku-Oki 
earthquake (Wei et al., 2012; Perfettini and Avouac, 2014; Bletery 
et al., 2014; Yamagiwa et al., 2015) as well as on the rupture areas 
of previous more moderate earthquakes and interseismic coupling 
models (Fig. 1b), the fault is divided into 4 patches (Fig. 2):

1. A deeper rate-strengthening zone, below the seismogenic 
zone, at down-dip distance larger than 160 km from the 
trench (or depth larger than 40 km);

2. A seismogenic zone located at 80 to 160 km from the trench 
(15 to 40 km depth) where historical Mw 7.5 earthquakes have 
occurred;

3. A shallower patch prone to thermal pressurization to get en-
hanced slip in which we will explore the dependency on the 
rate and state parameter (a − b); and

4. An updip rate-strengthening patch where coseismic slip tapers 
off and postseismic slip is observed.

The models do not account for the free surface. We extend the 
up-dip and down-dip rate-strengthening zones by 40 km, to avoid 
edge effects on the cumulated slip.
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Fig. 2. Model set-up. Patch 3 has a higher reference friction coefficient consistent 
with the study of Cubas et al. (2013) and lower hydraulic diffusivity to get efficient 
thermal pressurization and enhanced slip. Different values of parameter (a − b) are 
explored along this patch.

From a mechanical analysis of the forearc deformation, Cubas et 
al. (2013) found an increase of the static friction coefficient from 
the inner wedge corresponding to the deeper seismogenic zone to 
the outer wedge where the maximum of slip occurred. We there-
fore increase the reference friction coefficient from μ1 = μ2 = 0.6
in patches 1 and 2 to μ3 = 0.7 in patch 3. The friction coefficient 
is then decreased to μ4 = 0.4 approaching the trench to simulate 
under-consolidated clay-rich sediments along the plate interface 
(Table 1). The effective normal stress can be written as:

σ eff = (1 − λ)σn (7)

where λ is the ratio between the fluid pore pressure and the litho-
static stress. This fluid pore pressure ratio has been shown to be 
larger than 0.8 along the frontal part of the forearc (Cubas et al., 
2013). Assuming a λ of 0.84, we thus set σ eff = 15 MPa at the 
trench location, and increase it linearly with depth to 40 MPa at 
the distance of 50 km from the trench (Suppe, 2014).

Obtaining rare Tohoku-Oki-like earthquakes requires avoiding 
the systematic propagation of Mw 7.5 earthquakes to the seafloor. 
To accomplish that, we explore models that have efficient thermal 
pressurization only in the relatively shallow patch 3, and not in 
patch 2 designed to host the observed Mw 7.5 earthquakes. The 
efficiency of thermal pressurization can be estimated through the 
characteristic slip L∗ (Rice, 2006):

L∗ = 4

μ2
0

(
ρc

	

)2 (
√

αhy + √
αth)

2

V
. (8)

Slip comparable to L∗ induces substantial thermal pressuriza-
tion, and hence substantial weakening, in a model where slip 
is confined to a mathematical plane. In this study, following 
Noda and Lapusta (2010), we distribute the slip over a narrow 
but finite shear zone while computing the temperature evolution 
(Eqs. (4)–(6)), and hence L∗ is an approximation useful in the 

Table 1
Mechanical and hydraulic properties used in dynamic simulations.

Symbol Value

Shear modulus G 30 GPa
Poisson’s ratio ν 0.25
Shear wave speed cs 3 km/s

Plate velocity V plate 8.5 cm/yr
Reference slip rate V 0 10−6 m/s
Characteristic slip distance L 0.004 m
Parameter a a 0.01
Static friction, patches 1 and 2 μ1, μ2 0.6
Static friction, patch 3 μ3 0.7
Static friction, patch 4 μ4 0.4

Specific heat ρc 2.7 MPa/K
Hydraulic diffusivity, patches 1, 2 and 4 αhy 1, αhy 2, αhy 4 10−1 m2/s
Hydraulic diffusivity, patch 3 αhy 3 3.10−3 m2/s
Thermal diffusivity αth 10−6 m2/s
Undrained p/T 	 0.1 M Pa/K
Half width of shear zone hw 10−2 m

order-of-magnitude sense. Since hydraulic diffusivity αhy is typi-
cally much larger than the thermal diffusivity αth , L∗ is approxi-
mately proportional to αhy , which varies by orders of magnitude 
in laboratory studies of fault samples (Tanikawa and Shimamoto, 
2009). To get thermal pressurization only in patch 3, we use rel-
atively small hydraulic diffusivity there (Table 1) and larger val-
ues elsewhere, with all values within laboratory measurements of 
Tanikawa and Shimamoto (2009). In the shallowest patch 4, the 
larger hydraulic diffusivity simulates unconsolidated clays close 
to the trench. Even in patch 3, the chosen parameters lead to 
L∗ = 18 m, enabling only relatively large slips of the order of 10 m 
to activate efficient weakening.

All other parameters are constrained to their commonly used 
values (Noda and Lapusta, 2010, 2013; Table 1). We simulate fault 
slip over thousands of years using the spectral boundary integral 
approach (Lapusta et al., 2000; Lapusta and Liu, 2009; Noda and 
Lapusta, 2010). Following the criteria described in Lapusta and Liu
(2009), the 280-km-long megathrust is discretized into 40-m cells.

3. Results

3.1. Dependence of the model behavior on parameter (a − b)

We explore the dependence of the model behavior on the 
value of (a − b) of patch 3 (Table 2), considering several typical 
rate-strengthening values, from 0.004 to 0.011 (Models A1–A4), 
the rate-neutral case (a − b = 0.0; Model B) and finally a rate-
weakening value (a − b = −0.004; Model C1).

All models reproduce some of the Fukushima–Miyagi segment 
characteristics (Figs. 3 and 4): the alternation between deeper 
moderate events and much larger events with large slip along 
patch 3, as well as the shallow postseismic slip. We refer to these 
much larger events as ‘large’ events in the following. Since the sim-
ulations are 2D, we cannot determine the exact magnitude of these 
earthquakes. According to their slip (typically of the order of me-
ters) and the along-dip extent of the ruptures (about 80 km), the 
moderate earthquakes correspond to a magnitude ranging from 7 
to 8.

There are, however, important differences between the response 
of the models. The first one is in the recurrence time of large 
events. In Models A1–A4 and, to some extent, in Model B, in-
terseismic slip takes place up-dip, including in patch 3 which 
is rate-strengthening at low slip rates, increasing the recurrence 
time of large events. Since no interseismic slip can occur along 
most of the shallow rate-weakening patch 3 in model C1 (a − b =
−0.004), the recurrence time of large events in that model is de-
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Table 2
Rate and state parameters and hydraulic diffusivity along patch 3.

Parameter 
a

Parameter 
b

Coefficient 
a − b

Hydraulic diffusivity αhy

(m2/s)
Parameter L
(m)

Model A1 0.01 0.001 0.009 3.10−3 0.004
Model A2 0.012 0.001 0.011 3.10−3 0.004
Model A3 0.01 0.003 0.007 3.10−3 0.004
Model A4 0.01 0.006 0.004 3.10−3 0.004

Model B 0.01 0.01 0.0 3.10−3 0.004

Models C1, C4 0.01 0.014 −0.004 3.10−3 0.004
Model C2 0.01 0.014 −0.004 3.10−4 0.004
Model C3 0.01 0.014 −0.004 3.10−3 0.1
Model C5 0.01 0.014 −0.004 3.10−3 10

termined by the amount of co-seismic slip. In the presented ex-
ample, the recurrence time is relatively short, ranging between 
200 and 250 years. The smaller recurrence time of larger events 
leads to smaller number of moderate events. Some of them rup-
ture patch 3, in contradiction with the observed historical seis-
micity along the Fukushima–Miyagi segment which is confined to 
patch 2. As expected, the recurrence time increases with larger, 
rate-strengthening (a − b) (Figs. 3–4): from three hundred years in 
Model A4 (a −b = 0.004) to about four hundred years in Model A3 
(a − b = 0.007), to a thousand years in Model A1 (a − b = 0.009), 
and more than two thousand years in Model A2 (a −b = 0.011). As 
a consequence, the number of Mw-7.5-like earthquakes observed 
between large events as well as their magnitude increase with 
larger recurrence time.

So, clearly, making patch 3 more rate-strengthening increases 
the recurrence time of large events, allowing the model to match 
the inferred recurrence time of about a thousand years for the 
Japan megathrust. Another way to increase the recurrence time for 
a model with a rate-weakening patch, such as Model C1, is to have 
larger co-seismic slip in patch 3. This larger co-seismic slip can 
be achieved with a more efficient shear-induced weakening along 
patch 3. To explore this avenue, we decrease the hydraulic diffusiv-
ity in patch 3 of Model C1 by one order of magnitude (Model C2, 
αhy = 3.10−4 m2/s; Fig. 5a). This change leads to the decrease of 
L∗ from 18 m to 2 m, facilitating more slip during large events. In-
deed, the recurrence time increases from 200 years to 300 years 
(Fig. 5a). To increase the recurrence time in a model with rate-
weakening patch 3 to a thousand years, a much larger co-seismic 
slip in patch 3, of 80 to 90 m would be required throughout 
patch 3; however, such large co-seismic slip over a large fault area 
is inconsistent with observations.

Yet another way to increase the recurrence time of large events 
would be to increase the nucleation size of earthquakes over 
patch 3. This can be achieved either by decreasing the effective 
normal stress or by increasing parameter L. The increase of nucle-
ation size could also lead to transient slow slip events. However, 
the decrease of the effective normal stress would result in a small 
shear stress drop and would not produce large shallow slip. We 
thus test the effect of an increase of parameter L.

3.2. Effect of an increase of the nucleation size

Earthquakes can develop in a rate-weakening patch only if the 
size of the patch exceeds the nucleation size (e.g., Rice and Ruina, 
1983; Rice, 1993; Rubin and Ampuero, 2005). One theoretical es-
timate of the earthquake nucleation size, h∗

RR , was derived by Rice 
and Ruina (1983) using the linear stability analysis of steady slid-
ing:

h∗
RR = π

4

G / (1 − ν) L

(b − a)σ
. (9)

Another one is from Rubin and Ampuero (2005), h∗
RA , derived 

for the parameter regime (a/b) > 0.5 using the energy balance for 
a quasi-statically extending crack:

h∗
RA = 2

π

G / (1 − ν)b L

(b − a)2 σ
. (10)

For Model C3 (Table 2), we choose L = 0.1 m in order to get a 
nucleation size comparable to the size of patch 3 (h∗

RR = 24.5 km, 
h∗

RA = 69.6 km). We observe the same alternation between deeper 
moderate events and large events with large slip along patch 3, as 
well as the shallow postseismic slip (Fig. 6a). After large events, 
patch 3 is first locked and then creeps aseismically. The recurrence 
time of large earthquakes is increased in comparison to Model C1, 
to about 430 years. Larger values of L lead to more interseismic 
creep in patch 3 between large events and a longer recurrence 
interval, about 545 years for L = 10 m (Fig. 6b). This is under-
standable, since increasing values of L lead to increasingly stable 
slip on the patch; if L were infinite, the patch would behave as 
a velocity-strengthening one with the effective (a − b) given by a
(0.01 in this model). Note that even L = 10 m does not allow us to 
match the thousand-year recurrence times as observed, and such 
large values of L do not have any experimental support.

3.3. Effect of a rate-strengthening barrier between two rate-weakening 
patches

To potentially avoid moderate events rupturing both patches 2 
and 3 as well as decrease the number of large events of Model C1, 
we also explore the effect of a rate-strengthening barrier between 
patches 2 and 3 (Fig. 5b). In Model C4, a 10 km barrier has been 
added with the same reference friction coefficient and hydraulic 
diffusivity as in patch 2 and (a − b) = 0.009. A similar recurrence 
time for large events is obtained (in comparison with Model C1), 
although moderate events extending over both patches 2 and 3 be-
come more limited. However, all large earthquakes nucleate in the 
shallow rate-weakening patch, which also hosts some small events. 
This is because it is easier to propagate through the barrier from 
patch 3, which has much larger slip due to dynamic weakening, 
than from patch 2. In Model C4, once the event nucleates close to 
the middle of the fault in patch 3, it readily propagates up because 
of dynamic weakening but its propagation down is delayed by the 
presence of the barrier. We do not observe backward propagation. 
The same conclusion should hold for stronger barriers (the ones 
with either larger values of the velocity-strengthening parameter 
(a −b) or large sizes), and hence simulations with stronger barriers 
would also have largest events that start in patch 3 and propa-
gate into patch 2, contrary to the observations of Ide et al. (2011). 
For strong enough patches, the events that span both patches 2 
and 3 will disappear altogether. On the contrary, weaker barriers 
(the ones with either less velocity strengthening or smaller sizes) 
would induce more events over patches 2 and 3.
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Fig. 3. Accumulated slip as a function of the distance along the fault, for (a) Model A1, rate-strengthening patch 3 (a − b = 0.009); (b) Model B, rate-neutral patch 3 
(a − b = 0.0); (c) Model C1, rate-weakening patch 3 (a − b = −0.004). Dashed red lines show coseismic slip every 4 seconds, thick blue lines indicate interseismic slip every 
50 years, thin black lines signify the end of each earthquake. Here and in similar figures, zero slip corresponds to fault slip after several tens of simulated earthquakes, to 
focus on the long-term response of the model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Large events characteristics

We now compare characteristics of large events in models 
with a velocity-strengthening (Model A1) and velocity-weakening 
(Model C4) patch 3 with the 2011 Tohoku-Oki earthquake. First, 
the slip distribution with depth is approximately reproduced in 
both models. An exact comparison of the slip values is not use-

ful since our models are 2D and hence approximate. Furthermore, 
the simulated values can be somewhat adjusted by adjustments of 
the model parameters such as friction coefficient values, hydraulic 
diffusivity etc.

Next, we examine the frequency content (Fig. 7a). For both 
models, we observe more high frequency radiation along the 
deeper patch and more low frequency radiation along the shal-
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Fig. 4. Accumulated slip as a function of the distance along the fault with rate-strengthening patch 3 for different a − b values: (a) Model A2 (a − b = 0.011); (b) Model A3 
(a − b = 0.007); (c) Model A4 (a − b = 0.004). Dashed red lines show coseismic slip every 4 seconds, thick blue lines indicate interseismic slip every 50 years, thin black lines 
signify the end of each earthquake. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

lower patch. This difference is due to the difference in thermal 
pressurization efficiency as already reported by Noda and Lapusta
(2013). The difference is larger with Model A1, probably because of 
the enhanced thermal pressurization, and perhaps also due to the 
initial rate-strengthening response in patch 3 for Model A1. Still, 
both models reproduce the observation that high frequency waves 
during the Tohoku-Oki earthquake were dominantly generated by 
the deeper part of the rupture (Ide et al., 2011; Meng et al., 2011;
Wei et al., 2012).

Note that nucleation in the middle of the fault is required to 
reproduce the rupture pattern of the 2011 Tohoku-Oki earthquake 
as determined by Ide et al. (2011). The rupture went down first, 
then up, then down again, re-rupturing the bottom patch (Fig. 7b). 
This pattern occasionally occurs in Models A1, C1, C2 and C3 but 
never in Model C4 with a barrier. In Model A1, earthquakes cannot 
nucleate in the rate-strengthening patch 3, and hence all events 
nucleate in the deeper rate-weakening patch 2. Once in a while, 
an event penetrates into the rate-strengthening patch 3 energet-
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Fig. 5. Accumulated slip as a function of the distance along the fault for (a) Model C2, with rate-weakening patch 3 prone to more efficient shear-heating-induced weakening 
than Model C1 and (b) Model C4 with a rate-strengthening barrier of 10 km between patch 2 and 3. The rate-strengthening barrier has the same static friction μ and 
hydraulic diffusivity αhy as patch 2. Dashed red lines show coseismic slip every 4 seconds, thick blue lines indicate interseismic slip every 50 years, thin black lines signify 
the end of each earthquake. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ically enough to activate shear-heating-induced weakening there 
through pore fluid pressurization, in which case a large event re-
sults. If a large event nucleates at the transition between the shal-
low rate-strengthening and rate-weakening patches, the timing of 
the rupture propagation observed during the Tohoku-Oki earth-
quake is quite well reproduced in Model A1 (Fig. 7c). The rupture 
first propagates for 38 s downdip, then exhibits extensive shal-
low slip between 40 and 75 s, and then re-ruptures the downdip 
megathrust up to 100 s, very similar to what has been observed 
by Ide et al. (2011) for the Tohoku-Oki event.

Another intriguing particularity is observed with Model A1: su-
pershear speeds are reached by the rupture front along the shal-
low rate-strengthening patch. Such behavior was also observed by 
Kaneko and Lapusta (2010) for a model with linear slip-weakening 
friction close to the free surface. In both cases, the behavior is 
likely due to low effective normal and shear stresses close to the 
free surface, which make the stress perturbations coming with 
waves from the deeper portions of the fault significant enough to 
transition the rupture to supershear.

Note that high, above-melting temperatures are reached at the 
deeper rate-weakening patch in our models during large events. 

The models can be improved by either incorporating the ef-
fects of melting, which could involve a combination of weakening 
and strengthening of the fault (Tsutsumi and Shimamoto, 1997;
Di Toro et al., 2006), or modifying the friction properties so that 
the melting temperatures are not reached. In the latter case, the 
reference friction coefficient or the effective normal stress need to 
be reduced. Co-seismic weakening, e.g. efficient thermal pressur-
ization, can also be incorporated in that region, although, without 
other changes, that would lead to larger slips there, potentially 
contrary to observation, especially during the re-rupturing of those 
portions of the fault.

4. Discussion – conclusion

This study shows that fault models with rate-and-state friction 
that incorporate enhanced co-seismic weakening due to thermal 
pressurization at a distance of 40 to 80 km from the trench repro-
duce several inferred features of the 2011 Tohoku-Oki earthquake 
as well as the overall fault behavior in the region. Such models re-
produce an observed alternation between several deeper moderate 
(M ∼ 7.5) events and much larger (M ∼ 9) events that accumu-
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Fig. 6. Accumulated slip as a function of the distance along the fault for (a) Model C3, with rate-weakening patch 3 with a larger value of L (0.1 m) resulting in the nucleation 
size larger than patch, and (b) even larger L = 10 m. Dashed red lines show coseismic slip every 4 seconds, thick blue lines indicate interseismic slip every 50 years, thin 
black lines signify the end of each earthquake.

late significant slip close to the trench. The models also reproduce 
dominant high-frequency radiation from the deeper portions of the 
fault as well as the complex up- and down-dip rupture propaga-
tion inferred for the 2011 event. These features are reproduced 
regardless of whether the shallower portions of the fault (between 
40 and 80 km in our models) have rate-strengthening or rate-
weakening friction properties at low slip rates.

The comparison of our models with the inferred ∼1000-year 
recurrence of the largest events as well as the seismic behavior 
over the last 300 years favors a rate-strengthening friction of the 
shallower patch at low slip rates. The rate-strengthening proper-
ties result in interseismic creep in addition to occasional significant 
co-seismic slip, allowing the model to reproduce the inferred re-
currence times of the order of 1000 years. We are not able to 
reproduce such a long recurrence time in any other model, in-
cluding ones with a barrier. The rate-strengthening properties near 
the trench also explain the lack of smaller seismicity near the 
trench in the last 300 years (except for the rare large events), as 
observed along the Japan megathrust as well as along most sub-
duction megathrusts worldwide (Byrne et al., 1992).

With a rate-weakening shallow patch, (1) the recurrence time 
of large events is smaller than the one inferred from tsunami 

records and (2) moderate events could rupture both patches 2 
and 3, in contradiction with the observed location of Mw 7 to 8 
earthquakes along the Fukushima–Miyagi segment. A barrier be-
tween the two rate-weakening patches results in nucleation from 
the shallow patch for large events, in contradiction with the obser-
vations. A more efficient thermal pressurization or a larger value 
of L can increase the recurrence time but without reaching the 
1000 years deduced from tsunami records. Models with large val-
ues of parameter L (such as C3) produce more shallow slip, varia-
tion of coupling during the interseismic period as proposed by Sato 
et al. (2013), and possible slow slip events. However, the model 
does not reproduce the observed recurrence time for the values of 
L as high as 10 m, and such large values do not have much labo-
ratory or theoretical support.

The efficient thermal pressurization is obtained along the shal-
low portion of the megathrust by a local increase of static friction 
and decrease of the hydraulic diffusivity. The increase of static fric-
tion is consistent with values retrieved by Cubas et al. (2013). In 
addition, the work of Cubas et al. (2013) found a long-term low 
effective friction as well as a dynamic increase of the pore pres-
sure along the high slip patch, both consistent with a locally low 
permeability leading to more efficient thermal pressurization. This 
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Fig. 7. (a) Comparison of Welch Power Spectral Density Estimate (Welch, 1967) of the slip rate for the deeper and shallower patches of models C4 and A1 for a representative 
large event. Slip rate as a function of time and distance from the trench (b) from the work of Ide et al. (2011) for the 2011 Tohoku-Oki event, (c) from model A1, when a 
large earthquake nucleates at the rate-strengthening/rate-weakening transition as in Fig. 3a (slip rate is plotted every 2 s).

local variation in permeability could be related to the low incom-
ing sediment thickness or the disrupted oceanic crust by horst and 
grabben.

The main limitation of our models is their much simplified 
geometry. First, our models do not truly account for the free sur-
face, although they do incorporate an increase of the stresses with 
depth which is one of the features due to the free surface. The 
true free surface would further promote slip along the high slip 
patch and at the surface (e.g., Kozdon and Dunham, 2013). Since 
the shallow coseismic and postseismic slips produced by our sim-
ulations are lower than those retrieved from the observations, such 
enhanced slip at the surface would actually bring our simula-
tions closer to the observations. Second, our model considers a 
planar 1-D fault embedded into a 2-D elastic medium, whereas 
the megathrust has a complex 3D shape and, in particular, it is 
curved next to the trench. The important advantage of our simu-
lations is their ability to consider long slip histories and faithfully 

reproduce the interaction of seismic and aseismic slip. It would 
be important to verify the conclusions of this study in fully 3D 
simulations of a non-planar megathrust with a true free surface, 
although we anticipate that the results would be qualitatively simi-
lar. However, such simulations of long slip histories are not feasible 
at present.

Overall, our study shows that the features of the great 2011 
Tohoku-Oki earthquake as well as historic observations in the area 
are consistent with the traditional picture of rate-strengthening 
(and mostly aseismic) shallow portions of megathrusts, with the 
caveat of their potential co-seismic weakening during extreme 
events. When such ‘stable’ areas do weaken co-seismically, they 
have the potential to accumulate large seismic slips due to nearly 
complete stress drops. Hence it is important to assess the po-
tential and consequences of such rare but catastrophic events on 
other fault segments that are currently considered to be stable (i.e., 
creeping or decoupled).
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The seismogenic potential of a given fault depends essentially on its frictional properties and on the
mechanical properties of the medium. Determining the spatio-temporal variations of frictional properties
is therefore a key issue in seismotectonics. This study aims to characterize the friction on the South
America megathrust in the 2010 Mw 8.8 Maule earthquake area from mechanical analysis of the forearc
structure and morphology. Based on the critical taper theory, we first show that the rupture area of the
Maule earthquake, also shown to be locked in the interseismic period, coincides with the stable part of
the wedge. In the surrounding area, the wedge is critical, a finding consistent with various evidence for
active deformation there. This is in particular true for the Arauco Peninsula area which seems to have
arrested the Maule earthquake’s rupture to the South. This observation lends support to the view that
the seismic rupture is inhibited when propagating beneath a critical area. The geometry of the critical
portion of the wedge suggests a standard internal friction (μint = 0.7 ± 0.13) and a hydrostatic pore
pressure within the wedge. The effective friction beneath the critical outer wedge is estimated to be
μ

eff
b = 0.27 ± 0.03. This could be related to intrinsically low friction minerals (clay) or high pore pressure

along the megathrust. We next use the limit analysis approach to constrain the variation of the effective
friction along the megathrust based on the location and geometry of internal faulting within the forearc.
A low effective friction is found within the rupture area (μeff

b � 0.14) to explain the reactivation of
thrust fault such as the Santa Maria, updip of the coseismic rupture, or the activation of normal splay
faults downdip of the rupture area. The low effective friction found there could reflect strong dynamic
weakening.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The determination of the mechanical properties of subduction
megathrusts and forearcs is an important goal of seismotecton-
ics for a number of reasons. First, these properties determine
the mechanical coupling across the subduction zone and, as such,
are thought to influence state of stress, elevation and deforma-
tion style of the continental margin (e.g., Hassani et al., 1997;
Bonnardot et al., 2008; Lamb and Davis, 2003). Second, the factors
that determine the seismic potential of a subduction megathrust
remain poorly understood and there are hints that the structure
and mechanical state of the forearc might provide some insight. In
particular, the shallower, presumably rate-strengthening portion of
the megathrust is thought to possibly coincide with the extent of
the outer accretionary prism, the most frontal part of the forearc
formed of imbricated thrust sheets of accreted sediments, which

* Corresponding author.
E-mail address: cubas@caltech.edu (N. Cubas).

is considered to deform internally (Byrne et al., 1987; Ruff and
Tichelaar, 1996; Fuller et al., 2006; Wang and Hu, 2006). The limit
between the deforming wedge and the more internal stable part
of the wedge would then mark the updip portion of the seismo-
genic zone as suggested from the correlation between the rupture
extent of large megathrust earthquakes with shelf-terraces or fore-
arc basins marked by local gravity lows (Song and Simons, 2003;
Wells et al., 2003). Splay faults are commonly observed at the
backstop of the deforming wedge and their location seem to mark
the updip limit of megathrust ruptures (Collot et al., 2008). The
fact that splay faults form at the transition between aseismic and
seismic patches has also been observed in analog experiments
(Rosenau and Oncken, 2009). As the morphology of the deform-
ing accretionary prism naturally evolves toward a critical geometry
determined by the friction along the megathrust and the wedge
strength (Davis et al., 1983), the frictional properties could then
control both the seismogenic behavior and the forearc morphol-
ogy.

In this study, we analyze the forearc structure and morphology
in the area of the 27th February 2010 Mw 8.8 Maule earthquake

0012-821X/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsl.2013.07.037
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Fig. 1. (a) Coseismic slip model of the 2010 Mw 8.8 Maule earthquake obtained by Lin et al. (2013) from inversion of geodetic, seismic and tsunami data, and slip model
for the northern rupture of the 1960 Mw 9.5 Valdivía earthquake from Moreno et al. (2010) in green. Large red stars: locations of hypocenters, small blue stars: Pichilemu
normal aftershocks. Surface evidence of the Pichilemu sequence are reported in blue. (b) Morpho-structural map of South Central Chile (based on Melnick and Echtler, 2010;
Melnick et al., 2006, 2009; Geersen et al., 2011; Farías et al., 2011; Schobbenhaus and Bellizzia, 2001). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

to place constraints on the frictional properties of the megath-
rust. In the following section, we review the characteristics and
the seismotectonic setting of the study area. We assess next a
possible correlation between the spatial variations of the fric-
tional properties and the mode of slip along the megathrust. To
constrain the frictional properties, two different approaches are
used. The first one, presented in Section 3, relies on the criti-
cal taper theory (Davis et al., 1983; Dahlen, 1984). The second
approach, applied to the deeper locked section is presented in
Section 4 and relies on the limit analysis theory (Salençon, 2002;
Maillot and Leroy, 2006). It is used to retrieve spatial variations
of effective basal friction required to explain the location of some
documented splays faults.

2. Seismotectonic setting and characteristics of Maule
earthquake

The Maule earthquake ruptured the Concepción segment (33◦S–
38◦S) of the South America megathrust which accommodates the
65–85 mm/a convergence between the Nazca and South America
plates (DeMets et al., 1994; Angermann et al., 1999) (Fig. 1). Prior
to 2010, it had last ruptured in 1835 and therefore had been iden-
tified as a seismic gap (Campos et al., 2002; Ruegg et al., 2009;
Madariaga et al., 2010). A number of coseismic slip models of the
Mw 8.8 Maule earthquake have been derived (Lin et al., 2013;
Delouis et al., 2010; Lorito et al., 2011; Vigny et al., 2011). Al-
though they vary regarding the details, most of them are quite
similar to first order. In this study, we refer to the particular
coseismic model of Lin et al. (2013) which was derived from

seismological, GPS, inSAR and tsunami data (Fig. 1a). Geodetic
strain measured before the earthquake shows that the 80 km ×
350 km rupture area coincides with a portion of the plate in-
terface that had remained strongly locked (Moreno et al., 2010;
Métois et al., 2012). As indicated from the relatively modest
tsunami, the rupture didn’t reach the trench (Lorito et al., 2011;
Lin et al., 2013). The down-dip extent of the rupture follows the
coastline as often observed for large megathrust earthquakes along
the South America subduction zones (Ruff and Tichelaar, 1996;
Sladen et al., 2010). The southern end of the rupture coincides
with the Arauco Peninsula (Fig. 1b), an anomalous trench-coast
distance and relief feature, which is known to have also acted as a
barrier for past earthquakes (Lomnitz, 1970; Kaizuka et al., 1973;
Melnick et al., 2009; Contreras-Reyes and Carrizo, 2011).

The mainshock induced aftershocks including a number of
events with a thrust mechanism on the plate interface in the area
surrounding and adjacent to the coseismic rupture (Rietbrock et
al., 2012). Evidence for activation of forearc structures was also
observed. These include normal faults near the town of Pichilemu
which produced a major sequence of shallow aftershocks with two
major events of magnitude Mw = 6.9 and 7.0 (Ryder et al., 2012;
Farías et al., 2011) (Fig. 1a). The seismicity delineates an NW trend,
consistent with the location and orientation of secondary surface
cracks (Farías et al., 2011), and shows an SW dip between 40 and
83◦ from the surface down to the interplate (Fig. 1a). Evidence
of activation of thrust faulting within the forearc was found on
the Santa Maria island (Fig. 1b). The elevated topography of the
island itself was formed as a result of thrusting along a 72◦W dip-
ping backthrust fault which most probably roots at depth into the
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Fig. 2. Structural profiles from cross-sections AA′ and BB′ of Fig. 1b, modified from Melnick et al. (2006) and Geersen et al. (2011).

megathrust (Fig. 2, top) as highlighted by the seismicity recorded
before the 2010 earthquake (Melnick et al., 2006). This backthrust
fault has been interpreted as an inverted Early Pliocene normal
fault related to the rift structure of the Arauco shelf basin (Melnick
et al., 2006). The island has been the focus of previous studies be-
cause of repeated earthquake-related uplift. Melnick et al. (2012)
reported a 1.6 m uplift during the 2010 earthquake, Darwin (1851)
measured 2.4 m to 3 m of uplift two and six weeks after the 1835
M > 8 earthquake (Lomnitz, 1970), while Melnick et al. (2006) es-
timated a 6 m uplift related to the 1751 M > 8 event. The island is
located close to the updip limit of the coseismic rupture (Fig. 1a).
The splay fault may have been activated during or after the main-
shock.

There is additional geological evidence for active deformation
of the forearc at various other places offshore and onshore. Some
splay faults are documented from geophysical investigations within
the accretionary prism (Melnick et al., 2006, 2009; Geersen et
al., 2011). These thrust faults are clear indication that the outer
wedge is in critical state in the sense of the critical taper theory
(Fig. 2). Both the Nahuelbuta range and the Arauco Peninsula are
actively deforming as suggested from their relief and uplift docu-
mented from raised shorelines and thermochronology (Melnick et
al., 2009). The relief of the Nahuelbuta Range is twice the relief
of the coastal cordillera, and its exhumation rate has been esti-
mated to be 0.03–0.04 mm/a until 4 ± 1.2 Ma, with an increase
to <0.2 mm/a since that time (Glodny et al., 2008). At the Arauco
Peninsula, the maximum uplift rate obtained is 1.8 ± 0.4 mm/a
over the past 50 ka (Melnick et al., 2006) and 2.3 ± 0.2 mm/a over
the past 3 ka (Bookhagen et al., 2006). In the following section we
use the information on the morphology, structure and deformation

of the forearc to constrain its mechanical state and friction along
the megathrust. We assume that the state of stress of the forearc
wedge above the megathrust is limited by its brittle strength and
analyze the implications for the stress level along the megathrust.
The analyzed domain extends from the trench to the Nahuelbuta
range. The analysis provides an estimate of the quasistatic stresses
within the wedge and along the megathrust needed to bring the
wedge to the verge of brittle failure. Deformation in the deeper
area, where the megathrust reaches a depth of about 50 km, might
in fact be ductile. The analysis still provides some insight but the
inferred basal friction might then be seen as an effective basal fric-
tion, a proxy for viscous stress. However we believe that this area
is still dominantly in the brittle domain based on the relatively low
temperature estimated from thermokinematic modeling (less than
400 ◦C according to Völker et al., 2011), the distribution of after-
shocks (Rietbrock et al., 2012) and the time-evolution of afterslip
which suggests a brittle creep mechanism (Lin et al., 2013).

3. Constraints derived based on the critical taper theory

The Coulomb wedge theory considers the mechanics of an ac-
cretionary wedge as analogous to sand pushed by a moving bull-
dozer along a frictional décollement (Davis et al., 1983). The wedge
evolves into a critical geometry, corresponding to a point of in-
ternal state of stress for which the whole wedge including the
basal décollement is on the verge of Coulomb failure. If the dé-
collement is planar and material properties are homogeneous, the
critical wedge is triangular for a cohesionless wedge. The condi-
tions for stress equilibrium, Coulomb yielding of the wedge and
frictional sliding along its base have an analytical solution. In fact



N. Cubas et al. / Earth and Planetary Science Letters 381 (2013) 92–103 95

Fig. 3. (a) Initial and smoothed topography and slab morphology of the AA′ cross-section of Fig. 1b. (b) Topographic slope and slab dip of the cross-section AA′ compared
to 3 different critical envelopes for an internal angle of friction of 30◦ , two different pore pressure, one hydrostatic (λ = 0.4), one high (λ = 0.8) and two different angles of
effective basal friction (5◦ and 10◦).

two critical states can be defined: one in which the wedge is
on the verge of failure in horizontal compression and another in
which the wedge is on the verge of failure in horizontal exten-
sion. In this study, we use the solution for a cohesionless wedge
established by Dahlen (1984) and generalized with a Mohr’s con-
struction by Lehner (1986). The critical taper angle is a function
of the angle ΨB formed by the maximum principal stress σ1 and
the base of the wedge, and the angle Ψ0 formed by σ1 and the
top of the wedge. The solution corresponding to the compressional
branch is:

(α + β)c = ΨB − Ψ0, (1)

where the subscript c means critical and the two angles ΨB and
Ψ0 are

ΨB = 1

2
arcsin

(
sinφ′

b

sinφb

)
− 1

2
φ′

b, (2)

Ψ0 = 1

2
arcsin

(
sinα′

sinφint

)
− 1

2
α′. (3)

The angles φint and φb are the internal and basal angles of friction.
They are defined as:

μint = tanφint,

μb = tanφb.

The two angles φ′
b and α′ introduced in (2) and (3) are such that

tanφ′
b =

(
1 − λb

1 − λ

)
tanφb, (4)

α′ = arctan

[(
1 − ρw/ρ

1 − λ

)
tanα

]
. (5)

They account for the pore fluid pressure through the generalized
internal and basal Hubbert–Rubbey fluid pressure ratios λ and λb:

λ = P + ρw g D

|σz| + ρw g D
,

λb = Pb + ρw g D

|σz| + ρw g D
, (6)

with ρ and ρw being the densities of the wedge material and
pore fluid (water), D the water depth and σz the vertical stress.
As shown by Wang et al. (2006), the solution is exact if λ = λb ,
otherwise it is a valid approximation if a small taper is assumed.
The reader is referred to Lehner (1986) for the full equations.
For the sake of clarity, we define an effective basal friction as
μ

eff
b = tan φ

eff
b = (1 − λb) tan φb .

The theoretical relation (1) between α and β forms a critical
envelope defining three different mechanical states (Fig. 3b):

(1) a critical state, the wedge is on the verge of failure every-
where, in horizontal compression along the lower branch and
in horizontal tension along the upper branch of the envelope.

(2) a stable state, if the taper angle lies in between the envelope
limits. The wedge is mechanically stable and can slide along
the décollement without any internal deformation.
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Fig. 4. Upper and lower bound of acceptable effective basal friction, as a function of the internal friction for different Hubbert and Rubbey parameter λ (Fig. 4) for the Maule
segment (a), the Arauco Peninsula (b) and the Northern Valdivía segment (c). Cross-sections variability is represented in light gray for the upper bound, in dark gray for the
lower bound. The thick black lines are the means.

(3) unstable state, if the taper lies outside the envelope. The
Coulomb yielding limit on the strength of the wedge implies
that the taper angle of a wedge in quasistatic equilibrium can-
not be lower than the critical taper in compression nor higher
than the critical taper in extension; a wedge lying in the area
outside the envelope is therefore unstable.

As shown in the appendix, the critical taper theory holds for a
curved megathrust as long as its radius of curvature is large com-
pared to the wedge thickness.

The observed topographic slope and dip angle of the megath-
rust are consequently used to place constraints on the model pa-
rameters. The α–β curve describing the geometry of the forearc
must lie within the area defined by the critical envelope as in the
cross-section AA′ (Fig. 1b) in Fig. 3. A given portion of the fore-
arc can either be in the stable domain or in a critical state, in
which case some evidence for internal deformation of the wedge
would be expected. The topographic slope and the slab dip along
sections across the south central Chilean forearc are thus used to
determine the range of possible values of the model parameters so
that the wedge is everywhere stable or in a critical state. We ana-
lyzed 300 km long profiles. To determine the topographic slope α,
we used ETOPO1 (Amante and Eakins, 2009, resolution 1′). To fil-
ter out the high-frequency content, the topographic profiles were
smoothed using a sliding window. Different smoothing functions
(triangular and rectangular) and width (10, 25 and 40 km) were
tested. The reader is referred to the appendix for the discussion
of the details and presentation of these tests. Only the results ob-
tained with the topography smoothed by a 25 km wide rectangular
window are shown here. The slab geometry is extracted from the
slab 1.0 model of Hayes et al. (2012) which is based on a large
compilation of data from active source, passive seismology and po-
sition of trenches (resolution 0.02◦).

We distinguish three different areas: the northern one corre-
sponds to the 2010 Mw 8.8 Maule earthquake rupture, the central
one to the Arauco Peninsula area, and the southern one to the
northern part of the 1960 Mw 9.5 Valdivía earthquake rupture
(Fig. 1a). For each area, the upper (compression) and lower (ex-
tension) bound of acceptable effective basal friction angles as a
function of the internal friction angle assuming different internal
pore pressure ratios are determined (Fig. 4).

The three areas show a similar range of acceptable parameters.
For an angle of internal friction of φint = 35◦ (μint = 0.7) and a hy-

drostatic fluid pore pressure ratio (λ = 0.4), the angle of effective
basal friction has to be 1◦ � φ

eff
b � 16◦ (0.017 � μ

eff
b � 0.286). For

a very high internal pore pressure ratio (λ > 0.8), the acceptable
range narrows down to: 1◦ � φ

eff
b � 5◦ (0.017 � μ

eff
b � 0.08). This

analysis shows that the basal effective friction must be relatively
low, less than about 17◦ (μeff

b < 0.3) if a standard value of the in-
ternal friction angle (30–40◦) and a hydrostatic pore pressure ratio
are assumed (λ = 0.4).

Tighter constraints can be determined from the measured ta-
per angle on those areas which are known to be in a critical
state based on evidence of forearc deformation reviewed in the
previous section. For this analysis, we considered five domains in-
cluding three covering the rupture area of the Maule earthquake
to capture the major lateral variations of the morphology of the
forearc (Fig. 5). We computed an average swath profile for each
domain (individual profiles are shown in the supplementary mate-
rial, Fig. S1). Inspection of profiles show that some portions seem
to follow the approximately linear relationship between α and β

defining the critical state (Fig. 5b). This is particularly true for the
outer wedge where there is evidence for internal thrust faulting
(Fig. 2). In the Arauco Peninsula area, the wedge seems to fol-
low the critical state envelope from the trench to the crest of
the peninsula. Another portion of the profile, farther inland corre-
sponding to the Nahuelbuta Range, also seems to follow a critical
envelope that would then require a higher basal friction.

We then mapped the zones which are presumably critical by
assessing the probability that a given portion of an individual
profile follows a critical envelope. In practice, we evaluate this
probability based on the local linearity of the α–β curve (see the
appendix). The two critical zones in the Arauco Peninsula area ap-
pear to be separated by a relative narrow stable zone.

The Valdivía segment shows some significant variability along
strike, but a critical section at the front nonetheless shows up in
the swath profile. A limited zone inland is possibly at criticality at
the southern edge of the study area. This zone would start at the
coastline.

The southernmost profile in the Maule rupture area (Fig. 2, top),
shows also that the outer wedge is critical from the trench up to
the edge of the continental shelf. A second narrower critical area
seems to show up further inland, starting also at the coastline.
These critical zones lie in the continuity of those identified within
the Arauco Peninsula area, though the intervening stable area is
broader.
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Fig. 5. (a) Areas at critical mechanical state are represented in red, the rest of the forearc is mechanically stable. (b) Tapers of each segment along the trench. Black: mean
of the segment, gray: mean ± σ . Critical sections are in orange for the accretionary prism, in red for the inner wedge, in dark red for the coastal cordillera. Dash-dotted
lines are theoretical critical envelopes for increasing effective basal friction from φ

eff
b = 16 to 22◦ (μeff

b = 0.28–0.4) with an internal friction angle of 35◦ (μ = 0.7) and a
hydrostatic pore fluid pressure λ = 0.4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Two main critical regions are thus revealed by this analysis:

– one at the frontal part of the forearc mainly corresponding
to the accretionary prism, with wider regions in the northern
part of the Maule segment, and at the Arauco Peninsula,

– some portions of the Coastal Cordillera, such as the north-
ern part of the Maule segment, the Arauco Peninsula and
the Nahuelbuta range East of the peninsula, and the southern
cordillera of the Valdivía segment.

All other areas are mechanically stable.
Now that the presumably critical areas are identified, we pro-

ceed to retrieve the corresponding best-fitting model parameters.
To do so, we first computed a mean and standard deviation for
each critical zone (Fig. 5b). We assume a density of 2800 kg/m3

and calculate the predicted dip angle of the megathrust, βcalc ,
based on the critical taper theory given the observed topographic
slope α. There are three model parameters: the internal friction

angle φint , the effective basal friction angle φ
eff
b and the internal

pore fluid ratio λ. We evaluate the merit of each set of model pa-
rameters by comparing the predicted, βcalc (Eq. (1)), and observed,
βobs , values of the taper angle with an L2 norm (assuming a Gaus-
sian distribution of errors). The uncertainty on the taper angle is
σ = σβobs + σα including the contribution of the uncertainties on
the topographic slope, σαobs and dip angle σβobs on the predicted
taper angle. The misfit M function calculated for each point of the
sampling (nβ) is then:

Mβ = 1

nβ + 1

nβ∑
i=1

1

2

(βobs(i) − βcal(i))2

(σ (i))2
. (7)

The probability density distribution of the model parameters is
computed based on the misfit, following Tarantola (2005):

P
(
φint, φ

eff
b , λ

) = 1

K
e−M(φint,φ

eff
b ,λ), (8)
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Fig. 6. Marginal 1D probability distributions for the three Maule segments (North, Central and South), the Arauco Peninsula (AP) segment and the Valdivía segment. φint the

internal friction, λ the internal pore fluid ratio, φ
eff
b the effective basal friction. Results in orange for the accretionary prism, in red for the inner wedge and in dark red for

the coastal cordillera. Best fits represented by circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

with K the constant normalization factor of the probability over
the model space:

K =
∫

φint

∫

φ
eff
b

∫
λ

e−M(φint,φ
eff
b ,λ) dφint dφ

eff
b dλ. (9)

Since the probability density has three dimensions, to visualize
the results, 1D marginal probabilities are calculated from integra-
tions over two model space parameters. These marginal probabil-
ities provide the distributions of one parameter independently of
others, also named 1D marginal probability density (Fig. 6), for in-
stance for φint:

P (φint) =
∫

φ
eff
b

∫
λ

P
(
φint, φ

eff
b , λ

)
dφ

eff
b dλ. (10)

The pore fluid pressure ratio is loosely constrained but consis-
tently shows a most likely value close to hydrostatic (λ = 0.4). The
probability distribution function of the internal friction peaks be-
tween 40 and 45◦ (μint = 0.83 to 1), with 68% of probability of
being in the range of 25 to 50◦ (μint = 0.44 to 1.19) with slightly
lower values below the Nahuelbuta range (35◦ , μint = 0.7). For the
Valdivía area, the effective basal friction of the accretionary prism
shows low values with peaks at about 7 to 8◦ (μeff

b = 0.12 to
0.14). The Arauco Peninsula accretionary wedge yields somewhat
higher values (12◦ , μ

eff
b = 0.21), and the effective basal friction in-

creases again beneath the Nahuelbuta range (16◦ , μ
eff
b = 0.28). For

the Maule segment, the effective basal friction beneath the outer
wedge peaks at 11–15◦ , μ

eff
b = 0.19–0.26. The central Maule seg-

ment shows strong morphological variations, inversion results are

thus poorly constrained. The same applies for the coastal cordillera
of the Maule and Valdivía segments. Best fitting values are re-
ported in Table 1. As the basal pore pressure is most likely equal
or higher than the internal one, basal frictions were reported for
the case λb = λ, providing a lower bound on the basal friction
angle. The values of φint and λ obtained from this analysis are
mostly reasonable. For comparison, laboratory measurements of in-
ternal friction angles for most common quartzo-feldspathic rocks
are generally in the range of 0.6 to 0.85 (Byerlee, 1978). By con-
trast, the value of the effective basal friction is low and could point
to either dominantly low friction minerals along the megathrust or
high pore pressure.

In a second step, to limit the trade-off among the model param-
eters, we run partial inversion fixing either the internal friction to
a standard value (φint = 35◦) or the internal pore pressure ratio
parameter to hydrostatic (λ = 0.4) (Fig. 7). From the probability
distribution as well as the best fit results reported in the supple-
mentary material, Tables SM 2-1 and SM 2-2, the internal friction
appears to be constrained to a narrower range, between 26 and
35◦ , and the pore pressure ratio is confirmed to be hydrostatic ex-
cepted along the accretionary prism of the Valdivía segment where
larger values are required. In order to provide a view of the spa-
tial variations of the frictional properties, the best fitting effective
basal friction of each section has been reported in Fig. 9.

The effective basal friction is quite homogeneous in the ac-
cretionary prism of the Arauco and Maule segments with values
ranging between 14 and 17.5◦ (μeff

b = 0.25–0.31). It appears larger

below the Nahuelbuta range at 21.25◦ (μeff
b = 0.39) and lower

in the accretionary prism along the Valdivía segment (φeff
b = 6◦ ,

μ
eff
b = 0.1). We show in the appendix that the analysis is robust

despite the large uncertainty on the megathrust geometry.
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Table 1
Best misfit for each segment.

Segment λ φint

(◦)
μint φ

eff
b

(◦)
μ

eff
b φb

if λb = λ

μb

if λb = λ

Maule North
accretionary prism 0.60 40.75 0.86 16.25 0.29 36 0.72
inner wedge 0.65 43.75 0.95 17.5 0.31 41.5 0.88

Maule South
accretionary prism 0.55 37.0 0.75 15.75 0.28 32.9 0.62
inner wedge 0.525 37.75 0.77 17.5 0.31 33 0.65

Arauco Peninsula
accretionary prism 0.375 29.25 0.56 14.25 0.25 22 0.4
inner wedge 0.375 31.5 0.61 16.0 0.28 24 0.45
coastal cordillera 0.475 38.5 0.79 21.25 0.39 36.6 0.74

Valdivía
accretionary prism 0.7 25.75 0.48 6.25 0.11 20 0.36

Fig. 7. Marginal 1D probability distributions of (a) φint and φ
eff
b with λ = 0.4, (b) φ

eff
b and λ with φint = 35◦ . Results in orange for the accretionary prism, in red for the inner

wedge and in dark red for the coastal cordillera. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Spatial variations of frictional properties deduced from the
limit analysis

Here we use the information available on the geometry and lo-
cation of some splay faults to bring additional constraints on the
frictional properties along the megathrust. To do so, we now ap-
ply the limit analysis approach (Chandrasekharaiah and Debnath,
1994; Salençon, 2002). This approach is based on the principle
of virtual powers and the theorem of maximum rock strength
(Maillot and Leroy, 2006). In this study, the Coulomb criterion is
used to define the maximum rock strength. The method investi-
gates all possible collapse mechanisms as a function of the fric-
tional properties and selects the optimal one leading to the least
upper bound to the tectonic force. The advantages compared with
the critical taper theory are that there is no need to assume ho-
mogeneous mechanical properties nor that the wedge be at critical
state. This method has previously been applied to retrieve fric-
tions along the Nankai accretionary prism (Cubas et al., 2008;
Souloumiac et al., 2009; Pons et al., 2013) and validated by com-
parison with analogue sandbox experiments (Cubas et al., 2013).
The analysis is analytical for simple geometries and numerical oth-

erwise. The procedure presented by Souloumiac et al. (2010) is
applied here.

As a test example meant to develop some intuition of the
model prediction, we ran some simulations in which we assume
a planar megathrust and a constant taper angle (Fig. 8 a to c). We
assume three segments with different but uniform basal friction
along each. We choose an initial geometry so that the wedge is
stable but close to critical in horizontal compression. The explored
kinematics correspond to sliding along the full length of a por-
tion of the megathrust with or without internal faulting within
the wedge. Fully activated megathrust implies the formation of
splay faults at the transition between the segments of different
frictions. In the case of an increase of friction towards the trench,
a backthrust forms at the transition (Fig. 8a), whereas a decrease
of friction leads to the formation of a forethrust (Fig. 8b). A strong
decrease can even lead to the formation of a normal fault (Fig. 8c).
Virtual velocities (Chandrasekharaiah and Debnath, 1994; Salençon,
2002) are provided in the supplementary material (Fig. S3). Pons
and Leroy (2012) studied the same prototype with two distinct re-
gions on the megathrust and confirmed by analytical means that
transition of frictions could lead to the formation of splay faults.
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Fig. 8. Distance to the Coulomb criterion (red: far from the rupture, blue: at the rupture) for (a) an increase of effective basal friction towards the toe, (b) a decrease of
basal friction towards the toe, (c) a very strong decrease, for a wedge of 200 km long, transitions at 60 and 120 km, with a topographic slope α = 3◦ and a décollement dip
β = 6◦ , internal friction of 30◦ , (d) the Santa Maria backthrust set-up with φ

eff
int = 21◦ , (e) the Pichilemu normal fault with φ

eff
int = 18.5◦ . (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

We start with the modeling of the Santa Maria backthrust splay
fault (Fig. 8d). Since the fault is thought to be a pre-existing re-
activated normal fault, the fault geometry is prescribed based on
the geometry derived from structural and geophysical observations
(Melnick et al., 2006). Since the variations of the topographic and
basal slopes are small compared to the wedge thickness, we sim-
plify the geometry by assuming a constant megathrust dip angle
(β = 13.5◦) and two different topographic slopes, one for the outer
wedge (α1 = 1.7◦) another for the Arauco shelf basin (α2 = 0◦).
The modeled megathrust is 104 km long.

The internal friction and updip basal friction are imposed to the
values derived from the critical taper analysis. The effective inter-
nal friction is set at φ

eff
int = 21◦ (μeff

int = 0.383, for φint = 31.5◦ and
λ = 0.375). We then seek the effective basal friction within the
seismogenic zone and the backthrust effective friction that will
activate the fault. In order to activate the backthrust, the fric-
tion along this fault has to be equal or larger than φ

eff
f � 10◦

(μeff
f � 0.17). Some secondary shear zone rooting into the back-

thrust are systematically observed. It is due to the fact that the
backthrust is not optimally oriented, leading to secondary faults
alike those featured in the structural section of Melnick et al.
(2006). For φ

eff
aseis = 16◦ (μeff

aseis = 0.28) along the updip aseismic
portion of the megathrust found with the critical taper theory, ac-
tivation of the splay fault requires the effective basal friction in the
seismogenic zone to be lower or equal to φ

eff
seis = 12◦ (μeff

seis = 0.21).

For slightly lower φ
eff
aseis = 14◦ , the geometry of the secondary back-

thrust matches better the observations. Activation of the splay fault
then requires the effective basal friction in the seismogenic zone
to be lower or equal to φ

eff
seis � 10◦ (μeff

seis � 0.17). The limit analysis
approach provides virtual velocities along each segment of faults.
The ratio between the virtual velocities of two segments projected
along their fault is assumed to be equal to the ratio of actual dis-
placement between those segments. We find that to get about the
right proportion between the vertical throw on the Santa Maria
backthrust (1.6 m, Melnick et al., 2012) and the slip along the
seismogenic zone below the island (6 m, Lin et al., 2013), for a
φ

eff
aseis = 14◦ (μeff

aseis = 0.25), the seismogenic effective friction has

to be φ
eff
seis < 4◦ (μeff

seis < 0.07).
The same analysis is now applied to the normal fault activated

by the Pichilemu aftershock sequence which started two weeks af-
ter the Maule earthquake (Ryder et al., 2012; Farías et al., 2011).
We consider a pre-existent fault striking 70◦E (Fig. 8e). The dé-

collement dip angle is set to β = 19◦ and two different topographic
slopes were considered, one for the coastal area (α1 = 0◦) another
for the shelf basin (α2 = 1.5◦) along a 120 km long wedge.

Based on the critical taper results for the inner wedge, the
effective internal friction is set to φ

eff
int = 18.5◦ (μeff

int = 0.344, for
φint = 43.75◦ , λ = 0.65) and the down-dip basal friction is chosen
so that the wedge is close to critical state in horizontal compres-
sion with φ

eff
aseis = 14◦ (μeff

aseis = 0.25). To obtain normal motion on
the fault, the seismogenic effective basal friction has to be lower
or equal to φ

eff
seis � 8◦ (for φ

eff
aseis � 0.14) and the friction along the

fault φ f
eff � 9◦ . No associated deformation is observed.

This analysis is based on a quasistatic force balance and we do
not take into account possible dynamic branching. The deformation
of the Santa Maria backthrust fault is permanent and recurrent
and the Pichilemu aftershock sequence occurs two weeks after the
main event. Thus, activation of these splay faults has most proba-
bly resulted from a static stress change, justifying our static stress
equilibrium analysis.

5. Discussion/conclusion

We now discuss how the mechanical state of the forearc and
the inferred frictional properties compare with the coseismic rup-
ture, afterslip and interseismic locking of the megathrust. We use
the coseismic slip and afterslip models obtained by Lin et al.
(2013), from the joint inversion of geodetic, seismic, and tsunamic
data (Fig. 9a). We also refer to the coseismic slip of the 1960
Mw 9.5 Valdivía earthquake of Moreno et al. (2010) (Fig. 9a) and
the interseismic strain accumulation model of Métois et al. (2012)
(Fig. 9b).

A striking result is that the rupture area of the Maule earth-
quake, and possibly of the 1960 Valdivía earthquake coincides with
stable areas of the forearc and is surrounded with critical areas.
The updip limit of the 2010 rupture coincide well with the max-
imal extent of the critical outer wedge. The coseismic slip due
to the 1960 rupture seems to taper down quite abruptly beneath
the critical outer wedge. We also observe that most of the wedge
forearc seems critical in the Arauco Peninsula which separates the
1960 and 2010 ruptures, and in the area just North of the 2010
rupture. The few critical patches along the coastal cordillera also
delimit the down-dip extent of the coseismic slip. Similarly, we
observe that the megathrust beneath the stable areas of the fore-
arc wedge was mostly locked in the interseismic period (Fig. 9b).
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Fig. 9. Comparison of critical areas in red with (a) Maule earthquake coseismic and postseismic slip models from Lin et al. (2013) and Valdivía earthquake coseismic slip
model from Moreno et al. (2010) with (b) interseismic strain accumulation model from Métois et al. (2012). (c) Effective basal friction map based on critical taper and limit
analysis results, hatching: extrapolation of results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The comparison with the afterslip distribution is also instruct-
ing. Aseismic afterslip is observed downdip of the seismic rupture,
below the Nahuelbuta range and seaward of the Arauco Penin-
sula (Lin et al., 2013). The critical areas appear thus to surround
the seismic rupture and to be correlated with areas of postseismic
sliding. These observations support the claim that the propagation
of a megathrust seismic rupture is probably inhibited where the
hanging wall is in critical mechanical state, in particular beneath
the outer wedge and downdip of the rupture zone, beneath the
coastal area. Furthermore, the observed correlations are consistent
with the notion that the forearc is stable above the seismogenic
portions of the megathrust, while the updip rate-strengthening
portion of the megathrust is maintained in critical state as a result
of the stress transfer operated by coseismic and postseismic de-
formation (Wang and Hu, 2006; Hu and Wang, 2008). The critical
state of stress in the coastal area would rather be maintained by
interseismic stress build up as aseismic creep proceeds downdip
of the coseismic rupture. According to this model, all the defor-
mation is accommodated along the megathrust in the seismo-
genic zone, no deformation being transferred to the upper plate.
This model would explain the correlation between forearc basins
or regions with negative gravity anomalies (Wells et al., 2003;
Song and Simons, 2003) and seismic asperities. On the other hand,
in the creeping areas, the forearc is at or close to critical state, and
as a consequence, a small fraction of the convergence has to be
accommodated by the upper plate leading to coastal uplift, active
faulting in the accretionary prism and thrusting at the transition
from the inner to the outer wedge (Fig. 2).

Since critical areas correlate well with aseismic zones, effective
basal frictions along aseismic zones can thus be constrained thanks
to the critical taper theory. Along the Arauco and Maule accre-

tionary prism, according to the best fit results (Table 1 and Fig. 9c),
the effective basal friction ranges between μ

eff
aseis = 0.25 to 0.31

with a rather hydrostatic pore pressure ratio in the wedge. If the
pore pressure along the megathrust is set equal to the pore pres-
sure in the wedge, then the real static friction would range from
μaseis = 0.4 to 0.7, in good accordance with friction of clay de-
duced from laboratory experiments (Logan and Rauenzahn, 1987;
Saffer and Marone, 2003; Moore and Lockner, 2004; Ikari et al.,
2009). A similar range of effective basal friction values (0.2 to 0.28)
has been previously found in other studies of the Nankai, Aleutians
and Oregon accretionary prisms (Lallemand et al., 1994).

A stronger effective basal friction with hydrostatic pore pres-
sure is found for the Arauco Peninsula and the Nahuelbuta Range
(μeff

aseis = 0.4), an area suspected to be a recurrent barrier to the
propagation of earthquakes. If the internal pore pressure is set
equivalent to the megathrust pore pressure, then the static fric-
tion along the aseismic megathrust portion downdip of the Maule
rupture area would be μaseis = 0.7. This larger value is consis-
tent with the fact that at these depth and temperature condi-
tions (typically 400 ◦C at 40 km depth, Völker et al., 2011) there
is no reason to expect the kind of clay units that may well ac-
count for low friction of the upper portions of the megathrust.
The rate-strengthening behavior deduced from the postseismic
and interseismic models (Lin et al., 2013; Métois et al., 2012;
Moreno et al., 2010) associated with the large static friction, low
pore pressure and the heterogeneous deformation might explain
why the peninsula is acting as a recurrent barrier (Kaneko et al.,
2010).

If the frontal aseismic zone is rate-strengthening, then the ef-
fective basal frictions found in this study are most probably an
average value of the higher friction most probably attained after
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megathrust rupture as the outer wedge is then brought closer to
failure (Wang and Hu, 2006). Along the seismogenic zone, lower
effective basal frictions are deduced thanks to the modeling of
splay faults with the limit analysis approach (μeff

seis � 0.14). Since
the Santa Maria backthrust has been activated during the main
event, and if we consider the normal sequence of Pichilemu as a
consequence of the main shock, the seismogenic friction found is
most probably representative of the effective dynamic friction. Dif-
ferent possible explanations can be advanced for the low values
determined in this study. An intrinsically low friction is a possi-
bility in principle. This explanation seems improbable as the static
friction retrieved for the surrounding aseismic zones is generally
larger, and already at the lower end of the range that can be ex-
plained with low friction minerals, i.e. the clays of the accretionary
prism.

The low effective basal friction in the seismogenic zone could
alternatively reflect a high basal pore pressure, either permanent
or due to a dynamic increase by thermal-pressurization. Dynamic
modeling of earthquake cycles would be suitable to investigate this
question.
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Appendix A. Tapers build up

The topography of individual profiles along the South Chilean
forearc was first smoothed as shown in Fig. 3a to avoid high-
frequency content. To prevent estimation errors on the mechanical
interpretation linked to the smoothing, different smoothing win-
dow shapes (triangular and rectangular) and width (10, 25 and
40 km) were tested. For each smoothed profile, the topographic
slope and the basal dip were calculated every 100 m. We then
compared a profile with its different smoothing to theoretical en-
velopes (Supplementary Fig. S4). We evaluated the probability that
a given portion of a profile follows a critical envelope based on the
local linearity of the α–β curve. If the linearity appears obvious for
all smoothing, we selected the portion of the profile supposed to
be at critical state and reported it on the map in Fig. 5.

Swath profiles were then computed for each segment to ob-
tain a mean and a standard deviation needed for the inversion.
The same smoothing technique was applied. The inversion results
are based on the profiles obtained with a rectangular 25 km width
smoothing window. We also checked the consistency of the inver-
sion results with a triangular window.

Appendix B. Effect of megathrust curvature

We ran numerical simulations with the limit analysis approach
to validate the applicability of the critical taper theory derived
for a triangular wedge, in the case of a curved megathrust. These
simulations were run with the Optum-Geo software (2013) which
turns out to be more convenient than our own tools due to its
user friendly interface (Kristian Kranbbenhoft, personal communi-
cation). We consider a 100 km long wedge, and a megathrust with
a constant radius of curvature of 100 km, close to the one observed
for the megathrust in the Maule rupture area. We assume an in-
ternal friction of 30◦ , a basal friction of 15◦ , and compute the cor-
responding critical topographic slope α for the slab dip β from the
relation for a cohesionless triangular wedge (Dahlen, 1984) with a
point every 100 m as in our analysis (Supplementary Fig. S5a). We

found that the criticality is observed for the same basal friction.
In Supplementary Fig. S5b, the topographic slope exceeds by one
degree the critical slope, the wedge is thus stable and the whole
megathrust is activated. In Supplementary Fig. S5c, the topographic
slope is lower by one degree than the critical slope, the wedge is
thus unstable, only part of the megathrust is activated and a pop-
up structure develops at the rear wall. The analytical solution is
possible for a constant curvature and deserves some attention in
the future.

Appendix C. Robustness of inversion results

Since the weakest parameter of this mechanical analysis is the
megathrust dip β , we ran two simple tests in order to evaluate
how a change on β could affect the results. In a first test, the
megathrust dip β was changed by ±5◦ , and in a second test we
applied a coefficient of ∗1.5 and ∗0.66, that we considered as rea-
sonable errors (Supplementary Fig. S6). These changes only imply
a horizontal translation of the taper and do not affect the critical
state of the forearc. An error of 5◦ on β implies an error of about
3◦ on the effective basal friction, which is lower than the standard
deviation of the probabilities. A coefficient error induces a change
of dip of the critical envelope leading to a different couple of inter-
nal friction–internal pore fluid pressure. If the coefficient is lower
than 1.5, the resulting error is again smaller than the standard de-
viation of the probability distribution.

Appendix D. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2013.07.037.
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