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Abstract

The central subduction zone of Ecuador is characterized by a low interseismic coupling with a small highly-coupled patch centered at La Plata Island. In this region, no large earthquakes have occurred in historical times. However, in the instrumental period, frequent seismic swarms have been observed. Recently two seismic swarms have been observed to occur along with slow slip events. In that sense, for other past seismic swarms there are observations of synchronous displacements observed by GPS that lead to interpret the seismic swarms as accompanying activity of slow slip events. We agree that this might be the characteristic behavior of this zone.

The lack of reliable earthquake locations to image and understand the process behind the slow slip events, leads us to install an offshore-onshore seismic network. The achieved seismic image has no precedent resolution and it help us to characterize the background activity as well as the occurrence and evolution of a slow slip event. For this analysis we beneficiate of the kinematic modeling of the slow slip event by J. M. Nocquet.

The background activity is organized in several clusters. In-land, the clusters are located below the Coastal Range, on the interplate contact zone and in the slab, and they are surrounding the downdip extension of the coupled patch. Offshore, the activity occurs in pre-existing fault structures of the slab that are activated by the accumulated strain related to the highest coupled region (>70 %). The seismicity rate in these two regions seems to be sensible to the occurrence of a medium sized outer-rise earthquake as well as to a slow slip event in the shallow seismogenic zone.

The 2012-2013 slow slip event can be characterized as a composite event made of two zones and two periods of aseismic moment release (sequence) that initiates at the end of November 2012. In the first stage of the sequence, the slip occurs in a small patch (No. 1) in a region of intermediate coupling to the south of La Plata Island with an intermittent, low and slow aseismic moment release (~22% of the total moment released). During this stage that lasted 1.5 months almost no seismicity was detected in the marine forearc and the seismicity rate below the Coastal Range decreased. Then, in mid-January 2013, in the second stage, the slip accelerates in the first patch; synchronous to this acceleration, the seismicity starts in a crustal intraslab fault zone immediately updip of the slipped patch. The next day, abruptly a second patch (No. 2) initiates to move. This second patch is located updip of the first patch in a region of higher coupling which is not supposed to generate SSE. The initial activity on the crustal intraslab fault zone, may have released fluids that change the stability properties of the interface contact zone allowing the onset of the slip on the second patch. The subsequent seismicity: observed migrations and the activation of other intraslab fault zones are caused by the difference in the amount of slip experienced by the two patches where we advocate to a stress transfer effect. During this second stage, the second patch has a limited time of life of 7 days, while the first patch continues to show an intermittent and small movement until mid-February 2013, with a global moment release equivalent to a magnitude 6.3 Mw.

Our detailed timing analysis let us to propose causal-relationships between slow slip events and seismicity: (i) a stress interaction of slow slip events over intraslab crustal fault zones and (ii) the fluid release from these crustal fault zone over the characteristics of the seismogenic zone that change in few hours from unstable to stable behavior.

The 2012-2013 slow slip event enhances the diversity of SSE in the region. We observe that the accompanying seismicity in the case of the 2012-2013 SSE is almost totally within the subducted plate (drawing up the front of a seamount carried by the Nazca Plate) while for the 2010 SSE it is at the interface. Comparing the aseismic moment release, both SSE are similar and the relative seismic moment release is also comparable.

Finally, taking into consideration that all documented shallow SSE (2005,2010 and the SSE presented here) release a considerable amount of accumulated deformation with a certain frequency, they may decrease the slip deficit in the region and possibly delaying a major earthquake. v

Résumé

La zone de subduction centrale de l'Équateur est caractérisée par un faible couplage inter-sismique avec un petit patch fortement couplé centré sur l'île de La Plata. Dans cette région, on ne connait aucun grand séisme dans les archives historiques. Cependant dans la période instrumentale des essaims sismiques ont été fréquemment observés. Récemment, deux essaims sismiques ont été enregistrés conjointement à l'occurrence des séismes lents. Ainsi, pour les autres essaims passés, cette observation synchrone de déplacement GPS, on conduit à interpréter les essaims sismiques comme une activité accompagnant des séismes lents répétitifs. Nous pensons que ce pourrait être le comportement caractéristique de cette zone.

Le manque de localisations hypocentrales fiables pour l'imagerie et la compréhension des processus aboutissant aux séismes lents, nous a amené à installer un réseau sismologique à terre et en mer. L'image de la sismicité est d'une résolution sans précèdent et elle nous permet la caractérisation de l'activité de fond ainsi que de l'occurrence et de l'évolution d'un séisme lent. Pour cette analyse, nous bénéficions de la modélisation cinématique du séisme lent par J. M. Nocquet.

L'activité de fond est organisée en plusieurs essaims. À l'intérieur des côtes, les essaims sont situés sous la chaîne côtière, sur la zone de contact interplaque et dans la plaque en subduction délimitant la partie profonde de la zone couplée. En mer, l'activité se produit dans des structures préexistantes de la plaque en subduction qui sont activées par l'accumulation de contraintes dans la zone fortement couplée (>70%). Le taux de sismicité dans ces deux régions semble être corrélé à l'occurrence d'un séisme outer-rise de magnitude modéré ainsi que d'un glissement lent dans la partie superficielle de la zone sismogène d'interplaque.

Le glissement lent de 2012-2013 peut être décrit comme un événement composite constitué de deux patches se développant au cours de deux périodes de libération de moment asismique (séquence) qui débute à la fin de Novembre 2012. Dans la première étape de la séquence, le glissement lent se produit sur un petit patch (patch 1) modérément couplé au sud de l'île de La Plata, avec une libération du moment intermittente, faible et lente (~ 22% du moment total libéré). Pendant cette phase qui a duré 1,5 mois, quasiment aucune sismicité n'est pas détectée dans la zone marine et le taux de sismicité sous la chaîne côtière diminue. Puis, à la mi-janvier 2013, dans la deuxième étape, le glissement accélère sur le patch 1; synchrone de cette accélération, l'activité sismique démarre dans une zone de faille crustale intraplaque plongeante situé immédiatement au-dessus du patch 1. Le lendemain, brusquement, un deuxième patch (patch 2) commence à se débloquer. Ce deuxième patch plus superficiel et au nord-ouest du premier patch, se localise sur un zone de très fort couplage qui n'est pas supposé générer des séismes lents. Nous proposons que l'activité de la zone de faille crustale intraslab peut avoir libéré des fluides qui, injectés sur la zone de contact interplaque auraient modifié les propriétés de stabilité des matériaux présents permettant le glissement sur le patch 2. La sismicité subséquente: les migrations observées et l'activation d'autres zones de faille intraslab sont causées par la différence de la quantité de glissement expérimentée par les deux zones où nous proposons un effet de transfert de contraintes. Au cours de cette deuxième étape, le patch 2 glisse durant 7 jours, alors que le patch 1 continue à montrer un glissement intermittent et faible jusqu'à la mifévrier 2013. La libération globale du moment est équivalente à une magnitude de 6.3 Mw.

L'analyse détaillée de l'évolution dans le temps du glissement lent nous permet de proposer des relations de causalité entre ces événements de glissement lent et la sismicité: (i) un transfert de contraintes d'un événement de glissement lent vers les zones de faille crustales intraslab et (ii) la libération de fluide des zones de faille crustales intraslab pour modifier les propriétés de la zone sismogène interplaque en quelques heures, passant d'un comportement instable à un comportement stable.

Le glissement lent de 2012-2013 accroît la diversité de ces types de phénomène dans la région. Nous observons que la sismicité qui accompagne l'événement de 2012-2013 se trouve presque totalement dans la plaque en subduction (délimitant la bordure d'un massif porté par la plaque de Nazca) alors que pour l'événement de 2010, elle est localisée à l'interface. En comparaison, les moments asismiques des deux événements lents sont similaires et la libération de moment sismique relatif associé est également comparable.

Enfin, en tenant compte du fait que tous ces glissements lents superficiels documentés (2005,2010 and celui étudié ici) libèrent une quantité non-négligeable des contraints avec une certaine fréquence, ils diminuent le déficit de glissement dans la région et peuvent ainsi contribuer à retarder un grand séisme.

vii

Resumen

La zona central de la subducción ecuatoriana se caracteriza por un bajo acoplamiento intersísmico con una pequeña región altamente acoplada centrada en Isla de La Plata. En esta zona no se conocen grandes terremotos en tiempos históricos. Sin embargo, en el período instrumental, frecuentes enjambres sísmicos han sido registrados. Recientemente se han observado dos enjambres sísmicos, junto con la ocurrencia de sismos lentos. En este sentido, para otros enjambres sísmicos del pasado hay observaciones de desplazamientos sincrónicos observados por GPS que conducen a interpretar que los enjambres sísmicos siempre acompañan a los sismos lentos. Coincidimos en que este podría ser el comportamiento característico de esta zona.

La falta de localizaciones fiables de la sismicidad para entender el proceso detrás de los sismos lentos, llevó a instalar una red sísmica tierra-mar. La imagen sísmica obtenida tiene una resolución sin precedentes y ha ayudado a caracterizar la actividad de fondo así como la ocurrencia y la evolución de un sismo lento. Para este análisis se utiliza el modelo cinemático del sismo lento elaborado por J. M. Nocquet.

La actividad de fondo se organiza en dos zonas. En tierra, los enjambres se localizan bajo la Cordillera Costera, en la zona de contacto entre las placas y en la placa subducida rodeando el límite de la zona acoplada. Bajo el mar, la actividad ocurre en fallas preexistentes de la placa subducida activadas por la deformación acumulada relacionada con la región de mayor acoplamiento (> 70%). La tasa de sismicidad en estas dos regiones parece ser sensible a la ocurrencia de un terremoto de magnitud media en la antefosa así como a un sismo lento en la zona sismogénica interplaca superficial.

El sismo lento de 2012-2013 se puede caracterizar como un evento compuesto ocurrido en dos zonas y en dos etapas de liberación de momento sísmico (secuencia) que comienza a finales de noviembre de 2012. En la primera etapa de la secuencia, el deslizamiento ocurre en una zona (No. 1) con un acoplamiento intermedio al sur de la Isla de La Plata con una liberación de momento intermitente, baja y lenta (~ 22% del momento total liberado). Durante esta etapa que duró 1.5 meses casi no se detectó sismicidad en la zona marina y la tasa de sismicidad bajo la Cordillera Costera disminuyó. Luego, a mediados de enero de 2013, en la segunda etapa, el deslizamiento se acelera en la primera zona; sincrónico a esta aceleración, la sismicidad comienza en la placa subducida (zona de falla) inmediatamente al NO de la zona. Al día siguiente, abruptamente una segunda zona (No. 2) comienza a moverse. Esta segunda zona se localiza al NO de la primera, es más superficial y se caracteriza por tener un mayor grado de acople donde se supone que no ocurren sismos lentos. La actividad sísmica inicial en la placa subducida pudo haber liberado fluidos que cambiaron las propiedades de estabilidad de la zona de contacto entre las placas permitiendo el inicio del deslizamiento en la segunda zona. La sismicidad subsiguiente: migración de la sismicidad y la activación de otras zonas de fallas en la placa subducida se deben a la diferencia en la cantidad de deslizamiento experimentado por las dos zonas que se explica por un efecto de transferencia de esfuerzos. Durante este segundo periodo, la segunda zona se desliza durante 7 días, mientras que la primera zona continúa experimentando un deslizamiento intermitente y pequeño hasta mediados de febrero de 2013, con una liberación de momento final equivalente a una magnitud de 6.3 Mw.

El análisis temporal detallado de la cantidad de deslizamiento observado en las dos zonas, permite proponer relaciones causales entre el sismo lento y la sismicidad: (i) una transferencia de esfuerzos ocasionados por el sismo lento hacia zonas de falla en la placa subducida y (ii) la liberación de fluidos de estas zonas de falla corticales que modifican las propiedades de la zona sismogénica, pasando en pocas horas de un comportamiento inestable a uno estable.

El sismo lento de 2012-2013 enriquece la diversidad de este tipo de eventos en la región. Observamos que la sismicidad que lo acompaña se localiza casi totalmente en la placa subducida (dibujando el frente de un macizo submarino en la Placa de Nazca) mientras que para el evento de 2010 la sismicidad ocurre mayormente en la interface. Comparando la liberación de momento asísmico, ambos sismos lentos son similares y la liberación de momento sísmico relativo también es comparable.

Finalmente, teniendo en cuenta que todos los sismos lentos superficiales documentados (2005,2010 y el presente evento estudiado aquí) liberan una cantidad no despreciable de esfuerzos acumulados con cierta frecuencia, sin duda pueden estar disminuyendo el déficit de deslizamiento en la región y posiblemente retrasando la ocurrencia un sismo mayor. 

General introduction and overview of the thesis

Importance of the study of subduction zone earthquakes

Earthquakes in subduction zones are among the most devastating events affecting large regions and populations. The effects of large and great earthquakes in general, are not only restricted directly to the motion associated to seismic waves but also to triggered phenomena like landslides and tsunamis. The first two phenomena have a local impact, while the second may have also a regional or even global impact.

According to the observations and studies, the occurrence of large earthquakes seems to obey to a rough periodicity. This property is explained by the general model of elastic rebound proposed by Reid (1910) which has been best quantified and modeled with GPS observations in the last two decades. In this model, the earthquakes follow a cycle with a period of strain accumulation (interseismic period), then the accumulated energy is suddenly released during the earthquake (co-seismic period) and then a period of slow relaxing and readjustment (post-seismic period) and finally a new interseismic period of slow re-loading of the strain. This cycle, simple and apparently constant in time is not really observed in the nature. Furthermore, this picture has become more complex with the discovery of a new kind of silent and slow earthquakes; silent in the sense that they do not release seismic waves as usual earthquakes do and slow because they last for several days, months or even years. They are often associated with non-volcanic tremor but occasionally with swarms of small earthquakes.

As these slow slip events likely release a considerable amount of the accumulated strain, understanding their role in the seismic cycle and the physical properties which are controlling their occurrence, is of vital importance for a correct assessment of the seismic hazard along the segments of the subduction zones where this type of events has been identified.

What does happen at the subduction zone of Ecuador?

The Ecuadorian subduction zone shows a clear segmentation in its seismic behavior. The central-north region was affected by several large and great subduction earthquakes since the beginning of the XXth century, the latest being the 2016 7.8 Mw Pedernales Earthquake, while in the central-south regions no large earthquakes are known. This segmentation seems to be related broadly with the subduction of the Carnegie Ridge which in turn has an impact on the interseismic coupling.

The microseismicity reveals also this segmentation. It is organized in seismic swarms, which roughly delimit the rupture areas of large earthquakes or highly coupled zones. In the central region, in front of the Carnegie Ridge, the seismic swarms are less well constrained but they extend in a wider region downdip of the highly locked zone. The seismic swarms in the central region have been the longest in duration and the largest in magnitude content.

With the recent geodetic networks deployed along the coast, slow slip events have been detected in both regions. These slow slips are also accompanied by seismic swarms, then the natural question is: were the past seismic swarms also related to slow slip events? In that sense, some studies have been developed and others are on the way. One of the most interesting results about this issue is about one of the largest and longest seismic swarm in the central zone, in 2005, which in fact has been determined to be accompanied with a slow slip with an equivalent magnitude of Mw 7.2-7.3, which is among the largest worldwide (Mw 7.5).

Main issue to be addressed

One of the main questions to be addressed about the central subduction zone of Ecuador is why did no large earthquakes occur here? If large earthquakes are associated to highly coupled asperities, why the asperity located beneath La Plata Island did not fail as the northern asperities? We probably will not have the answer because many parameters are involved and their interrelations have demonstrated to be complex and not so easy to generalize. Instead we can try to characterize the seismic behavior of this region through the deployment of a dense onshore-offshore seismic network that encompasses adequately the asperity.

The main objective of this temporal seismic network is to characterize the background seismicity, increasing the detection level and computing reliable locations, in order to document possible variations in the seismicity rate, occurrence of seismic swarms, mainshock-aftershock sequences, updip-downdip seismicity shift, synchronous updipdowndip seismicity, etc. that may announce the occurrence or trigger new slow slip events. In short, we aim to find patterns in the seismicity that could help us to anticipate and better understand the role of the slow slip events in the seismic cycle.

Thesis outline

In Chapter 2, the reader will be provided with some concepts about stick-slip and creep phenomena along faults. Then we describe the characteristics of the subduction seismogenic zones, the factors that control their geometry, extension and behavior. Finally we describe the transient deformations in the subduction zones, principally the slow slip events, their location, their periodicity, associated events and their role in the seismic cycle.

In Chapter 3, we present the Ecuadorian subduction zone describing the kinematics and the geological evolution of the Nazca Plate and of the forearc region of the overriding plate. We describe the shallow properties of the seismogenic zone, including the overriding plate and the subducted plate derived from active seismic data, and focus on the region of the La Plata highly-coupled patch.

Chapter 4 is devoted to the description of the seismic data used and all the chain of analysis performed to achieve our objective to characterize the background seismicity.

Chapter 5 is an article, ready to be submitted, which presents the background seismicity and a model to explain its behavior.

In Chapter 6 we present the analysis of the 2012-2013 slow slip event registered in La Plata Island region. We compare the evolution of this event with the seismicity in order to define the cause-effect relationship.

Finally Chapter 7 includes a general discussion, with comparison with other regions of the world were similar slow slip event have been observed and the major conclusions of this study.

The seismogenic subduction zones

In this chapter, we present some concepts about the factors that control the brittle fracture and the aseismic creep in general. Then we focus on the phenomenology of the earthquakes in the subduction zones emphasizing on the slow slip events.

Introduction

Subduction zones are where two tectonic plates collide and one of them underthrusts the other, liberating ~90% of the seismic energy release worldwide through great and mega earthquakes (Pacheco and Sykes, 1992).

Understanding the deformation mode and seismogenic processes at this kind of limit between two plates remains crucial to contribute to hazard assessment.

In subduction zones, the slip along the interface contact zone (thrust motion) accommodates the relative convergence between the subducting and overriding plates. From the surface to intermediate depths, the interface contact zone separates elastic material on either side and at these depths the slip mode is mainly influenced by pressure, temperature and rheology, conditions that control the frictional state of the fault.

Regarding the frictional state of the fault, the slip mode can be: (i) continuous and stable; (ii) episodic in time, fast and short; (iii) episodic in time, slow and longer [START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF].

In the first case, the fault slides continuously. The slip mode is stable (continuous in time) and creeping. The subducting plate freely under thrusts the overriding plate without accumulating strain. In this type of contact zone, no large earthquakes can nucleate.

In the second case, the thrust fault (or part of it) shows a frictional behavior. The relative movement is locally, partially or totally blocked, inducing stresses within both plates and in the contact zone. The stress will accumulate until it exceeds the strength of the material around (friction threshold). At that moment, a sudden and fast slip liberates the accumulated strain through the radiation of seismic energy. This behavior, known as stick slip, corresponds to the one that produces earthquakes, being the earthquake the "slip" and the "stick" the period of elastic strain accumulation which corresponds to the interseismic period.

In the third case, slow slip with longer duration occurs, often episodically, with signals of lower frequency content (e.g. non volcanic tremor) and no seismic radiation. The slip mode is limited in magnitude and occurs essentially on the downdip transition between locked (or partially locked) and stable sliding regions on the interface contact zone.

With the improvement of the instrumentation in the last decades, more information has emerged on the slip behavior in the subduction zones showing that the three slip modes can be adjacent and that they most probably interact by stress transfer [START_REF] Lay | Comment on "Coupling Semantics and Science in Earthquake Research[END_REF].

Earthquakes in the subduction context

In this section, we introduce concepts on the slip behavior on the interface of subduction zones.

We first give general notions about the stick-slip model and some notions about earthquakes. We then present general characteristics of the interplate seismogenic zone.

Stick-slip concept

The standard model of friction from rock friction experiments states that the sliding of a block begins when the ratio of shear () to normal () stress acting over a block (Figure 2.2.1-1) reaches a value named static friction coefficient s. Once the motion initiates the sliding resistance coefficient falls to a lower value, the dynamic friction coefficient d which depends on the stiffness of the system (K) (Figure 2.2.1-1;[START_REF] Scholz | Earthquakes and friction laws[END_REF].

Figure 2.2.1-1 Block-slider model and forces acting on the block.

When a force  acts through a spring with a stiffness K,  is the normal force acting on the block a kind of resistance force opposite to the sliding of the block [START_REF] Scholz | Earthquakes and friction laws[END_REF].

After more rock friction experiments, this behavior has been shown to be more complex, with s and d changing in their values as a function of the velocity and time involving the surface of contact during the motion. This is the rate/state-variable constitutive law that describes the rock friction shown in equation (e2.2.1-1) [START_REF] Scholz | Earthquakes and friction laws[END_REF]. 

𝑑𝜃 𝑑𝑡 = 1 - 𝜃 * 𝑉 𝐿 (e2.2.1-2)
Once the block is moving at a constant velocity (steady state), the shear stress is:

𝜏 = (𝜇 0 + (𝑎 -𝑏) * ln 𝑉 𝑉 0 ) * 𝜎 ̅ (e2.2.1-3)
From (e2.2.1-3), if dynamic friction d is defined as steady-state friction at velocity V, then:

𝑑𝜇 𝑑 𝑑(ln 𝑉) = 𝑎 -𝑏 (e2.2.1-4)
And if static frictions s is defined as the starting friction following a period of time t in stationary contact, then for a long t:

𝑑𝜇 𝑠 𝑑(ln 𝑡) = 𝑏 (e2.2.1-5) (e2.2.1-1
) is also known as slowness law, because at steady state, the state variable  is proportional to slowness (1/V) like:

𝜃 𝑠𝑠 = 𝐿 𝑉 (e2.2.1-6)
L, the critical slip distance, is interpreted as the sliding distance necessary to renew the contact population to evolve to a new steady state, then ss is the average contact lifetime.

According to (e2.2.1-4) and (e2.2.1-5), the friction coefficients depend on a, b, the time of contact with the surface t, the sliding velocity V and the critical slip distance L. The (a-b) parameter, which depends on material properties play an important role in sliding stability regimes.

If a-b >= 0, s grows with the velocity (i.e. the friction augments with the velocity of the slide). In this case, the material has a velocity strengthening behavior which is known to be at stable regime (i.e. stable sliding without stress accumulation).

Earthquakes do not originate in this regime and any motion coming from neighbor regions will be rapidly stopped due to a negative stress drop.

If a-b < 0, s drops with velocity. The material at the surface contact has a velocity weakening behavior since the friction diminishes with the velocity. Depending on a critical value of effective normal stress 𝜎 ̅ 𝑐 there are two behaviors: (i) if 𝜎 ̅ > 𝜎 ̅ 𝑐 ,sliding is unstable under quasi-static loading (constant regime); (ii) if 𝜎 ̅ < 𝜎 ̅ 𝑐 sliding is conditionally stable under dynamic loading but can change to unstable under abrupt changes in the velocity of sliding.

For example, in the nature, the (a-b) parameter becomes positive for a crystalline crust (granite) when T>300°C. This implies that there would not be earthquakes at temperatures greater than 300°C (high P and T) (Figure 2.2.1-2). At shallower depths (lower P and T) the presence of a fault gouge (granite powder) makes (a-b) more positive because of dilatancy; this explains why it exists a stable region near the surface of a fault and why the sliding is rapidly stopped [START_REF] Scholz | Earthquakes and friction laws[END_REF]. (a-b) parameter vs T for granite and granite powder (representing fault gouge) [START_REF] Scholz | Earthquakes and friction laws[END_REF].

In broad lines, few parameters interact on a fault to allow the initiation of a rupture and the sliding or not on the fault.

The static friction (before initiation of sliding) is growing slowly as log t when the contact surface is under load during time. When the static friction reaches a threshold value, the slide can initiate.

The dynamic friction (once the motion is initiated) depends on the sliding velocity that in turn is controlled by the material and T. The friction evolves to a new steady state value after a critical distance L when sliding velocity varies suddenly.

Parameters such as time and rheology of the surfaces in contact that influences the normal stress are involved/imbricated in the stick-slip concept and in the initiation of the rupture.

The subduction seismogenic zone, general concepts

In a subduction zone, the geometry of the contact zone between the two tectonic plates extends from the surface down to greater depth, involving a large range of P and T.

The interplate contact zone is characterized by three stability regimes, from surface to depth: stable, unstable and finally stable again. The transition from one regime to the other is not sharp but progressive, involving regions with a conditionally stable regime (Figure 2.2.2-1). The seismogenic zone, where earthquakes can nucleate is characterized by an unstable regime. The rupture can propagate indefinitely into conditionally stable regions and they stop at stable regions [START_REF] Scholz | Earthquakes and friction laws[END_REF]. [START_REF] Scholz | Earthquakes and friction laws[END_REF].

The extension of the seismogenic zone (W) is bounded superficially and at depth by the updip (U) and downdip (D) limits respectively, leaving a limited depth range for the nucleation of earthquakes (Figure 2.2.2-2) [START_REF] Heuret | Physical characteristics of subduction interface type seismogenic zones revisited[END_REF]. Outside of these limits, the relative convergence between the two plates is accommodated by creeping. coordinates based on 5% to 95% distribution distance of earthquakes from the trench and depth respectively [START_REF] Heuret | Physical characteristics of subduction interface type seismogenic zones revisited[END_REF].

Physically, the limits of the seismogenic zone are pressure, temperature and material controlled. The updip limit coincides with the isotherm of 100-150°C, where the accretionary prism meets competent rocks; at these temperatures, diagenesis and low grade metamorphism produce minerals of higher bulk rigidity (smectite to illite) [START_REF] Aoki | Imaging Interseismic Locking at the Nankai Subduction Zone[END_REF]. The downdip limit coincides with the onset of plasticity of the feldspar (the most ductile mineral of the basalt) at ~450 °C. Downdip limit may be greater as 45 km depth depending on thermal gradients [START_REF] Scholz | Earthquakes and friction laws[END_REF]. It has been proposed that this limit coincides with the Moho of the upper plate (e.g. Kiushu -Japan, [START_REF] Yoshioka | Temperature distribution of the upper surface of the subducted Philippine Sea Plate along the Nankai Trough, southwest Japan, from a three-dimensional subduction model: relation to large interplate and low-frequency earthquakes[END_REF], but as several subductions zones present deeper limits than the Moho of the upper plates (e.g. Sumatra; [START_REF] Simoes | The Sumatra subduction zone: A case for a locked fault zone extending into the mantle[END_REF], [START_REF] Seno | Variation of downdip limit of the seismogenic zone near the Japanese islands: Implications for the serpentinization mechanism of the forearc mantle wedge[END_REF] proposes that the stress regime at the mantle wedge not favoring serpentinization of the mantle wedge inhibits the stable sliding and hence extends in depth the seismogenic zone.

Downdip, the extension of a seismogenic zone can be increased if the involved subducted plate is colder and denser promoting the change of thermal gradients as seen in Fig. 2.2.2-3 from [START_REF] Gutscher | Andean subduction styles and their effect on thermal structure and interplate coupling[END_REF]. Effect of subduction on thermal structure of subduction zones which leads to an increment of the size of seismogenic zone [START_REF] Gutscher | Andean subduction styles and their effect on thermal structure and interplate coupling[END_REF]. [START_REF] Heuret | Physical characteristics of subduction interface type seismogenic zones revisited[END_REF] indicate that the extension of the seismogenic zone (W) could be correlated with several other parameters describing subduction zones like the subduction velocity (Vs), the thermal parameter (), the dip angle (), the depth of the downdip limit (Dz) and seismicity rate (), being the thermal parameter () equal to:

𝜑 = 𝐴 * 𝑉𝑠 * 𝑆𝑖𝑛𝜃 (e2.2.2-1)
With A=age of the plate; and the seismicity rate () the number interplate thrust events with magnitude Mw >= 5.5 normalized for a period of 100 years and for a trench length of 1000 km.

The results of this study are shown in Figure 2.2.2-4.

Figure 2.2.2-4 Empirical relations between several parameters describing subduction zones.

The extension of seismogenic zone or width (W) represented by colored lines present an inverse relation with the following parameters: subduction velocity (Vs), the thermal parameter (), seismicity rate (), dip angle () and depth of downdip limit (Dz). While W increases from 1 to 3, the other parameters decrease from 1 to 3. See text for extended explanation [START_REF] Heuret | Physical characteristics of subduction interface type seismogenic zones revisited[END_REF].

A faster plate (1 in Figure 2.2.2-4) and a cold plate (larger ), dips steeply (large ) into the mantle, presenting a narrow seismogenic zone (small W) with a deep downdip limit (large Dz) and a large number of moderate earthquakes (large ).

At the other end, a slow plate (3 in Figure 2.2.2-4) and a warm plate (smaller ), dips gently (smaller ) into the mantle, presenting a wider seismogenic zone (large W) with a shallow downdip limit (smaller Dz) and a smaller number of moderate earthquakes (smaller ).

The interplate seismogenic zone, i.e. capable of initiate large to great thrust earthquakes is then bounded in a limited range of depths that differ from one subduction zone to others.

Asperities, barriers and stability regimes

Within these ranges of depths limiting the seismogenic zone, many studies have shown that the slip distribution on the fault is very complex. The slip distribution was first explained in terms of barriers and asperities (e.g. [START_REF] Das | Fault planes with barriers: a versatile earthquake model[END_REF]Kanamori, 1981;[START_REF] Kanamori | Mechanics of earthquakes[END_REF]. Kinematically, an asperity is a region in the interplate where large slip occurs during a mainshock while the barrier stops the propagation [START_REF] Kanamori | Mechanics of earthquakes[END_REF]. In this framework, several possibilities may occur on the interplate about the distribution and behavior of the asperities and barriers: 1.When the contact surface is under loading during the time, the slip could occur outside the asperities in the form of creep and small earthquakes while during the seismic paroxysm, the asperities would break producing "characteristic" earthquakes. 2. The barriers remain locked until the next major sequence and they fail as asperities for this major sequence, in such case, this will be a "non characteristic" earthquake sequence. 3. Barriers and asperities may not be permanent (not associated to long term features like topographic reliefs in the plate) but instead, due to nonlinear frictional characteristics of the materials in the interface [START_REF] Rice | Spatio-temporally complex fault slip: 3D simulations with a rate-and state-dependent friction on a fault surface between elastically deformable continua[END_REF] or to a redistribution of water and pore pressure during earthquakes [START_REF] Kanamori | Mechanics of earthquakes[END_REF], their positions are redistributed along the interface, making the location and magnitudes of the next earthquakes difficult to anticipate.

A characteristic earthquake is an event which ruptures an entire fault segment (section of a fault bounded by strong barriers that stop the rupture). Alternatively, it can be an event from a sequence, rupturing the same area of the fault (same asperity) [START_REF] Jackson | Characteristic earthquakes and seismic gaps[END_REF].

Bringing together above concepts about physical properties of the interface that favors or not the sliding, the asperity would be a region associated to a material with condition of velocity weakening behavior (unstable sliding frictional condition) while the surrounding barriers are associated to material with velocity strengthening behavior (stable sliding frictional condition). In more recent models, asperities and barriers are presented randomly distributed as the distribution of stable, unstable and conditionally stable domains (Figure 2.2.3-1) [START_REF] Lay | Comment on "Coupling Semantics and Science in Earthquake Research[END_REF]. The complexity in friction and kinematics properties is the result of the nature of the subducted plate [START_REF] Lay | Comment on "Coupling Semantics and Science in Earthquake Research[END_REF].

In this model, the shallowest part of the fault creeps steadily when stress is applied. Deeper, patches of velocity weakening material (asperities) could rupture seismically and the rupture could propagate to the surrounding conditionally stable patches. The neighboring stable nearby material may either stop the rupture (barrier) or may slide and propagate the rupture resulting in a "non-characteristic" earthquake.

Earthquake size

The magnitude of an earthquake on the seismogenic zone depends in part on the stable, unstable and conditionally stable properties distribution that will govern the extension of the area capable to slip during an earthquake.

Several scales of magnitudes have been proposed, many based on amplitude measurements of the seismic signal. All of them are non-dimensional values not linked to a physical parameter of the seismic event and to a certain level they do not give anymore a real estimation of the magnitude (they saturate). The scale of magnitude describing the size of an earthquake is the moment magnitude which is tied to the seismic moment.

The seismic moment is a linear measure of the size of an earthquake. It relates the size with the slip and the affected area during the earthquake [START_REF] Scholz | Earthquakes and friction laws[END_REF]. It depends on mean slip in the fault u and A, the area of slip during the event:

𝑀 0 = 𝐺 * 𝑢 * 𝐴 (e2.2.4-1)
With G: shear modulus. Then the rate or velocity of moment seismic release rate of a fault or plate boundary is:

𝑀 ̇0 = 𝐺 * 𝑣 * 𝐴 (e2.2.4-2)
With v: long term slip velocity determined from the plate tectonic model or geological data and A is now the total fault area.

Interseismic coupling

If the extension of the surface of contact with unstable behavior (velocity weakening) is large enough, the friction on that patch can block partially or totally the relative motion between the plates along that segment, while the updip and downdip regions remain creeping. The motion can then be momentarily locked (or partially locked) allowing stress accumulation between two earthquakes (which are episodes of sliding). This locking due to the coupling between both tectonic plates during the interseismic period results in a slip deficit, i.e. the amount of slip on the contact zone is insufficient to fully accommodate plate motion.

The assessment of the coupling coefficient  on the interface was first measured based on the ratio of observed to expected seismic moment release in a fault segment, i.e. the ratio of the sum of the seismic moment release of all earthquakes occurring in a fault (𝑀 0 𝑆 ̇) to all seismic moment accumulated in the fault due to the relative convergence between the plates (𝑀 0 𝑇 ̇):

 = 𝑀 0 𝑆 Ṁ 0 𝑇 ̇ (e2.2.5-1)
 may vary from 0 to 1 giving information on the stability regime of the fault or on how efficiently is released the accumulated movement on the fault. When  is 1, it means that all accumulated slip has been released during earthquakes (likely big ones), so all the seismogenic zone has rupture each time; in this case, the fault can be considered seismically coupled and unstable. On the contrary, when =0, no big earthquakes have released significant seismic moment; in this case the fault is considered seismically decoupled and stable [START_REF] Scholz | Earthquakes and friction laws[END_REF][START_REF] Scholz | The seismic coupling of subduction zones revisited[END_REF].

Nowadays, the GPS technology and its global use allow an accurate estimate of the interseismic coupling of the interface contact zone related to the ratio between slipping velocity on the fault during the interseismic period and the long-term plate velocity. The assessment of  is based on the interseismic strain acceleration of the upper plate and is a measure of the stress accumulation [START_REF] Bock | Physical applications of GPS geodesy: a review[END_REF]. This geodetic estimate of the seismic coupling is free of earthquake sampling problem (extension and completeness of seismic catalogs).

Interseismic coupling models that describe spatially where the fault is not moving (coupled) or moving (decoupled) are constructed from strain rates transmitted into the crust and detected at the surface (e.g. [START_REF] Savage | A dislocation model of strain accumulation and release at a subduction zone[END_REF][START_REF] Mccaffrey | Rotation and plate locking at the southern Cascadia subduction zone[END_REF][START_REF] Mazzotti | Full interseismic locking of the Nankai and Japan-west Kurile subduction zones: An analysis of uniform elastic strain accumulation in Japan constrained by permanent GPS[END_REF][START_REF] Norabuena | Geodetic and seismic constraints on some seismogenic zone processes in Costa Rica[END_REF]. In function of the density and coverage of the instrumentation, this estimation may be very detailed. Those models can particularly well define the downdip limit of the coupled zone, but not its upper limit due to the poor coverage or lack of GPS in the marine area where the updip limit of the seismogenic zone is projected (e.g., [START_REF] Mccaffrey | Crustal block rotations and plate coupling[END_REF][START_REF] Wang | Coupling'' semantics and science in earthquake research[END_REF] [START_REF] Wallace | Characterizing the seismogenic zone of a major plate boundary subduction thrust: Hikurangi Margin, New Zealand[END_REF].

According to [START_REF] Scholz | The seismic coupling of subduction zones revisited[END_REF], high seismic coupling occurs for subduction zones subjected to high normal forces. Normal stresses loading the interface may come from the subduction of topographic features like seamounts (e.g. [START_REF] Scholz | The effect of seamount subduction on seismic coupling[END_REF], they may come from the weight of the overlying crust (Tassara, 2010), or from the tectonic stress state and structural permeability of the overriding plate that allows higher or lower fluid pressures along the interface [START_REF] Wallace | Simultaneous longterm and short-term slow slip events at the Hikurangi subduction margin, New Zealand: Implications for processes that control slow slip event occurrence, duration and migration[END_REF]. Furthermore, earthquake asperities correlate with areas of high coupling. Seismic coupling has therefore a semblance of permanence (persistency) and it may be well assessed through discrete movements along the interface (earthquakes).

Comparing to classical definition and assessment of seismic coupling, interseismic coupling carries a dynamic or changing connotation and accurately reflects more complex phenomena in the interface zone. For example, several detailed studies using seismicity observations show how interseismic coupling changes in a region from strong coupled to weak coupled before large earthquakes which is interpreted as a gradual unlocking of the interface contact zone (e.g. before Iquique 8.1 Mw, 2014 earthquake, [START_REF] Schurr | Gradual unlocking of plate boundary controlled initiation of the 2014 Iquique earthquake[END_REF][START_REF] Kato | Accelerated nucleation of the 2014 Iquique, Chile Mw 8.2 Earthquake, Scientific Reports[END_REF].

The effect of subducted topographic features in the seismic coupling

Topographic features such as horst and grabens, submarine volcanoes, isolated or multipeaks seamounts, ridges, fossil or active rifts, plateaus and volcanic arcs are all called "asperities". The main effect of these asperities when they are incorporated in the subduction process is to strongly increase the tectonic erosion in the interface contact zone and to generate multiple deformations on the overriding plate. Among the effects in the overriding plate are the multiple events of vertical movements along the margin (uplift and subsidence) [START_REF] Lallemand | La subduction océanique[END_REF].

In the framework of the present work, we are interested in the effect of the subduction of seamounts and ridges on the seismic coupling and hence in the generation of large earthquakes.

In one hand, the seamounts and ridges are positive features in the oceanic floor presenting large resistance to the subduction. For this reason, they have been considered as "strong asperities" which increase the seismic coupling (e.g. [START_REF] Cloos | Thrust-type subduction-zone earthquakes and seamount asperities: A physical model for seismic rupture[END_REF][START_REF] Scholz | The effect of seamount subduction on seismic coupling[END_REF], but few M>6.5 events have been linked to seamounts [START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF]. According to [START_REF] Yang | Effects of subducted seamounts on megathrust earthquake nucleation and rupture propagation[END_REF] the seamount as a patch of elevated normal stress on the interface can fail or impede a megathrust earthquake in function of its position to the earthquake nucleation (when it sits at the updip or downdip regions of the seismogenic zone, the seamount has little effect; if it is at intermediate distance range up-dip of the nucleation zone, the seamount can inhibit or nucleate earthquake ruptures depending on the stress conditions).

In the other hand, the subduction of positive relief creates a volume of damage developing a network of fractures where large earthquakes cannot nucleate and conversely, small earthquakes and aseismic creep are common [START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF].

The seismic cycle

From the persistency of the coupled patches along the interface contact zone and the continuity of the relative convergence derives the notion of seismic cycle

The seismic cycle is defined as the time elapsed between two major earthquakes in the same fault segment.

Between two events, during the interseismic period, the stress builds up while the contact zone and their surroundings accumulate strain. During that period of time (several decades or hundreds of years) the overriding lithosphere shows shortening and uplift.

When the strength of the elastic material is exceeded by the accumulated strain, the earthquake occurs, releasing in a few seconds/minutes the accumulated strain through the thrust motion on the fault. The upper lithosphere relaxes and shows extension and a consequent subsidence and some uplift near the trench (Figure 2.2.6-1).

During the postseismic period (minutes, decades to months) both, the fault and the crustal material adjust the stresses and the strain imposed by the earthquake. Additional slip (after slip) can occur along the fault with further extra flow in the lower crust (visco-elastic relaxation).

The recurrence time interval between two mainshocks is not constant. Even the buildup of strain occurs at a constant rate, physical and/or rheological controlling the stress accumulation and the failure threshold may affect the expected cyclicity of this process (Mc Guire, 2008;[START_REF] Hyndman | Great earthquakes on Canada's west coast: a review[END_REF]) (Figure 2.2.6-2). Schematic representation of the seismic cycle in a cross-section of a subduction representing the strain buildup and release along the interface contact zone and the parallel phenomena in the overriding plate [START_REF] Kanamori | The physics of earthquakes[END_REF][START_REF] Hyndman | Great earthquakes on Canada's west coast: a review[END_REF]. In a hypothetical sequence of earthquakes in a time-predictable recurrence model where failure strain is fixed and coseismic strain drop is arbitrary. Primed numbers show predicted occurrence time if strain buildup were linear (modified from [START_REF] Thatcher | Nonlinear Strain Buildup and the Earthquake Cycle on the San Andreas Fault[END_REF]).

Transient deformations along subduction zones

The deformation along the subduction zones is a continuous process due to the permanence of the convergence of the two plates involved. However, in the last years, it has been noted transient (small duration) deformations or events that may affect the natural or constant rhythm of the subduction.

Overview

The knowledge of faults moving continuously (at a specific plate convergence rate) without seismicity or only during discrete and episodic earthquakes has evolved with the discovery of a series of slow-slip phenomena detected not only at subduction zones or continental faults but also in landslide and glaciers. During those episodes, the slip in the faults or discontinuities lasts longer time and they do not radiate seismic energy (seismic waves) as regular earthquakes [START_REF] Gomberg | Report on the Aseismic Slip, Tremor, and Earthquakes workshop[END_REF][START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF].

Between these two end member scenarios, there have been identified a complete range of other types of events named LFE, VLFE, NVT, SSE or silent earthquakes and ETS with long durations and radiating little to no seismic energy (Figure 2.3.1-1). These ample varieties of events, unlike regular earthquakes, follow a particular and unified scaling relationship, where the seismic moment 𝑀 0 is proportional to the characteristic duration: 𝑀 0 (𝑡) ≈ 𝑇 * 10 12-13 (𝑒2.3.2 -1) and their moment rate function 𝑀 0 ̇(𝑡) is constant with a spectral high-frequency decay of 𝑓 -1 (regular earthquakes seismic moment's is 𝑀𝑜 ≈ 𝑇 3 * 10 15-16 (𝑒2.3.2 -2) and 𝑀 0 ̇(𝑡) shows a spectral highfrequency decay of 𝑓 -2 ) [START_REF] Ide | A scaling law for slow earthquakes[END_REF]. 

LFE (red), VLF (orange), and SSE (green)

occur in the Nankai trough while ETS (light blue) occur in the Cascadia subduction zone [START_REF] Ide | A scaling law for slow earthquakes[END_REF].

LFE and VLFE state for low-frequency (< 1 Hz; e.g. [START_REF] Obara | Low frequency events occurred during the sequence of aftershock activity of the 2003 Tokachi-Oki earthquake; a dynamic process of the tectonic erosion by subducted seamount[END_REF] events and for very low-frequency (0.02-0.05 Hz; e.g. [START_REF] Asano | Spatiotemporal distribution of very-low frequency earthquakes in Tokachi-oki near the junction of the Kuril and Japan trenches revealed by using array signal processing[END_REF], show source durations of less than one second and a few tens of seconds respectively. They have been identified in several subduction zones as Cascadia, Japan, Mexico and Costa Rica as well as Central California [START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF]. In Japan, where they have been better characterized, their hypocenters are very shallow (< 5 km) with thrust type mechanisms. These mechanisms are consistent with out of sequence and splay faults in the accretionary prisms while others where there are no accretionary prisms occur on the plate boundary near subducted seamounts [START_REF] Asano | Spatiotemporal distribution of very-low frequency earthquakes in Tokachi-oki near the junction of the Kuril and Japan trenches revealed by using array signal processing[END_REF][START_REF] Obara | Low frequency events occurred during the sequence of aftershock activity of the 2003 Tokachi-Oki earthquake; a dynamic process of the tectonic erosion by subducted seamount[END_REF]. Some studies model VLF as thrust events occurring at very shallow at the interface or in faults at the accretionary prism (Ito and Obara;[START_REF] Asano | Spatiotemporal distribution of very-low frequency earthquakes in Tokachi-oki near the junction of the Kuril and Japan trenches revealed by using array signal processing[END_REF]Ito et al., 2009;Ito et al., 2009b).

NVT or non-volcanic tremor with frequencies ranging between 1-10 Hz and lasting from few minutes to few days were recognized in Japan, occurring at depths around 40-45 km in the interface contact and coinciding with the Moho of the upper crust (Figure 2.3.1-2) [START_REF] Obara | Nonvolcanic Deep Tremor Associated with Subduction in Southwest Japan[END_REF]. Some authors (Shelly et al., 2006;[START_REF] Shelly | Non-volcanic tremor and lowfrequency earthquake swarms[END_REF][START_REF] Brown | Deep low-frequency earthquakes in tremor localize to the plate interface in multiple subduction zones[END_REF] explain non-volcanic tremor as the sum of VLF or LFE events which represent shear slip events in the interface where high pore-fluid pressure promote this transient mode of failure. NVT has also been determined to occur at several depths in the upper crust (e.g. Cascadia;[START_REF] Mccausland | Temporal and spatial occurrence of deep non-volcanic tremor: From Washington to northern California[END_REF] or very far from the subduction zone (e.g. México, [START_REF] Payero | Nonvolcanic tremor observed in the Mexican subduction zone[END_REF][START_REF] Kostoglodov | The 2006 slow slip event and nonvolcanic tremor in the Mexican subduction zone[END_REF].

SSE refers to a so slow fault slip that occur aseismically. These kinds of events have been known for years (e.g. in San Andreas Fault; Linde et al., 1996) but their significance has recently been explored with better instrumentation [START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF] and assessed in the subduction zones in terms of the slip deficit (e.g. Chlieh et al., 2014).

ETS or episodic tremor and slip refer to the initial observations (historical) of large episodes of tremor and low frequency motion or slow slip events (SSE) (days to weeks). They were identified for the first time in 1999, at the Cascadia subduction zone where they present a quasi-periodically occurrence (Figure 2.3.1-3) [START_REF] Dragert | Geodetic and seismic signatures of episodic tremor and slip in the northern Cascadia subduction zone[END_REF][START_REF] Rogers | Episodic Tremor and Slip on the Cascadia Subduction Zone: The Chatter of Silent Slip[END_REF].

Finally, silent earthquakes are classed as the longest in duration. [START_REF] Ide | A scaling law for slow earthquakes[END_REF] propose several examples in the Nankai trough, in the Japan Trench (Sanriku-oki region), along with one case in México. The most famous example of this kind of slow slip event is probably that one in the Tokai region (Nankai trough), because of its implications with the large expected earthquake in the zone. Between 2000 and 2004, a slow slip occurred in this region with an accumulated magnitude of 7.0 Mw [START_REF] Toda | Spatio-temporal stress states estimated from seismicity rates changes in the Tokai region, central Japan[END_REF]. Other examples not mentioned in the work of Ide et al. may be the 2010, 18 months-long slow slip in Alaska, with a magnitude of 6.9 Mw [START_REF] Wei | A slow slip event in the south central Alaska Subduction Zone and related seismicity anomaly[END_REF], and several episodes of slow slip events in the southern margin of the Hikurangi subduction zone with durations of 1 to 2 years and magnitudes of ~ 7.00 Mw [START_REF] Wallace | Diverse slow slip behavior at the Hikurangi subduction margin, New Zealand[END_REF]. NVT source location in SW Japan at depths between 35 and 40 km [START_REF] Obara | Nonvolcanic Deep Tremor Associated with Subduction in Southwest Japan[END_REF]. Blue circles: daily change in the E-component of the GPS in Victoria Area with respect to a fixed point. Green line: long-term (interseismic) eastward motion of the site. Red line: mean eastward trends between the slow slip events marked by reversal of the motion each 13-16 months. Orange line: normalized cross-correlation between the de-trend GPS time series with a 160-point zero-mean sawtooth segment to determine the dates of the slow slip events [START_REF] Dragert | Geodetic and seismic signatures of episodic tremor and slip in the northern Cascadia subduction zone[END_REF].

Behind all these new kinds of phenomena there is the notion of a brief change in the state of the system (transient) that leads to their occurrence.

Characteristics of slow slip events

The improvement and densification of geodetic networks along subduction zones allows the observation and better understanding of slow slip events. GPS time series are showing the crustal deformation due to the relative motion of the lithospheric plates from which the fault slip rates can be determined [START_REF] Bock | Physical applications of GPS geodesy: a review[END_REF].

The slow slip events have been found to accommodate accumulated plate boundary strain through slow motion with durations of days to years without generation of seismic radiation, thus they are also called "silent" earthquakes. Despite this slow motion and no seismic signal generation, in some regions like Cascadia and SW Japan, they have been observed to be associated to episodes of seismic tremor similar at those observed in volcanic regions [START_REF] Schwartz | Slow slip events and seismic tremor at circum-pacific subduction zones[END_REF]. Despite its "silent character" such slow slip events can make a significant contribution to the moment release budget of a subduction zone [START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

Not all well monitored subduction zones show evidences for slow slip events, e.g. Northern Honshu [START_REF] Schwartz | Slow slip events and seismic tremor at circum-pacific subduction zones[END_REF] and some sort of cyclicity observed is not a rule either. Episodic slow slips have been observed for example, in Cascadia [START_REF] Dragert | Geodetic and seismic signatures of episodic tremor and slip in the northern Cascadia subduction zone[END_REF] or in Boso [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF] but they are aperiodic in New Zealand [START_REF] Bartlow | Timedependent modelling of slow slip events and associated seismicity and tremor at the Hikurangi subduction zone, New Zealand[END_REF].

Home of slow slip events

Observations and models of slow slip events and tremor require the presence of nearlithostatic pore-fluid pressures [START_REF] Audet | Possible control of subduction zone slowearthquake periodicity by silica enrichment[END_REF]. This condition is met at the downdip region where the oceanic plate coincides with the Moho of the overriding plate (i.e. close of the wedge corner of the mantle crust) (Figure 2.3.2-1, [START_REF] Gomberg | Report on the Aseismic Slip, Tremor, and Earthquakes workshop[END_REF]. The elevated pore fluid pressure is explained by water transfer from the slab to the upper lithosphere causing the eclogitization and serpentinization of mantle wedge, precisely where the deep seismic to aseismic sliding transition occur (Audet et al., 2010).

Figure 2.3.2-1 Region of occurrence of slow slip events (SSE).

They usually occur between the shallow locked section and the deeper and freely slipping section. Picture showing the case for Cascadia Subduction zone [START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF].

This scenario leads to a specific P and T controls in the occurrence of SSE. However, these conditions of P and T are not always met at the intersection of (or close to) the oceanic plate with the Moho of the overriding plate as can be seen in some subduction zones where depending on the variability of the limit from unstable to stable sliding in the subduction interface, the home of slow slip events can be sited also at shallow depths. Some examples of shallow slow slip events are found in: (i) the North Island at Hikurangi where it has been found along-strike variations for the occurrence of slow slip events as consequence of different thermal structure in the interface (Figure 2.3.2-3) [START_REF] Yabe | Along-strike variations in temperature and tectonic tremor activity along the Hikurangi subduction zone, New Zealand[END_REF][START_REF] Wallace | Slow slip near the trench at the Hikurangi subduction zone[END_REF] and (ii) La Plata Island in the central subduction of Ecuador, where the subduction of the Carnegie Ridge may imprint a special thermal characteristic to the interface. Orange lines: Plate isocontours each 10 km. Red lines: Interseismic coupling isocontours. Pink shading: interseismic coupling > 60%; Blue lines: regions of slow slip events [START_REF] Trehu | Measuring slow slip offshore[END_REF]. Thermal structure: orange line: 350°C; red line: > 600°C in the interface along the North Island in the Hikurangi subduction zone, New Zealand [START_REF] Yabe | Along-strike variations in temperature and tectonic tremor activity along the Hikurangi subduction zone, New Zealand[END_REF].

Periodicity and triggering

As explained in the introduction, slow slip events are often periodic with average recurrence times from 13 to 16 months (e.g. Cascadia; [START_REF] Dragert | Geodetic and seismic signatures of episodic tremor and slip in the northern Cascadia subduction zone[END_REF] or 5 to 7 years (e.g. Boso; Hirose et al., 2013).

The triggering of such periodic slow slip events has been attributed to various phenomena:

(i) The Earth's Chandler wobble, that is the wobble of Earth's rotation axis caused by mass redistribution at the Earth's surface (Miller et al., 2002 in Vidale and[START_REF] Vidale | Slow slip: A new kind of earthquake[END_REF]; though other authors (Shen et al., 2005 in Vidale and[START_REF] Vidale | Slow slip: A new kind of earthquake[END_REF] found that many but not all slow slips at different subduction zones like southern Cascadia, Guerrero-Mexico, Bungo Channel and Boso Peninsula-JP, coincide with maximum stress changes due to wobble of Earth's rotation (14 of 20 studied slow slip events).

(ii) Other authors (Lowry, 2006 in Vidale and[START_REF] Vidale | Slow slip: A new kind of earthquake[END_REF] found more conclusive stress perturbations caused by climatic loading phenomena.

(iii) [START_REF] Audet | Possible control of subduction zone slowearthquake periodicity by silica enrichment[END_REF] explain SSE cyclicity due to changes in silica content, so in the permeability and in turn in Vp/Vs ratios of the fore-arc crust; this change in the concentration controlled by the temperature (depth) play a fundamental role in controlling fault strength and stability. In this way a slower permeability reduction leads to larger SSE time recurrences and a faster permeability reduction to a smaller SSE time recurrences. In Cascadia, fore-arc crust nature varies from mafic to felsic and recurrences times for SSE vary from 14 months to 2 months respectively.

(iv) Changes in the static Coulomb failure stress derived by the occurrence of nearby earthquakes may accelerate or delay the occurrence of slow slip events otherwise periodic (e.g. Boso; [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF]. The results show a significant response of the zone delaying the slow slip event when the Coulomb failure stress is negative (local earthquake in 1987) and accelerating the SSE when the Coulomb failure stress is positive (the celebre 2011 Tohoku earthquake) (Figure 2.3.2.2-1). , in this case the slow slip event is delayed [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF]. See section 2.3.3 for more information about the slow slip events in the zone.

Microseismicity and slow slip events

To introduce this section, we start reminding that the term microseismicity refers to regular earthquakes with seismic signal, containing clear P and S wave arrivals, short durations (~sec) and with a high frequency content (> 1 Hz). The magnitude behind the word microseismicity could refer to associated displacement on the fault lower than 10 cm (roughly magnitude less than 6; [START_REF] Wells | Empirical Relationships among Magnitude, Rupture Length, Rupture Width, Rupture Area and Surface Displacement[END_REF] interpreted as small to micro asperities on the contact surface or in the megathrust crust. In a region, microseismicity may be constant or may be closely clustered in time and space. This last type of microseismicity is known as seismic swarm with all the events having a uniform distribution of magnitudes and with no a mainshock (main earthquake with large magnitude with respect to the rest of the events in the sequence).

Slow slip events are sometimes associated to other observable phenomena from seismic traces: microseismicity and tremor (non-volcanic tremor). Since non-volcanic tremor has not been observed in Ecuador, we develop in the next section only two representative cases of observed microseismicity associated to slow slip events.

In Boso, Japan [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF][START_REF] Hirose | The Boso slow slip events in 2007 and 2011 as a driving process for the accompanying earthquake swarm[END_REF] document two SSE in 2007 and 2011 coincident with earthquake swarm activity. Both events have 6.6 Mw, similar durations of 12 to 14 days, but the seismicity rates and magnitudes are different (Figure 2.3.3-1) and occur also in different regions with respect to the slipped area .

According to the authors, these variations could rest on different stress changes caused by each slow slip event and on different sensitivity to slip of asperities on zones A and B, additionally, zone B being close to the rupture area of 1923 Kanto earthquake may be strongly coupled than zone A, hence it presents different triggering sensitivity. Source time function modeled (with 1 standard deviation) and number of earthquakes for 6h intervals for the two slow slip episodes: 2007 (a) and 2011 (b) in Boso, JP [START_REF] Hirose | The Boso slow slip events in 2007 and 2011 as a driving process for the accompanying earthquake swarm[END_REF]. Gray rectangles show the area considered for earthquake analysis and rectangles A and B are highlighting the difference of the seismicity between the two episodes in the two zones [START_REF] Hirose | The Boso slow slip events in 2007 and 2011 as a driving process for the accompanying earthquake swarm[END_REF].

From 2007 and 2011 cases, the periodic seismic swarms observed in the same area between 1983 and 2013 have been interpreted as accompanying past slow slip events seismic swarms [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF]. The time recurrence analysis indicates a quasiperiodic cycle with exception when local/regional earthquake occurred nearby (Section 2.3.2.2) (Figure 2.3.3-3). These slow slip events have magnitudes between 6.4 and 6.6 and occur in the interface at depths between 15 and 25 km (zone B and zone A respectively in Figure 2.3.3-2).

Figure 2.3.3-3 Determination of past SSE in function of microseismicity in Boso.

A: Usual recurrence time of 60 mo +/-4 mo changes, retards or accelerates by the occurrence of Off Chiba earthquake and Tohoku earthquakes respectively B: Earthquake locations for the seismic swarms at Boso. Black dasher rectangle is the region for the analysis of the seismicity. Pink area depicts slip area of the 2011 slow slip event [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF].
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Microseismicity associated to slow slip events has also been observed In Central Hikurangi subduction zone, New Zealand [START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

In this subduction context, the old Pacific Plate (120 Myr) subducts obliquely beneath the Australian Plate at a relative convergence of 43-45 mm/yr [START_REF] Wallace | Characterizing the seismogenic zone of a major plate boundary subduction thrust: Hikurangi Margin, New Zealand[END_REF]. The interseismic coupling is high (> 60%) down to ~45 km depth in the southern part of the North Island, while in the north it is high down to less of 10 km depth (see Figure 2.3.2-2;[START_REF] Trehu | Measuring slow slip offshore[END_REF]. [START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

X Y Other patterns showing apparent switches between clustered seismicity within the slab at intermediate depths followed by shallow clustered seismicity of interface thrust type have been also observed (e.g. Mexico). These "jumps" of the seismicity have been explained with aseismic slip transients that are generated spontaneously in the downdip zone during the seismic cycle. Those transients perturb the stress field in the seismogenic zone and nearby regions and in regions as far as hundreds of kilometers. In this way, "these aseismic transients act as spatial-temporal connection between the two clusters" [START_REF] Liu | Aseismic slip transients emerge spontaneously in threedimensional rate and state modeling of subduction earthquake sequences[END_REF].

Finally, slow slip events are not exclusive of subduction zones. They have been observed in other continental environments like in inland active faults (e.g. in central Japan, [START_REF] Iinuma | Aseismic slow slip on an inland active fault triggered by a nearby shallow event, the 2008 Iwate-Miyagi Nairiku earthquake (Mw 6.8)[END_REF]San Andreas fault, Linde et al., 1996) and finally in volcanic regions like the southern flank of Kilahuea volcano [START_REF] Segall | Earthquakes triggered by silent slip events on Kilahuea volcano, Hawaii[END_REF].

Slow slip events and the seismic cycle

The transient deformations described in the previous section are known to occur during the interseismic period (considering the short history of the knowledge about slow slip events) and may be called interseismic slow slip events.

Other types of slow slip events are directly related to large earthquakes. These slow slip events are called afterslip events and preslip events, when they follow or precede the mainshock respectively.

Afterslip events represent transient quasi-static slip triggered by the rapid stress release of the mainshock [START_REF] Peng | An integrated perspective of the continuum between earthquakes and slow-slip phenomena[END_REF]. These events can account for the slip deficit left by mainshocks [START_REF] Marone | On the Mechanics of Earthquake Afterslip[END_REF]. They may reach a large percentage of the coseismic slip (e.g. 70% 8.0 Mw Colima-Jalisco 1995 earthquake, [START_REF] Hutton | Slip kinematics and dynamics during and after the 1995 October 9 Mw=8.0 Colima-Jalisco earthquake, Mexico, from GPS geodetic constraints[END_REF] and they can last from days to years [START_REF] Marone | Laboratory-derived friction laws and their application to seismic faulting[END_REF].

Preslip events are interpreted as contributing to gradual unlocking before great earthquakes and have been characterized with particular changes in the seismicity pattern like migration, changes in the seismic rate and occurrence of repeating earthquakes several months before the mainshock (e.g. Tohoku 2011 preslip, [START_REF] Kato | Propagation of Slow Slip Leading Up to the 2011 Mw 9.0[END_REF]Iquique 2014preslip, Kato et al., 2016).

The interseismic slow slip events most often occur in downdip of the coupled are that could be prone to fail with a large earthquake. [START_REF] Liu | Aseismic slip transients emerge spontaneously in threedimensional rate and state modeling of subduction earthquake sequences[END_REF][START_REF] Liu | Aseismic slip transients emerge spontaneously in threedimensional rate and state modeling of subduction earthquake sequences[END_REF].

If the occurrence of slow slip events indeed stress the locked patch situated in updip position, they might hence become indicators (or not) of an imminent earthquake [START_REF] Vidale | Slow slip: A new kind of earthquake[END_REF]. Their significance and implication for seismic hazard and earthquake prediction is object of an intense observation and research with the deployment of denser networks of observation in order to determine precisely where do they occur, to model their movement and evolution and to evaluate their impact on the stress accumulation in the interface contact zone and its vicinity [START_REF] Vidale | Slow slip: A new kind of earthquake[END_REF][START_REF] Schwartz | Slow slip events and seismic tremor at circum-pacific subduction zones[END_REF].

Summary

The seismogenic zone of a fault, in general and in the subduction megathrust in particular, shows a heterogeneous distribution of materials whose properties have the ability of initiate earthquakes or to impede its propagation. Additional to these characteristics, the recognition of a new kind of earthquakes (slow slip events) which release strain without radiation of seismic energy during larger periods of time (from days to months) add more complexity to the general frame. Understand what controls the characteristics of the interplate contact zone, what triggers the occurrence of these slow events and how do they affect the seismic cycle in a particular segment of the subduction zone are one of the main interest in seismology nowadays.

The cases of slow slip events, their characteristics and accompanying phenomena presented in this section are not exhaustive but they show the extreme complexity of this type of earthquakes but they will give some important insights to compare with the results of the analysis of the 2013 La Isla de la Plata slow slip and its accompanying seismicity, objet of the present study. They will give also, elements to evaluate this slow slip event and its possible impact on the coupling and seismic potential along this particular segment of the Ecuadorian subduction zone where an important feature as the Carnegie Ridge is subducting beneath the coast.

Geodynamic context of the Ecuadorian subduction zone

The Ecuadorian subduction zone presents a complex geodynamic context inherited from its geologic history which was characterized by successive accretions of allochthonous terranes and later, influenced by the subduction of a locally thickened oceanic crust.

In the first section, we aim to describe this context, through the description of the phenomena that affected the margin in chronological order: the accretions, the subduction of the Carnegie Ridge and the effects of this subduction to end with the description of actual deformation. In the second section, we focus on the characteristic of the oceanic crust, the overriding margin and the interface contact zone from active seismic data. In the third section, the characteristics of the seismogenic zone will be addressed through the evaluation of the interseismic coupling and the seismicity observed. Finally, in the fourth section, the region of La Plata Island, our zone of interest will be introduced with more detail.

Geological, tectonic and kinematic framework

Accretion of oceanic terranes

The accretion of a series of allochthonous oceanic terranes from Late Cretaceous to Late Paleocene (Jaillard et al., 2009) is described from the observation of various formations included on the northwestern border of South America. In Ecuador, 3 oceanic terranes are found: [START_REF] Wang | Coupling'' semantics and science in earthquake research[END_REF] The San Juan terrane (made of an Early Cretaceous oceanic plateau) was accreted in the Late Campanian (~75 Ma); [START_REF]Puerto López-Manta Seismic swarm in June: máx. magnitude: 4.7 Ml 5.5 Ml mainshock-aftershock sequence 3* Dec 1996-Jan 1997 Jama-Cabo Pasado Puerto López-Manta Seismic swarm[END_REF] The Guaranda terrane (Coniacian oceanic plateau, ~90 Ma, overlain by either Campanian-Maastrichtian island arc products, or Santonian-Maastrichtian pelagic cherts) was accreted in the Late Maastrichtian (~68 Ma).

(3) The Piñón-Naranjal terrane (Late Cretaceous oceanic plateau overlain by Late Cretaceous island arc suites) was accreted in the Late Paleocene (≈ 58 Ma). Terranes and main geologic units (adapted from Santos et al. 1986) from Jaillard et al., 2009. One cinematic reconstruction proposes that these terranes, part of the Caribbean Oceanic Plateau (COP) were originated far to the south, on the Farallon Plate. The plate split into several fragments and some were transported and accreted to the paleo-margin of South America during a northeastward movement of the plateau between 75 and 58 Ma (Figure 3.1.1-2) (Jaillard et al., 2009). Source Jaillard et al., 2009; COP= Caribbean Oceanic Plateau.

Fission of the Farallon Plate and birth of the Carnegie Ridge

The second process that affects present day configuration of Ecuador is the fission of the Farallon Plate into Cocos and Nazca Plate at the beginning of the Miocene (Lonsdale, 2005).

Based on magnetic and bathymetric data, the fission of the Farallon Plate is traced to be initiated about ~26 Ma along a pre-existing ENE fracture zone [START_REF] Hey | Tectonic evolution of the Cocos-Nazca spreading center[END_REF][START_REF] Lonsdale | Structure and tectonic history of the eastern Panama Basin[END_REF]. The plate separation accelerated the spreading on the East Pacific Rise and changed its direction, subsequently modifying the relative convergence at trenches along the western margin of South America (faster and less oblique) that in turn influenced tectonic and volcanic processes on those margins. The Farallon plate fragmentation gave birth to the new Cocos-Nazca spreading center (CNSC), and the subsequent oceanic spreading originated the Cocos and Nazca plates respectively to the north and to the south from this fracture.

The interaction between the CNSC and the Galapagos Hot-Spot (GHS) lead to the creation of the Carnegie Ridge (and its "mirror sister", the Cocos Ridge), inferred to be the product of voluminous fissure eruptions (Lonsdale, 2005). The interaction started about 23 Ma when the GHS was centered on the axe of the CNSC, producing a paroxysm of melt anomaly (Sallarès and Charvis, 2003). Evolution during the last 20 My (Sallarès and Charvis, 2003). Ca, Co and M refers to Carnegie,

Cocos and Malpelo ridges respectively, YG= Yaquina Graben, PFZ= Panama Fault Zone, IFZ= Inca fracture zone, UN and US indicate the trend of oceanic spreading along de CNSC, VNS the migration of the CNSC with respect to the GHS, VEW the E-W motion of the GVP (Galapagos Volcanic Province) relative to the stable South

American craton resulting from the oceanic spreading in the East Pacific Rise. Thick arrows correspond to motion of Cocos and Nazca plates relative to South America.), which is outlined by the trends of Cocos and Carnegie ridges. The CNSC has been changing its position with respect to the GHS; at the present is 190 km to the north of the anomaly.

The actual configuration of the Panama Basin (Figure 3.1.2-2) is then the result of successive changes in the spreading direction of the CNSC, its position in relation to the Galápagos Hot Spot (GHS) and finally changes in the melt anomaly (the intensity of melt anomaly having an impact on the crustal thickness of the ridges, Sallarès and Charvis, 2003). Sallarès et al., 2003). White arrows display plate motions or Nazca Plate relative to stable South America [START_REF] Trenkamp | Wide plate margin deformation, southern Central America and northwestern South America, CASA GPS observations[END_REF] and Cocos Plate relative to Middle Trench America [START_REF] Demets | A new estimate for present-day Cocos-Caribbean plate motion: implications for slip along the Central American volcanic arc[END_REF]. Faulting and sea floor ages (magenta color) are from Londsdale (1978,2005) In the basin, the two mirror ridges formed at the spreading center are the Cocos Ridge to the north and the Carnegie Ridge to the south (Figure 3.1.2-3). Regarding the tectonic/cinematic evolution model, the Malpelo Ridge (20+/-0.5 Ma) would be the conjugate of the eastern and oldest section of the Carnegie Ridge, the oldest and western part of actual Cocos Ridge being around ~15.5+/-0.5 Ma. The crustal thickness of both ridges is variable due to changes in the position of CNSC/GHS, largest values being found in the older part of both ridges, consequence of the highest melt anomaly at ~20 Ma (Sallàres and Charvis, 2003).

Carnegie and Cocos Ridge include age (black numbers) and crustal thickness (blue numbers) (compiled by

The spreading along the CNSC thus created through time the young Nazca Plate encompassed by the position of both ridges. The Malpelo Ridge is thought to have separated from the rest of the Cocos Ridge when it reached the Middle America subduction zone, an effect later accentuated by the dextral movement of the Panama Fault Zone (PFZ, Figure 3.1.2-3). In a similar way, the Yaquina Graben might have played a similar role, separating older ridge fragments around 23-20 Ma (Sallarès and Charvis, 2003). Other features like Coïba Ridge (CR) and Regina Ridge (RR) in the northern part of Nazca Plate may be formed in the same way as Malpelo Ridge [START_REF] Hey | Tectonic evolution of the Cocos-Nazca spreading center[END_REF].

South of the Carnegie Ridge, the NE-trending Grijalva Ridge (topographic step) would be the scars of the oceanic rifted margin (Lonsdale, 2005), separating oceanic lithospheres of different age and origin. To the north, the oceanic lithosphere originated in the CNSC around 24-22 Ma. To the south, the oceanic lithosphere formed at the East Pacific Rise is between 19-32 Ma (Klitgord, 1978).

Onset of the Carnegie Ridge subduction

The onset of the subduction of this major feature in the Nazca Plate has been matter of many discussions and publications. Suggested ages range from 1 to 15 Ma (Michaud et al., 2009).

From kinematic reconstructions and considering the onset of the Galapagos Hot Spot, [START_REF] Lonsdale | Structure and tectonic history of the eastern Panama Basin[END_REF] place the eastern front of the ridge close of the trench ~1 Ma. Other kinematic reconstruction dates the collision ~8.0 Ma [START_REF] Pilger | Cenozoic plate kinematics, subduction and magmatism: South American Andes[END_REF][START_REF] Daly | Correlations between Nazca/Farallon plate kinematics and forearc basin evolution in Ecuador[END_REF].

Based on the effects of the prolongation of the Carnegie Ridge below the continent, as the seismic gap observed at intermediate depths, the broad volcanic arc and its adakitic signature, Gutscher et al. (1999) also propose an onset of the collision at ~9 Ma.

Elevated cooling rates registered north of 1.5° S at ~15 Ma and since ~9 Ma are related with exhumation in response to the accretion and subduction of heterogeneous oceanic crust [START_REF] Spikings | Along-strike variations in the thermal and tectonic response of the continental Ecuadorian Andes to the collision with heterogeneous oceanic crust[END_REF]. These authors establish the collision of the Carnegie Ridge with the trench between 15 and 9 Ma (Mid-Miocene), epochs that coincide also with other manifestations in the coast (the development of the Manabi and El Progreso pullapart basins) and in the south of the country (shallow marine ingressions in the southern Interandean Valley).

Finally, the influence in the sedimentation of the basins in the continental slope dates the beginning of the collision ~ 1.8 Ma [START_REF] Martillo | Enregistrements stratigraphiques des cycles glacio-eustatiques et de la déformation durant le Pleistocene le long la marge centrale d´Équateur (exploitation des données de la Campagne Atacames)[END_REF][START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF].

Marine terraces (see section 3.1.7.2) always called as evidence about the influence of the subduction of the Carnegie Ridge seem to be related rather to particular features in the Carnegie Ridge that enhanced the general effect of uplift, since they are younger than 1.2 Ma.

Actually, the proposed position of the Carnegie Ridge below the continent has been determined using the relative convergence velocity between the Nazca Plate and NAB or NAD which is 4.7 cm/yr, with an 83° eastward direction (Nocquet et al., 2009). Recovery of the positon at ~4 Ma and ~2 Ma (Collot et al., 2009). The ridge has shift to the south due to its geometry and to the convergence oblique with respect to the trench. A.

Kinematics triangles with the convergence vectors used in the reconstruction: NAZCA/NAB (North Andean Block) from Nocquet et al. (2009) and NAZCA/SOAM (South America) from Kendrick et al., 2003); the vector Nuvel-1A is from DeMets et al. (1994).

North Andean Sliver extrusion and opening of the Gulf of Guayaquil

As a consequence of the obliquity of the relative convergence, a continental sliver is extruded northeastward with respect to the stable craton of South America at least since the Mio-Pliocene [START_REF] Pennington | Subduction of the Eastern Panama Basin and seismotectonics of northwestern South America[END_REF][START_REF] Costa | Geomorphology as a tool for analysis of seismogenic sources in Latin America and the Caribbean, in Natural Hazards and Human-Exacerbated Disasters in Latin America[END_REF]Egbue and Kellog, 2010).

According to some authors, this extrusion is linked also to the subduction of the Carnegie Ridge (see last section). This sliver is named the North Andean Sliver (NAS, Nocquet et al., 2014). The northward drifting of the North Andean Sliver is proposed to control the tectonic evolution and associated subsidence of the Gulf of Guayaquil area [START_REF] Witt | Development of the Golfo de Guayaquil (Ecuador) as an effect of the North Andean block tectonic escape since the Lower Pleistocene[END_REF].

The eastern boundary of this NAS has been progressively migrating to the east, not always using old sutures (borders between the exotic terranes and the South America craton). From geodesic, geomorphologic and field observation, the present active deformation (since the Quaternary) is localized along a single major dextral fault system formed by several segments: Puná, Pallatanga, Cosanga and Chingual which accommodates the ~NE extrusion at 8-10 mm/yr (Figure 3.1.4-1) [START_REF] Alvarado | Partitioning of oblique convergence in the Northern Andes subduction zone: Migration history and the present-day boundary of the North Andean Sliver in Ecuador[END_REF]. The figure shows the major dextral fault system which is bordering the North Andean Sliver. This fault system is formed by the Puná, Pallatanga, Cosanga and Chingual Faults. Old sutures from accreted terranes to the South American margin are also shown as well as other faults which accommodate less deformation compared to the main limit. Cities: Q-Quito, G-Guayaquil, C-Cuenca, L-Latacunga, R-Riobamba (modified and after [START_REF] Alvarado | Partitioning of oblique convergence in the Northern Andes subduction zone: Migration history and the present-day boundary of the North Andean Sliver in Ecuador[END_REF].

Forearc basin

As explained above, the basement of the coastal region is constituted of accreted terrane (the Piñón-Naranjal oceanic plateau overlaid by island arc suites, both of Cretaceous age, Jaillard et al., 2009). According to these authors, major NE-NNE trending faults that separate Piñón outcrops in the coast are inherited structures since the accretion due to the torn of Caribbean Oceanic Plateau in several tectonic slices.

The formation and filling of sedimentary sub-basins from the Eocene to the Mio-Pliocene was controlled by WNW-ESE dextral faults in a trans-tensional regimen [START_REF] Daly | Correlations between Nazca/Farallon plate kinematics and forearc basin evolution in Ecuador[END_REF]. We find from North to South: Borbón, Manabí and Progreso sedimentary basins covered by the recent alluvial plains of Esmeraldas and Guayas rivers to the north and south respectively (Reyes, 2013;Figure 3.1.5-1). The sedimentary basins are mainly constituted of 9-10 sedimentary sequences, reaching thickness up to 7-8 km including at their bases the Piñón and Cayo Formations (Deniaud, 2000;Reyes and Michaud, 2012;Reyes, 2013). Piñón is composed of gabbros, basalts and volcano-sediments with pillow-lavas and Cayo is composed of cyclic turbidites alternated with lava flows with basaltic composition (Bristow and Hoffstteter, 1977).

Tectonic map

Major faults identified in the geologic map (Figure 3.1.6-1, Reyes and Michaud, 2012;Reyes, 2013) have two general trends, being the Manta Peninsula an inflection point. To the north, faults are NE-SW, while to the south they are NW-SE. In the continental shelf, these faults seem to follow approximately the same trends especially in the southern zone and change in front of Manta Peninsula where they are preferentially NS (Figure 3.2.2.2-3) [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF].

These faults played an important role during the entire development of the forearc basins beginning with the individualization of the basins, controlling the uplift of the basement and the sedimentation of the basins (Benítez, 1995in Reyes, 2013). For example, a model explaining the direction of observed faults in the continental shelf is proposed by [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF], where they are compatible with an early stage in the sedimentation . Reyes and Michaud (2012) and Reyes (2013). B. Detailed geological map showing the cross-sections presented below. The Jipijapa Fault (cross-section E-E') puts in contact the basement against sedimentary rocks of the Manabí basin to the east. This fault affects the recent hydrographic network, attesting its recent activity. Some seismicity is reported along this fault [START_REF] Béthoux | Seismological study of the central Ecuadorian margin: Evidence of upper plate deformation[END_REF]. According to [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF], observed faults in the continental shelf (dashed line) would be controlled as the faults in the basins (Deniaud, 2000).

When comparing with the map of active faults (Neotectonic map from Alvarado, 2012; Active faults show its kinematics [START_REF] Alvarado | Néotectonique et cinématique de la deformation continentale en Equateur[END_REF].

Kinematic field

In this section, we show the kinematic context of the northwestern South America controlled by the direction of the Andes, the shape of the subduction trench which follows the strike of the mountain range and the obliquity of the convergence.

Horizontal short-term displacement field

Recent studies based on GPS observations and modeling present a new kinematic model along the western South America, where two continental slivers (North Andean Sliver and the Inca Sliver) are bordering the stable South America craton .

The movement of the two slivers, controlled by the obliquity of the convergence is parallel to the subduction trench: to the NE in Ecuador and to the SE in Perú. The Gulf of Guayaquil, where these two slivers diverge is an extension zone which coincides with the convex bend of the Northern Andes, while to the south, where the Inca Sliver converges to South America is a compression zone (high relief of the Altiplano) coincide with the concave bend of the Central Andes (Nocquet et al., 2014). 

Red and orange arrows denote continuous and campaign sites, respectively. C. Kinematic sketch showing the motion of the NAS and Inca Sliver. SOAM: South America

Plate. Numbers are velocities in mmyr-1 (From Nocquet et al., 2014).

In this framework, the relative Nazca/SOAM plate convergence rate in Ecuador is 55 to 58 mm/y with direction of N81° [START_REF] Trenkamp | Wide plate margin deformation, southern Central America and northwestern South America, CASA GPS observations[END_REF], Nocquet et al., 2009). Considering that the NAS is moving at 8-10 mm/y in a N10° direction in relation to stable South America (Nocquet et al, 2014;[START_REF] Alvarado | Partitioning of oblique convergence in the Northern Andes subduction zone: Migration history and the present-day boundary of the North Andean Sliver in Ecuador[END_REF], The relative Nazca/NAS convergence rate is between 46 to 48 mm/yr (Figure 3.1.7.1-2) (Nocquet et al., 2014;Chlieh et al., 2014). vector. Green arrow is the sliver (NAS)/SOAM convergence vector. Calculation is performed at lon: -78.5°E and lat: 1.5°N (Nocquet et al., 2014).

In the North Andean Sliver reference frame (Figures 3.1.7.1-3) most of GPS stations remain stable (or with a very small velocity) south of the country and above the sedimentary basin (Manabí). On the contrary, the highest GPS velocity of 26 mm/yr is found on La Plata Island (Central Ecuador) that is the closest point to the trench axis (~35 km). The Central and Northern coastal region, at 70 to 100 km from the coast respectively, shows a mean velocity displacement of about 10-15 mm/yr toward the Andes, indicating that the seismogenic zone suffers some partial or full locking in La Plata Island (Chlieh et al., 2014;Nocquet et al., 2014). This will be discussed in section 3.3.1.

Other recognized faults within the sliver (e.g. Quito Fault System QFS, Figure 3.1.4-1) representing no longer active boundaries of the NAS accommodate a negligible fraction of the relative motion [START_REF] Alvarado | Partitioning of oblique convergence in the Northern Andes subduction zone: Migration history and the present-day boundary of the North Andean Sliver in Ecuador[END_REF]. Similarly, the faults bounding the Eastern subandean belt accommodate a small deformation compared to other segments in the Andes.

NAZCA Figure 3.1.7.1-3 Interseismic GPS velocity field.

Left: Interseismic GPS velocity field in the North Andean Sliver reference frame (from Nocquet et al., 2014) Right: Interseismic GPS velocity field in the North Andean Sliver reference frame (from Chlieh et al., 2014).

Vertical long-term surrection

The manifested uplift of the margin, evidenced by several marine terraces with ages ranging between 100 to 120 ka and elevations up to 360+/-10m, along the coast of northwestern South America (Ecuador and northern Peru) is attributed to the curvature of the coast (Talara Arc, Figure 3.1.7.2-1) and the impact of this geometry in the subduction (Pedoja et al., 2006a(Pedoja et al., , 2006b[START_REF] Pedoja | Levantamiento Cuaternario costero del Arco de Talara (Ecuador y norte del Perú): cuantificaciones con las secuencias de terrazas marinas[END_REF]. However, the uplift rate is not homogeneous, the highest uplift rates are in Manta -0.42 to 0.51 mm/yr -(marine terrace group II in Figure 3.1.7.2-1) while they are ~0.32 mm/yr in the north (marine terrace group I) and ~0.1 mm/yr in the south (marine terrace group III). In southern Ecuador-northern Peru, the uplift rates are in the order of ~0.20 mm/yr. According these authors, the enhanced uplift in the central region is attributed to an additional effect caused by the subduction of the Carnegie Ridge. Uplift rates in each terrace are shown in the frame of Marine Isotope Stages (e.g. MISS 7, 9, 5e -from older to recent-which refer in general to higher levels of the sea level). To the right, mean uplift rates are determined for each group of marine terrace since de MISS 5e which corresponds to ~120 ka (from [START_REF] Pedoja | Levantamiento Cuaternario costero del Arco de Talara (Ecuador y norte del Perú): cuantificaciones con las secuencias de terrazas marinas[END_REF].

The coastal range is another feature that shows uplift evidences. The coastal range runs ~parallel the coastline for ~450 km with an average altitude of 450 m (highest point ~800 m in the south). It is divided in several blocks (delimited by faults) which have experienced independent uplifts in the long-term (highest and largest in duration uplifts in the south domain where the Cretaceous basement is exposed). In the other hand and in the short-term, the northern domain shows the largest and fastest uplifts evidenced by high values of the relative incision of the rivers (Figure 3.1.7.2-2) (Reyes, 2013).

This difference between in the uplifts observed in the coast in the long-term and in the short-term raises the question about the origin the vertical strain accumulation at these two scales. For the moment, for the short-term uplift, the author signals the relation of the enhancement of the vertical deformation in the north with the region where the largest historical earthquakes occur. (Reyes, 2013).

Characteristics of the Nazca Plate, the North Andean Sliver near the trench and the interface contact zone from active seismic data

The previous section explained the complex geological framework and kinematic reconstructions related to Ecuador. The Figure 3.1.2-3 compiles paleomagnetic information that recall the age of the young Nazca Plate, created since about 26 Ma by the fission of the old Farallon Plate and the topographic variation due to the presence of the Carnegie Ridge. Facing Ecuador, the physical properties of the Nazca vary laterally (along the N-S direction) which affects the overriding plate geomorphology and structure.

This section aims to describe some details about the knowledge on the Nazca Plate (the thickness of the crust, the curvature that suffers the plate when enters in subduction, the sedimentary cover, the dipping angle and the slab length) and on the overriding North Andean Sliver near the trench (morphology and structure of the basement in the continental shelf in the light of the seamounts subduction as well as in the forearc basins). Regarding these two elements, implicitly we will address as well some characteristics of the interface contact zone.

Most of the information is obtained from marine geophysical experiments collected in the 2 last decades. A location map of the profiles used in this chapter is presented on the Lines are used for the description of the properties of the subducting plate, overriding margin and the interface contact zone in the shallow portion of subduction zone. Segmentation of the margin is proposed by Collot et al. (2009). Northern sub segments are according to [START_REF] Marcaillou | Thermal regime from bottom simulating reflectors along the north Ecuador-south Colombia margin: Relation to margin segmentation and great subduction earthquakes[END_REF][START_REF] Marcaillou | Thermal segmentation along the N. Ecuador-S. Colombia margin (1-4°N): Prominent influence of sedimentation rate in the trench[END_REF] 

Nazca Plate characteristics

Thickness of the Nazca crust

In front of the Ecuadorian coast, the oceanic crust thickness varies from North to South. North of Carnegie Ridge (north of 1°N), the Nazca plate is younger than 15 My and the crust has a normal thickness of 6-8 km, slightly decreasing to 5 km further north (Colombian coast). The subduction angle is around 4° and it changes to 8° below the forearc basin (Figure 3.2.1.1-1) [START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]Gailler et al., 2007;[START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF]García-Cano, 2009;Collot et al., 2009). Line SIS-44: location in the map in Figure 3.2-1 [START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF]).

In the central region, the Nazca Plate thickness is controlled by the presence of the Carnegie Ridge (about 20 My old). This major feature culminates about ~2 km over the sea floor. The NAZ thickness along the Carnegie Ridge reaches ~19.0 km, in the central part of the ridge at about 50 km westward of the trench (Figure 3.2.1.1-2) (SAL-5 on Figure 3.2-1, ~N-S trending profile at 82° W) (Sallarès and Charvis, 2003;[START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]. Nearer the trench and on the southern flank of the Ridge (SAL-4, SIS-5 on Figure 3.2-1, E-W trending profile at 1.4° S), the thickness observed on wide angle section (Graindorge et al., 2004;Gailler et al., 2007) attains 14 km (Figures 3. 

Velocity model along the highest point and thickest crust in the Carnegie Ridge (~20 km). Line SAL-5:

location in the map in Figure 3.2-1 [START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]. Vertical exaggeration ~3x. Line SIS-4: location in the map in Figure 3.2-1 (Graindorge et al., 2004). Vertical exaggeration ~3x. Line: SIS-4, location in the map in Figure 3.2-1 (Gailler et al., 2007). Vertical exaggeration ~2.5x.

South of the Carnegie Ridge, the Nazca oceanic crust recovers a relatively normal thickness of ~8 km (Gailler et al., 2007;[START_REF] Calahorrano | Structure de la marge du Golfe de Guayaquil (Équateur) et propriétés physiques du chenal de subduction à partir de données de sismique marine[END_REF]. The age of the oceanic plate depends on the position along Grijalva Ridge as a result of the spreading from the East Pacific Rise (Figure 3.1.2.-3). In the Gulf of Guayaquil, the plate enters in a subduction with a slight angle of 4-6° that augment to 15-25° at 55-80 km from the trench, possibly due to the sedimentary charge of the sedimentary basins on the overlying that attain a thickness of 7-8 km.

Bending-scarp

Based detailed bathymetry analysis on the external wall of the trench, the oceanic plate is affected by normal faults related to the plate bending (see Figure 3.2.2.1-1). These normal faults scars are observed along all segments, except may be between 1.3°N and 2.2°N where sediments thickness may mask the fault traces. Note that the orientation of those scarps (50 to 100 m of offset) parallels the trench south of the Grijalva Ridge (N20°W to N00°E) while their orientations varies northward (N20°E to N40°E, until the Salinas Peninsula) (Figure 3.2.2.1-1 inbox 4). Northward, in the Central segment and in the area of Atacames seamounts (Figure 3.2-1), bending-scarps are slightly oblique to the trench. In-between Atacames seamounts north of Galera Peninsula, bending-scarps are almost perpendicular to the trench (Figure 3.2.2.1-1 inbox 2).

These faults are known to facilitate the migration of fluids in the upper mantle contribution to its serpentinization and also can be source of the shallow and an intermediate seismicity observed in several subduction zones (Ranero et al., 2005;Collot et al., 2009).

Shallow plate interface

Along the Ecuadorian subduction, the shallow portion of the plate interface (between the trench and ~15 km depth) shows heterogeneous properties that vary from north to south. These variations are influenced by many factors such as the dipping angle, the presence (or not) of a subduction channel and the thermal properties that can be, in turn, controlled by the underthrusting of small or massive seamounts.

Based on three wide angle seismic profiles (SAL-2, SAL-4 and SAL-6), Gailler et al. (2007) characterize some properties of the shallow interface (see Table 3.2.1.3-1)

Table 3.2.1.3-1 Slab dip, oceanic crustal thickness and thickness of sediments in the oceanic plate in the trench, in the slop and in the margin, from the travel time inversion of wide angle seismic data (Gailler et al., 2007).

a) heat flow and sedimentary cover

Studies about the heat flow exist only in the northern segment. In this segment, the sediments at the trench may attain 2-3 km as a result of the continental erosion transported by the Esmeraldas, Patía and Saquianga rivers (Gailler et al., 2007;Collot et al., 2009); but also due to the sediments transported by the Nazca Plate (Figure 3.2.1.3-1). These conditions lead to a southward diminution of the heat flow due to a higher sedimentation rate in the southern sub-segment [START_REF] Marcaillou | Thermal segmentation along the N. Ecuador-S. Colombia margin (1-4°N): Prominent influence of sedimentation rate in the trench[END_REF]. In this region, home of the large historic earthquakes of 1958 and 1979, the thermal modeling shows a landward shift of the 150°C isotherm which deepens the nucleation point of the 1958 earthquake in the southern Manglares sub segment (Figure 3.2.1.3-2). The updip limit primarily controlled by low temperature process (~50-60° C) is similar in the three sub segments. However, from the knowledge of the aftershocks distribution for the two earthquakes, the rupture area of the 1958 earthquake was stopped at ~30 km from the deformation front, implying a structural control of the upper plate [START_REF] Marcaillou | Thermal regime from bottom simulating reflectors along the north Ecuador-south Colombia margin: Relation to margin segmentation and great subduction earthquakes[END_REF]. Left: Variations of the oceanic sediment thickness in the Nazca Plate from the analysis of multichannel seismic lines. Right: Heat flow variations showing the segmentation along the deformation front and the trench: a heat flow diminution from north to south [START_REF] Marcaillou | Thermal segmentation along the N. Ecuador-S. Colombia margin (1-4°N): Prominent influence of sedimentation rate in the trench[END_REF]. the seismogenic zone is controlled by low temperature processes (60-70° C) except in the case of the 1958 earthquake which is more likely related to prominent structural features of the overriding plate [START_REF] Marcaillou | Thermal regime from bottom simulating reflectors along the north Ecuador-south Colombia margin: Relation to margin segmentation and great subduction earthquakes[END_REF]. For location of seismic lines, see Figure 3.2.1.3-1. Scale: 1:1.

In the central region, the sedimentary cover over the ridge is irregular in function of the topography; in the southern flank it may reach ~500 m (Gailler, 2007) to almost none in the crest (Collot et al., 2009). Considering the thinner sediments passing in subduction and a poor continental input, the observed thickness of the subduction channel (1-1.5 Km) could be explained by the basal erosion of the upper plate [START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]. In the southern flank of the ridge, the passage of small seamounts in subduction creates a structural patchiness as a consequence of the roughness of the plate . This irregular subduction channel along with the water-rich lens sediments may change the erosion process, shallow interplate coupling and strain accumulation and release in the seismogenic zone (Sage et al., 2006).

b) dip angle and subduction channel

In the north, the dip angle of the Moho of the oceanic crust is around 8° (Gailler et al., 2007). Seismic wide angle data shows a subduction channel ~1.3 km thick (Figure 3.2.1.1-1) [START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF].

Facing the Carnegie Ridge, a wide region (between Manta and Puerto Lopez) is characterized by a dip angle of the interface contact zone that decreases to about 3° (SIS-5) and a shallower interface depth that reaches about 6 km [START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF].

Below the shoreline, it increases to ~10° (Graindorge et al., 2004). In this region, the interface is characterized by an important roughness (small seamounts) and no continuous subduction channel is observed. Instead, patchiness several-kilometers-wide formed by subducting sediment lenses is observed underthrusting beneath the margin basement (Figure 3.2.2.1-3) (Sage et al., 2006).

To the south, near the Guayaquil Gulf, the interface is smoother again and the subduction channel continuously underthrusts the margin, down to nearly 20 km depth . The subduction channel thickness may vary from 200 m to 1.2 km [START_REF] Calahorrano | Structure de la marge du Golfe de Guayaquil (Équateur) et propriétés physiques du chenal de subduction à partir de données de sismique marine[END_REF][START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]Gailler et al., 2007). Where the subduction channel is thicker (~35-40 km from the trench, ~8 km depth), the upper crust has its lower thickness suggesting the incorporation of basal material to the channel. The dip angle increases (at least) up to about 7° (depth of the interface ~11 km), then it increases to 15-25° at 55-80 km from the trench, possibly due to the sedimentary charge of the sedimentary basins on the overlying plate whose thickness is ~7-8 km. 

Slab length

The extension of the Nazca slab in length is described from the occurrence of seismicity (Wadati-Benioff zone) as no global or local tomography images are currently available to image the slab.

From the Earthquake Catalog For Seismic Hazard Assessment (Beauval et al., 2013) which combines the most reliable magnitude and hypocentral solutions extracted from different instrumental catalogs, including reprocessed results (Font et al., 2013) To the south of the Grijalva Ridge (D-D' cross-section in Figure 3.2.1.4-1), the slab dip is lower (~12°) than beneath Ecuador (>20°) due to the age-related differences in rheology between Farallon and Nazca plates (separated by the inland projection of the Grijalva Ridge). The deep El Puyo cluster would be marking the flexure of the Farallon slab as it dips and contorts at depth [START_REF] Yepes | A new view for the geodynamics of Ecuador: Implication in seismogenic source definition and seismic hazard assessment[END_REF]. The slab reaches about 150 km depth (near 76°W/77°W).

Figure 3.2.1.4-1 Cross-sections with instrumental seismicity (local catalog).

Vertical cross-sections 50 km-wide showing instrumental seismicity [START_REF] Yepes | A new view for the geodynamics of Ecuador: Implication in seismogenic source definition and seismic hazard assessment[END_REF]. From local seismological experiment as well , facing the Carnegie Ridge, the younger slab extends down to 140/160 km in depth (Guillier et al., 2001) with a dip of 20 to 25°. Further north (between 0 and 1°N), the slab is seismically less active, observable down 100 /120 km depth, with a dip angle reaching almost 30° (Manchuel et al., 2011).

Catalog is from Beauval et al., 2013. Location of cross-sections (Y-A-A', Y-B-B', Y-C-C' and Y-D-D') in

Figure 3.2.1.4-2 Cross-sections with instrumental seismicity (seismic campaigns).

Left: Seismicity cross-section (width +/-50 km)

during the 1994-1995 seismic campaign in central Ecuador. Open circles: events located with the temporary network. Filled circles: events from Engdhal et al., 1998. Inverted triangles: 54 temporary stations (Guillier et al., 2001). Up: Seismicity cross-section (width +/-80 km) during the 3 months-long ESMERALDAS campaign in 2005 (Manchuel et al., 2011). Red, green, blue for A, B, C quality earthquakes. Location of crosssections in Figure 3.2-1.

Overriding margin

As it was described before, the subduction of the Carnegie Ridge imprints and gives a first order division of the continental margin (Figure 3.2-1) that reflects in the trench inner-wall geomorphology and structure (Collot et al., 2009).

Facing the Carnegie Ridge, the margin is particularly narrow characterized by a 20-50km-wide continental shelf and a 25-40-km-wide continental slope.

Trench, inner-wall, general morphology of continental shelf

North of 1°N, the margin shows evidences of frontal accretion (Figure 3.2.2.1-1, inbox 1). The trench is deep, reaching about 3900 m in depth and contains a thick sedimentary fill varying between 2 and 4.8 km [START_REF] Marcaillou | Thermal segmentation along the N. Ecuador-S. Colombia margin (1-4°N): Prominent influence of sedimentation rate in the trench[END_REF]Collot et al., 2009;[START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF]. A frontal prism is well developed and can extend up to 35 km in horizontal distance (see for example In the central region face to the Carnegie Ridge, the interface is shallower and rougher compared to the southern and northern region (Sage et al., 2006;[START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF].

The margin there is characteristic of an erosive margin. Regarding if the acquired seismic profile crosscuts a small seamount in subduction (e.g. peaks in Figure 3.2.2.1-2) or not, the overall geometry of the frontal margin can vary widely. Two sections can be defined on the central margin: in the northern one, the slope is smooth but in the southern section becomes rough due to tectonic and erosional perturbations. The main process affecting the margin is the basal erosion. Where the roughness of the plate is larger (presence of seamounts), the subduction channel shows sedimentary patches (Sage et al., 2006). SIS-12 migrated seismic profile; for location see map in Figure 3.2-1.

To the south, margin slopes are gentle in general with fewer evidences of landslides and larger frontal prisms, characterizing again accretionary margin (Figure 3.2.2.1-1 inbox 4) (Collot et al., 2009). The trench fill is about 1 km and its depth increases to 4700 m.

Structure of the continental shelf: morphology of the acoustic basement and sedimentary basins

The segmentation of the continental shelf in Ecuador has been described differently regarding properties of P-waves velocity of the seismic basement (Gailler et al., 2007), the trench-to-coast distance, or variation in the morpho-structures of the margin. Here, the description of the continental shelf follows the definition of Hernandez ( 2014) that mapped the acoustic basement (Piñon -or Cayo-formation) based on several sources: SCAN2009 Campaing (SH-Ecuador), Atacames2012 Campaign, profiles of ancient campaigns (SH Ecuador) and 1 offshore drilling well (SH Ecuador).

The morphology of the acoustics basement is variable along the area studied by Hernandez (2014 Source: [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF]. The northern region is characterized by large sedimentary basins, while in the southern zone, basement highs dominate and the sedimentary basins are smaller.

To the South, in the Gulf of Guayaquil, the basement is thin in the deformation front, and thicker below the platform. The sedimentary series in the forearc are ~7-8 km thick while in the front of the margin they are thin and affected by the frontal erosion (SIS 18, Calahorrano (2005) Figure 3.2.1.3-3).

Consequence of subducting seamounts on the frontal margin

In Ecuador, extra-thinning of the basement margin is documented in relation with subducted seamounts. Seamounts tend to uplift the margin eroding its base and pervasively broken the basement rocks and sedimentary cover by intense faulting, thus weakening the margin.

The subduction of the Atacames Seamounts, chain of small seamounts still visible on the bathymetry before trench (Figures 3.2-1) has been documented by [START_REF] Marcaillou | Seamount subduction at the North-Ecuadorian convergent margin: Effects on structures, inter-seismic coupling and seismogenesis[END_REF]. Reverse faults that had deformed the margin basement ahead of the seamount, rotated counter-clockwise in the seamount wake to convert into slightly trenchward dipping thrust faults, superimposing the deep contraction and shallow gravitational tectonics.

The subduction of a seamount marks the morphology of trench and the inner slop by a large and circular re-entrant (Figure 3.2.2.1-1, inboxes 2 and 3). In the wake of seamount, the basal erosion of the margin creates a 0.5-1 km-tick tunnel that fills up with the product of the eroded material, potentially increasing fluids migration (Figure 3.2.2.3-1). Laterally (to the south), the subduction channel thickens to 1.4 km.

The low interplate coupling within this corridor (see section 3.3.1) would result from both the severe faulting of the margin in response to seamount subduction and a fluidrich subduction channel [START_REF] Marcaillou | Seamount subduction at the North-Ecuadorian convergent margin: Effects on structures, inter-seismic coupling and seismogenesis[END_REF], supporting previous studies [START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF] that proposed that subducted seamounts provide unfavorable conditions for locking the updip segment of the plate boundary.

Figure 3.2.2.3-1: Seismic line along the subduction of seamounts

Interpretation of the profile SIS-54 (location on map in Figure 3.2-1 illustrating the subduction of the Atacames Seamounts [START_REF] Marcaillou | Seamount subduction at the North-Ecuadorian convergent margin: Effects on structures, inter-seismic coupling and seismogenesis[END_REF].

Basement of the forearc (and gravity data)

Little information exits on the thickness of the forearc crustal basement (beneath sedimentary cover). A current PhD from S. Araujo (tomography) might reveal that information.

Figure 3.2.2.4-1: Simple Bouguer gravity anomalies map.

Up: Simple Bouguer gravity anomalies map [START_REF] Feininger | Simple Bouguer anomaly map of Ecuador, Quito[END_REF]. Dot pattern shows areas of positive anomalies (reaching +162 Mgal on the coast). Down: Computed-simulated 2D crustal profile (at 1.5°S) [START_REF] Feininger | Simple Bouguer gravity anomaly field and the inferred crustal structure of continental Ecuador[END_REF].

A 2D-model [START_REF] Feininger | Simple Bouguer gravity anomaly field and the inferred crustal structure of continental Ecuador[END_REF]) was performed from simple Bouguer gravity data [START_REF] Case | Trans-Andean Geophysical Profile, Southern Colombia[END_REF]. Source: Deniaud (2000). For location of the profiles see Figure 3.2-1.

Characteristics of the interface seismogenic zone in Ecuador

In the previous section, we performed a description of the characteristics of the overriding margin and the subducted plate in relation with the shallow subduction seismogenic zone derived from active seismic data. In this section, we present the behavior of the seismogenic zone through the assessment of the interseismic coupling and the release of the accumulated deformation through the occurrence of large earthquakes as well as the "background" seismicity.

Interseismic coupling from geodetic modeling

At a regional scale, the interseismic coupling between 10°S to 3°S (Northern Peru and Southern Ecuador) shows constant weak to negligible interseismic coupling (ISC). The Nazca/South America convergence in this segment is most probably accommodated mainly through aseismic creep along the interface (Figure 3.3.1-1). In contrast, in north Ecuador, from ~0.5° S to ~2.5° N (limited resolution to the north because of available data), the ISC is high (Nocquet et al., 2014). In between both regions (decoupled to the south, coupled to the north), the central region in Ecuador may be described as a transition zone where a coupled patch (centered at La Plata Island, I in Figure 3.3.1-2A) is sited in a globally decoupled segment (even though the model of Nocquet additionally identifies a small medium coupled patch in front of the Salinas Peninsula, around 2.3°S (S in Figure 3.3.1-2A)). In the area, the intermediate to high coupling can be identify in the shallowest portion of the plate interface thanks to the GPS station installed on La Plata island.

Other model (i.e. Chlieh et al. 2014, Figure 3.3.1-2B) shows globally the same results in Ecuador: (i) a ~250 km long area partially to entirely locked (ISC coefficients between 20 and 100%), (ii) in the zone of La Plata Island at ~1.2° S, a small patch highly coupled and (iii) between both regions, a creeping corridor which coincides with the prolongation of the Jama Fault zone and roughly with the track of the crest of the Carnegie Ridge (JFZ and CRT in Figure 3.3.1-2B) (Chlieh et al., 2014).

Differences between the models are probably due to model parametrization (parametrization of the fault plane, i.e. model resolution) which during the inversion, lead to different solutions that decrease the misfit between modeled and observed GPS velocities. These differences are significant in the northern coupled patch and they lay mainly in the along strike and along dip extension of the highly coupled areas 

Distribution of the seismic coupling along the subduction plate interface from northern

Ecuador to central Peru (Nocquet et al., 2014).

Coupling level is indicated by the color scale. Green/gray arrows are the model predicted/observed velocities. The misfit (wrms: weighted root mean square) is 0.9 mm/yr. [START_REF] Swenson | Historical 1942 Ecuador and 1942 Peru subduction earthquakes and Earthquake Cycle along Colombia-Ecuador and Peru subduction segments[END_REF]. More recently, the Pedernales earthquake (2016, Mw = 7.8, Nocquet et al., 2016) apparently ruptured the same area than the 1942 earthquake. All these events are thrust type events associated to the subduction process. At the southern limit of the 1906 and 1942 rupture zone, three thrust earthquakes of Mw > 7 occurred near Bahia in 1896, 1956 [START_REF] Askew | Catalog of Earthquakes for South America: Hypocenter and Intensity Data[END_REF]Engdahl and Villaseñor, 2002;Mendoza and Dewey, 1984) and in 1998 (Segovia, 2001). With their epicenters close to the shoreline, those events have no clear role in the seismic cycle of the northern zone and are probably related with a small medium coupled patch between Jama and Bahía (B and J, in Figure 3.3.1-2A). Sources: Kelleher, 1972;Kanamori and McNally, 1982;Mendoza and Dewey, 1984;[START_REF] Swenson | Historical 1942 Ecuador and 1942 Peru subduction earthquakes and Earthquake Cycle along Colombia-Ecuador and Peru subduction segments[END_REF] Other large earthquakes occurred to the south: 1896, 1901, 1907, 1956and 1998[START_REF] Askew | Catalog of Earthquakes for South America: Hypocenter and Intensity Data[END_REF]Engdahl andVillaseñor, 2002, Mendoza andDewey, 1984;Segovia, 2001). Focal mechanisms are from: [START_REF] Kanamori | Use of long-period surface waves for rapid determination of earthquake-source parameters[END_REF]Mendoza and Dewey, 1984;[START_REF] Swenson | Historical 1942 Ecuador and 1942 Peru subduction earthquakes and Earthquake Cycle along Colombia-Ecuador and Peru subduction segments[END_REF]Segovia, 2001 and CMT HRV Catalog.

Instrumental seismicity

The instrumental seismicity (~110 years' record) shows that the shallow seismogenic interface of the northwestern South America is one of the most active worldwide including five (six with the recent 7.8 Mw earthquake in April 2016) earthquakes with magnitude > 7 in the domain of the young Nazca Plate (north of Grijalva Fracture Zone) (yellow stars in Figure 3.3.3-1). No other historical subduction earthquakes have been described either due to a lack of seismicity or to the absence of historical records [START_REF] Yepes | A new view for the geodynamics of Ecuador: Implication in seismogenic source definition and seismic hazard assessment[END_REF]. Instrumental seismicity between 1990 and 1998 (before the August 1998 7.1 Mw Bahia earthquake) seen by the national permanent seismic network -RENSIG-EPN-which shows quiet seismic regions (gaps) and regions with high seismicity which occurred as seismic swarms (enjambres) (Segovia, 2001). Cumulated energy release (1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998) for the regions shown in Figure 3.3.3-2: Puerto Lopez, Jama, Galera and the gap of Bahía which shows the energy release of the large earthquake of Bahía in August 1998;(7.1 Mw;Segovia, 2001 -7.2 Mw, EHB Catalog). Lines with numbers highlight periods of synchronous or precursor swarm activity of two or more regions, except for the time 4 where the southern swarm at Puerto López region precedes the mainshockaftershock sequence in the north gap of Bahía.

One of the problems affecting the national seismic catalog is the depth and the epicentral determination in the coastal region due to several factors like the density and the distribution of the stations and the location method which used a 1D layered velocity model for the entire country. Considering these limitations, Font et al. (2013) developed a realistic 3D velocity model based on the knowledge of the shallow interface contact (marine geophysics campaigns), on the seismology at intermediate depths and on the geology, to be used with the MAXI Location Method [START_REF] Font | Hypocentre determination offshore of eastern Taiwan using the maximum intersection method[END_REF][START_REF] Theunissen | Improvements of the Maximum Intersection Method for 3D absolute earthquake location[END_REF]. Results of this relocation are shown in Figure 3.3.3-4.

In general, the upgrading image of the seismicity (13 years of records, 5 years more than in Segovia ( 2001)) gives a similar distribution of the quiet seismic regions and those showing swarm-like activity except in the southern region (Puerto López-Manta) where, new epicenters shows a NE migration towards the coast probably reflecting some upper plate control: greatly positive Bouguer anomalies and a coast deflected seaward (Font et al., 2013). Left: Map with historical earthquake epicenters (bibliographic source in the legend). Dashed grey line: rupture zone of the Mw=8.8 1906 event (Kelleher 1972). Simple Bouguer anomalies: Positive (red) and Negative (yellow) are from [START_REF] Feininger | Simple Bouguer gravity anomaly field and the inferred crustal structure of continental Ecuador[END_REF]. White arrows: marine terraces mean uplift rate [START_REF] Pedoja | Les terrasses marines de la marge Nord Andine (Equateur et Nord Pérou): relations avec le contexte géodynamique[END_REF]Pedoja et al., 2006). Dark to light grey shadows: trace of the Carnegie Ridge. Right: 3-D-MAXI catalog (circles) selected from 0 to 30 km depth. Yellow triangles: aftershock sequence of the Bahia event (Segovia 2001). Blue lines: fault traces (Collot et al., 2004).

Subsequent seismological campaigns and studies in the coastal region were supported to characterize the interface seismogenic zone.

A temporal campaign 3 weeks-long in 1998 in the northern coast of Ecuador (Esmeraldas region) lead Pontoise and Monfret (2004) to characterize a shallow seismogenic zone extending from 35 to 100 km from the trench and between ~12 and 20 km depth. They also observed at 1° N, seismic activity to the west of the trench, probably related to extension due to bending of the slab before entering in subduction (Figure 3.3.3-5). [START_REF] Collot | Origin of a crustal splay fault and its relation to the seismogenic zone and underplating at the erosional north Ecuador-south Colombia oceanic margin[END_REF], [START_REF] Agudelo | Imagerie sismique quantitative de la marge convergente d'Equateur-Colombie: Application des méthodes tomographiques aux données de sismique réflexion multitrace et réfraction-réflexion grand-angle des campagnes SISTEUR et SALIERI[END_REF], [START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF] and Gailler et al.(2007), and sketch of the SIS-22 seismic reflection profile is modified from d [START_REF] Acremont | Margin structure and destabilisation processes on the Colombia-Ecuador marginby 2D quantitative seismic imaging[END_REF]. Gray dots: ESMERALDAS events interpreted as belonging to the ISZ. Open circles: events interpreted as belonging to the upper plate or to the slab (Manchuel et al., 2011).

The ADN Project [START_REF] Macquet | Étude de la microsismicité de la zone avant arc de la subduction de la plaque Nazca dans la région Nord-ouest de l'Équateur[END_REF][START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF] or the Andes du Nord Project sponsored by the ANR French Agency for the Research provided some insights of the seismicity between 2009 and mid-2011 . The epicentral distribution of the events coincides mainly with the shoreline and some alignments perpendicular to the coast. This pattern is interpreted as a coupled zone (seismogenic zone) clearly quiet during the interseismic period, extending to a depth of ~20 km. Downdip of this depth (in surface coinciding with the shoreline -at the western foothills of the coastal range-) the interface zone is an active region. Additionally, upper crustal seismicity may be related with splay faults (perpendicular to the coast seismicity). Some of these splay faults would behave as barriers impeding the fracture propagation of large earthquakes like the event of 1958 of magnitude 7.8 Mw [START_REF] Collot | Origin of a crustal splay fault and its relation to the seismogenic zone and underplating at the erosional north Ecuador-south Colombia oceanic margin[END_REF]. 1942, 1958 and 1979 according to Mendoza and Dewey (1984) [START_REF] Macquet | Étude de la microsismicité de la zone avant arc de la subduction de la plaque Nazca dans la région Nord-ouest de l'Équateur[END_REF]. Down: Tectonic interpretation [START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF]).

In the central region, the Sisteur Campaign deployed 24 OBS and 20 land-stations during 1 month in 2001, in front of the Carnegie Ridge in central Ecuador. Data showed a weak activity in both offshore and onshore regions . Few events occurred in the interface contact leading to the authors to constrain the updip limit around 10 km depth -in the model of Graindorge et al.-(Béthoux et al., 2011). Contrary to what is observed in the northern region, here, the interface seismicity (R1, R2 and R4 thrust type events) seems to be present below the Coastal Cordillera and continue downdip up to a depth of ~20-25 km in the eastward direction.

Additional evidence of a different behavior in this zone is provided by the work of [START_REF] Ponce | Analysis of the seismicity in the central margin of Ecuador, Memoire de stage[END_REF] who analyzed the seismicity of during the OSISEC Project along with some stations of the JUAN Project and found also interface activity below the Coastal Cordillera (Figure 3.3.3-9). Focal mechanisms obtained with waveform modeling are included. Diamonds: OBS and landstations. Down: E-W cross-section (centered with the perpendicular line to the coast formed by the OBS) showing the seismicity and its structural interpretation according to the model of Graindorge et al. (2004) [START_REF] Béthoux | Seismological study of the central Ecuadorian margin: Evidence of upper plate deformation[END_REF]. 

The highly coupled patch at La Plata Island

The model of the interseismic coupling shows a small patch of 40*40 km 2 approximately centered at la Plata Island with a high coupling (>90%) and very shallow extending almost to the trench (Nocquet et al, 2014, Chlieh et al., 2014). This characteristic is uncommon hence the first km along the subducting interface is supposed to have a velocity strengthening behavior or to be in a stable regime that is not capable of nucleate earthquakes or slip during earthquakes [START_REF] Scholz | Earthquakes and friction laws[END_REF].

This highly coupled patch gradually decreases its intensity downdip and it is around 20% at ~10 km landward from the shoreline in the model of Nocquet et al. (2014) while in the model of Chlieh et al. (2014) is around 20% beneath the shoreline (see Figure 3.3.1-2).

In the following paragraphs, specific information of the central subduction zone not addressed in the previous sections is included here for a better presentation of this particular region.

Geometry of the interplate zone

Analysis of several seismic lines (SIS-05, SIS-07 and SIS-09, from Sisteur Campaign) by [START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF] show no subduction channel and an anomalously interface geometry (top of subducting plate) dipping with an angle of 3°-4° which is different from the 8° previously interpreted by Graindorge et al (2004) (Figure 3.4.1-1). This analysis shows the geometry of the roof of the subducting plate as a collection of spaced peaks distributed in a 55*50 km 2 region, interpreted as a multi-peak subducted seamount or an oceanic massif. Further to the south, the subduction of the individual peaks has an impact on the outer-wedge and in the geometry of the subduction channel (Section 3.2.2.1). In the outer-wedge, the margin slope shows a re-entrant, evidence of a general erosion regime at the deformation front and at the base of the overriding plate [START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]Sage et al., 2006;Gailler et al., 2007). Internally, the margin slope is affected by normal faults that cut deeply through the sediments and the basement of the margin (Sage et al., 2006).

In summary, the margin would be collapsing due to the basal erosion (Figure 3.2.2.1-3, Sage et al., 2006).

The subduction channel at this latitude is irregular. The passage of small seamounts in subduction creates a structural patchiness as a consequence of the roughness of the plate . This irregular subduction channel along with the water-rich lens of sediments may increase the erosion process and change the interplate coupling and the strain accumulation and release in the seismogenic zone (Sage et al., 2006).

Then, additional to the Carnegie Ridge, the subduction of a significant roughness over the ridge in the highly coupled region, would increment the subduction erosion, the subsidence of the slope and the uplift of the platform. This oceanic massif suggested by Sanclemente ( 2014) is at the crest of the ridge and its final effect would be to enhance the regional effect of the Carnegie Ridge increasing the vertical deformation in the Manta Peninsula (Martillo, 2016) 

Description of the overriding margin

The margin is characterized by high velocities regions (Vp ~6 Km/s) of oceanic character extending westward to only 30 Km from the trench [START_REF] Gailler | Structure de la marge d´Équateur -Colombie par modélisation des données de sismique grand angle marines, Influence sur le fonctionnement de la subduction et la sismicité[END_REF]. In this region, free-air gravity anomalies are globally positive and are related to topographic highs of the basement (Cayo Fm.) and subsequently a thin sedimentary cover, while the small patches of negative anomalies are linked to small basins where the basement is sunk (Figure 3.4.2-1) [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF]. Left: Free-air gravimetric anomalies (NGDC-NOOA, Smith and Sandwell, 2004), with 5 mGal intervals. White line: edge of the continental shelf. Blue dashed line: negative anomaly; red dashed line: positive anomaly. Right: Sedimentary cover isopach map [START_REF] Hernández | Structures de la plateforme continentale de la marge d'Equateur à partir de l'interprétation de sismique pétroliere. Interaction plaque plongeante/plaque chevauchante et segmentation de la marge[END_REF]. Positive anomalies (highs of the basement -red to violet colors) in the left correlate with a thin sedimentary cover (warm colors) in the right.

According to [START_REF] Martillo | Enregistrements stratigraphiques des cycles glacio-eustatiques et de la déformation durant le Pleistocene le long la marge centrale d´Équateur (exploitation des données de la Campagne Atacames)[END_REF] and [START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF], the Quaternary uplift experienced by the basement in the southern continental shelf (between Manta and Salinas) may be related with the subduction of a major feature in the Carnegie Ridge beginning at 1782 Ka. This event is recorded by a regional unconformity between the acoustic basement (of age Pliocene, different from the acoustic basement of Hernández ( 2014)) and the lower mega sequences defined in the basins (LTR in Figure 3.4.2-2), promoting the general uplift of the border of the platform and the deepening of the northern basins (north of Manta). Accordingly, the uplift experienced by the Manta Peninsula dated ~1000 Ka (oldest T5 terrace of Pedoja et al., 2006) is attributed to a regional variation of the morphology of the ridge in subduction and to a general experienced EW compression. Finally, the emersion of La Plata Island (uplift of the four youngest marine terraces) dates ~500 Ka is attributed to collision and subduction of the oceanic massif proposed by Sanclemente (2014) [START_REF] Martillo | Enregistrements stratigraphiques des cycles glacio-eustatiques et de la déformation durant le Pleistocene le long la marge centrale d´Équateur (exploitation des données de la Campagne Atacames)[END_REF][START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF]. Up: Seismic profile in front of Manta Peninsula showing the subsidence of the platform caused by a seamount subduction like the model proposed by Lallemand et al. (1194).

Down: History uplift based on the sedimentary record (after [START_REF] Martillo | Enregistrements stratigraphiques des cycles glacio-eustatiques et de la déformation durant le Pleistocene le long la marge centrale d´Équateur (exploitation des données de la Campagne Atacames)[END_REF][START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF] The most recent collision events in Figure 3.4.2-2 (blue and green) are related with the subduction of major features in the ridge, while the collision is dated at ~18 Ka. This proposed beginning for the subduction of the Carnegie Ridge is pretty different with the proposed ages of 8 -15 Ma (Section 3.1.3). The history of this collision is in Figure 3.4.2-3. Transparent pink body is the subducted seamount of [START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF]. T-R refers to sedimentary sequences. The blue-brown scale shows the tectonic subsidence. In the last stage, is included the ISC from Chlieh et al., 2014[START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF].

Seismic swarms and slow slip events

As it was briefly mentioned in section 3.3.3, this zone is characterized by repetitive swarms. From 1990 up to the present, more detailed seismicity comes from the local network (RENSIG) (Figure 3.4.3-1). (Vallée et al., 2013).

So far, three seismic swarms around La Plata Island have been related to SSEs: 2005 [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF], 2010 (Vallée et al., 2013) and 2013 (this work). More recently, in 2016, after the 7.8 Mw Pedernales Earthquake in April 16 th , triggered seismicity south of Manta (around La Plata Island and out of the rupture zone of this earthquake) along with GPS observations confirm the occurrence of a slow slip (Rolandonne, pers. Communication).

The seismic swarm of 2005 is the largest and more energetic, even seen by the worldwide network: Holtkamp et al. (2011) identified in the PDE catalog 39 events with an equivalent magnitude of 6.6 Mw; but performed INSAR analysis could not provide geodetic observations to characterize this swarm. GCMT Catalog reports 15 events in this swarm, with magnitudes between 4.9 and 6.1 Mw (two events with Mw > 6) with thrust mechanisms compatible with the subduction process, except two of them which have a small strike-slip component.

According to Vaca et al. (2009) and Segovia (2009) the arrival patterns to different stations (local and distant) corroborates the migration of epicenters involving a wide area of around 100*50 km 2 . Larger earthquakes (Mw > 5) were related to the break of asperities (Vaca et al., 2009) represented by the subducted seamounts observed in the southern flank of the Carnegie Ridge (Sage et al., 2006).

Recently, a new study [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF] shows effectively that there was a coeval SSE during this swarm. The work was performed applying a strategy to sporadic GPS campaign data available from the period before the permanent GPS network . This analysis leads to the author to model the mentioned event with a magnitude of 7.2-7.3 Mw (Figure 3.4.3-3); his main conclusion about this event is that it could break the entire seismogenic zone with a joint seismic and aseismic process which lasted around 3 months. [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF]. Figure shows 3 stations at the coastal zone from 2010.4 to 2010.9. SSE is clearly seen in ISPT GPS located just in the La Plata Island and is less visible in the stations onshore (Vallée et al., 2013). 

Left: ISPT EW GPS time series and seismicity at La Plata Island station (ISPT). GPS displacements are calculated each 6h and seismicity is the number of events detected in 2h time windows. Gray lines represent the beginning and end of the SSE: 25 August (12h00) and 2 September (12h00). B. Upper:

Hypocentral location of the largest events with color scaled to depth. Lower: EW centered at ISPT projection of epicenters and observed polarities. The black line represents the subduction interface. The optimal linear fit of the events to the east of ISPT defines a dip of 10° (from Vallée et al., 2013). Chlieh et al. ( 2014) without constraints on the slip location or on the final aseismic moment found that the slipped area was around 50 km in diameter, below the island but extending slightly downdip to a less coupled region. The average slip was around 100 mm with a peak of 250 mm and the geodetic moment was 1.8 ×10 18 Nm equivalent to a 6.1 Mw earthquake.

To evaluate the impact of this slow event in the slip deficit around La Plata asperity (with a potential to generate a 7.0-7.5 Mw earthquakes), these authors computed the along-strike variations of seismic energy release from the moment tensor summation in 20 km wide blocks normal to the trench. These calculations found that the 2010 slow slip is equivalent to 6 months of the annual moment deficit which corresponds between 10 to 20% of the moment deficit between 2005 and 2010 which is not enough to release efficiently the moment deficit in this asperity . Then this asperity would accumulate a moment equivalent to an earthquake Mw=7.0 every century and new slow slips would contribute to increase that recurrence time only to 110-120 yr. Considering former swarms since 1998, and according to the scaling laws for slow slips [START_REF] Ide | A scaling law for slow earthquakes[END_REF] that suggest that the equivalent moment releases is attached to the duration time of the event, the 1998, 2002 and 2005 swarms (slow slip events) may have released about 85% of the cumulative moment deficit between 1998 and 2010, giving to them a very efficient mechanisms to release the energy and changing the recurrence time of 7.0 Mw earthquakes in the asperity to 700 years (Chlieh et al, 2014). 

Main issues

All the characteristics of the subduction zone of the Ecuador presented in precedent sections raise some reflections:

-The 1906 great earthquake known in the subduction zone of Ecuador occurred in the north, where a high interseismic coupling is observed. This event failed the entire portion of the seismogenic zone along ~400 km. The subsequent large earthquakes failed segments of the rupture zone of 1906 involving smaller asperities.

-In the central zone, a similar small asperity is centered at La Plata Island, but no large earthquakes are reported in this zone.

-If the 1906, 8.8 Mw was the rupture of several asperities, why the rupture did not involve the asperity of the central zone? Is the asperity in La Plata Island behaving as a barrier during the great earthquakes in the north?

-The subduction of the Carnegie Ridge imprints a segmentation of the margin. But the rupture zone of one of the large earthquakes (i.e. 1942) involves a region where the ridge is subducting (northern flank). Then, the ridge by itself is not a determinant factor for the lack of large earthquakes in the central zone.

-Which is special or different in this zone?

-Recently, the high interseismic coupling level observed in La Plata Island has been attributed to the subduction of an oceanic massif in the ridge. This prominent relief in the plate is enhancing the coupling.

-In this region frequent seismic swarms have been registered. So far, 2 of them have been associated with slow slip events. That means that all the seismic swarms were and are expressions of slow slip events?

-Seismicity and GPS observations show that this asperity fails with small to moderate earthquakes and slow slip events decreasing the slip deficit.

-This seismicity is poorly resolved because of the seismic network distribution. Only the 2010 seismic swarm and slow slip describe the microseismicity as thrust-type in the interface and be triggered by the slow slip.

-Worldwide evidence shows that some slow slip events are triggered by changes in the Coulomb static stress due to the occurrence of local or regional earthquakes. May the microseismicity be the motor of slow slip events or is it the consequence of slow slip events induced stresses?

-To resolve the uncertainty about the location of the microseismicity and its relation with slow slip events, a hybrid and dense network is necessary (OBS and land stations) that adequately cover the zone where the slow slip events are occurring.

-The OSISEC project deployed 5 OBS and 6 land stations around La Plata Island during 2 years. Funding for the project came from SENACYT, IRD, INSU (CNRS) with the collaboration of INOCAR.

Data and data analysis

The image of the interface seismogenic zone in Ecuador would not be complete without an update of the seismicity registered in the last years (the work of Font et al. (2013) goes through 2007).

Then we present a quick analysis of the seismicity related with the ISZ, assuming that the seismicity located by the RENSIG in the regions defined by Segovia (2001) are entirely in the interface which could not be always the case. However, the seismicity would be imaging also strain release in the proximity of the interface and then could give us some idea about the stresses in the region and check if the identified patterns have been happening again.

Once this goal had been achieved we go entirely to the analysis of the data registered with the OSISEC Project.

Update of the ISZ seismicity recorded by the RENSIG

Comments on the local network

Instrumental period in Ecuador begins in ~1977 with the firsts analogical and telemetered 1C short period seismic stations at the main active but dormant volcanoes, but a reliable seismic network stands since 1990 with the extension of the network to the coast and the eastern lowland regions (IG-EPN).

Shallow seismicity related with the subduction process has been registered and reported by the national network since its beginning. However, its accuracy and its completeness are not good due to the distribution of local seismic stations. The magnitude threshold for this region was around 3.0 which has let see more details, comparing to the international seismic network which has been reporting events with magnitude only greater than 4 -4.5 mb and recently from 3.8 mb onwards.

ISZ seismicity

Based on the segmentation along the ISZ proposed by (Segovia, 2001) we perform the same analysis made by this author including the data of the RENSIG from 1993 to the end of April 2016. We extend the segments to the west of the trench to include possible activity in the outer rise. This time, we use the normalized cumulative number of events to highlight the correlation between the different segments ( Updated normalized cumulative number of events in each segment according to Segovia (2001). Names of the segments are slightly modified from the original denomination but they keep the geographic reference. Extension of the segments is presented in Figure 4. 1.2-2. Numbers are according to those in Figure 3.

3.3-3 and are showing the time of coincident crisis between the segments. For description of each crisis see Table 4.1.2-1.

With this analysis, several significant jumps in the cumulative curves (No. 5 to No.13 from 1999 to present) are recognized. The increase of the number of events in one segment may be simultaneous with an increment in other segment, generally in a neighbor segment (e.g. 5, 7, 12); it may be simultaneous between faraway segments (e.g. 10); it may be aisle (e.g. 6,8,9,11) or it may be simultaneous in all the segments (e.g. 13). These jumps are representing seismic swarms except the No. 13 which corresponds to the sequence mainshock-aftershock of April 2016 in the segment of Punta Galera which triggered seismicity along all the segments. This general result without further analysis was conducted to show the complexity of the reaction of the ISZ in the subduction zone of Central Ecuador where the segments show sometimes interactions between them.

In the Figure 4.1.2-2 we present a map with the seismicity and the new proposed definition of the segments. Following Segovia (2001), segments are called according to their geographic position varying slightly their original names; from north to south they are: Muisne-Pedernales, Jama-Cabo Pasado and Manta-Puerto López; between them, the silent or with sparse seismic activity segments are called Gap 1 and Gap 2. Segovia (2001). ** Vaca S., personal communication. 

Swarm/crisis

A B

ISZ seismicity in the Puerto López-Manta segment

From the previous analysis, the seismicity at the ISZ in Central Ecuador occurs frequently as seismic swarms and sometimes they present synchronous activity.

The southern segment is particularly special, being the one with the highest seismic energy release without taking into consideration the large thrust earthquakes of 1998 and 2016. This seismic energy release takes place through the occurrence of seismic swarms of larger duration and larger magnitudes (Vaca, 2009;Segovia, 2009) comparing to the other segments. From 1990 up to the present, more detailed seismicity comes from the local network (RENSIG) (Figure 4. 1.3-1).

From the beginning of the catalog presented in Main jumps in the cumulative curve are signaled with numbers and they are described in Table 4.1.3-1. Out of the seismic swarms, the region has experienced some constant activity with small variations on the seismicity rate up to mid-2011, when an increase is detected; again, this change may be related to the densification of the network in the coastal area. 

.3-1 Seismicity vs. Time in the Manta-Puerto Lopez sector seen by the local permanent network (RENSIG Catalog).

Normalized cumulative number of events showing the main jumps related to seismic swarms. Seismic Swarms 6, 7 and 8 were less significant in terms of number of events and seismic energy than previous swarms; but 7 and 8 were clearly identified by the temporary OSISEC Project network (this work). The main issue from this analysis is the recurrence of seismic swarms of all sizes (duration, number of events and magnitudes) in this particular segment of the subduction zone in Central Ecuador. When comparing with GPS data (e.g. Vallée et al., 2013;[START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF] two of the seismic swarms (i.e. August 2010 and January-February 2005 respectively) have been identified as synchronous with slow slip events. The first swarm (6) does not draw attention due to the small number of events while the second is very clear (5). Since the seismicity rate and magnitudes may be related with the equivalent magnitude of the slow slips (2010: 6.0-6.3 Mw (Vallée et al, 2013); 2005: 7.2-7.3 Mw [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF]), the achievement of a good control of the seismicity for small slow slip events in the zone and its characterization may be obtained only with a denser seismic network in the zone.

Swarm

ISZ seismicity seen globally

Originally, the USGS catalog was composed of the NEIC PDE data (Preliminary Determination of Epicenters) since 1973 using globally distributed stations of the worldwide network. From February 2013, the sources are besides the worldwide network, other contributing networks (local and regional). Additionally, another source ISCGEM has recently contributed to enlarge the catalog back to 1900 with the large and great earthquakes registered (http://earthquake.usgs.gov/data/pde.php).

In central Ecuador, the seismicity related around the ISZ of young Nazca Plate and the North Andean Sliver is imaged with no high definition nor high precision due to the data sources used for locate the earthquakes; for this reason, the minimum magnitude of completeness of this catalog is ~3.7 mb. However, the image of some sort of segmentation is appreciated and it will be discussed in detail in the next section (Figure 4.1.4-1) , 2003). The events in the catalog correspond mainly to thrust type mechanisms with principal low angle East dipping planes. Minor events are normal type and according to their depth, they must be related to the faulting in the upper or lower plates (considering that the deformation zone between the two plates is a wide region, they were included in this group). To the West of the trench, mainly strike-slip events are reported and they may be related to active structures in the Nazca Plate; one normal type event may be related to bending of the plate during subduction. To the East -below the Coastal Range-, some events with different mechanisms, but deep, must occur at the subducted plate. Region considered is between young Nazca Plate and the North Andean Sliver. Source: GCMT Project, Last accessed: June 2016. List of events: Annex IV-1

The OSISEC Project

After the seismic swarm and the SSE detected in 2010 around La Plata Island, it was essential to follow and to characterize the seismic activity in this zone.

On this basis, the network in the OSISEC Project was designed to surround completely the region where the 2010 SSE occurred. The network was composed of 5-OBS and 6-BB; it was installed progressively between June and October 2011 and the recording period finished in October 2013. Four additional BB stations which are part of RENSIG network completed the observation network see Volume of raw data (transformed to SAC) in the stations of the network/day.

Chain of data processing

Data format and time correction

Raw data was transformed to SAC using specific software ( During transformation, time corrections were taken into account.

RENSIG-EPN (ADN) stations

Internal clock derives for RENSIG-EPN (ADN) stations are included in raw data and it is visible like in Figure 4.3.1-1. This information need to be extracted first and then used during extraction of the data and writing in SAC format. BB stations showed minor clock drifts but sometimes major problems were observed; the software corrects and stamps the time and name each sac file with the time. The next step in the chain process (construction of 1h, 30 minutes or user's choice of the length of the sac files) identifies wrong data (for example data from the year 2020) and it is simply not used. For example, in Figure 4.2-2, ANUV station shows smaller daily SAC files due to clock problems (wrong data was rejected).

b) OSISEC-OBS

Time corrections for the OBS were applied using time controls before the deployment and after the recuperation, assuming a constant derive of the internal clock. During the first leg of OBS, we benefit from Atacames Cruise studies (Michaud et al., 2014) to verify the depth of OBS and to check the time. In this case, we check the time using the shots over the OBS during the campaign and then extrapolate to the end of the records for the first leg (Figure 4.3.1-2) For the Legs 2, 3 and 4, there was no such type of control. Only if the OBS was working during the recuperation, time control was possible, otherwise, we assume no clock-shift for the format conversion and some caution must be applied when using OBS (Table 4.3.1-2) Generated SAC file lack in their headers information about station coordinates, standard code for the components, network affiliation, etc., so the last step is to update the headers of SAC files.

Triggering and coincidence

To identify earthquakes, the visual inspection of continuous data of all stations organized in 30 minutes-windows would have taken a lot of time, for this reason an algorithm STA/LTA ( Régnier) was applied to vertical (BB) and pressure (OBS) continuous waveforms.

This algorithm has two parameters to test: filter and signal to noise ratio. According to these values and to the noise of the stations, the number of detections can be very large and not necessary real events.

For example, the effect of different band-pass filters and signal to noise ratios may be observed in Figure 4.3.2-1. At higher frequencies (eg. band pass 5-10 Hz) the triggers increase notably, probably due to the presence of small glitches not seen with lesser frequencies (eg. 1-10 Hz). On the other hand, for the same band pass, triggers decrease with a larger signal to noise ratio which means that the detections or glitches do not have large amplitudes. Effect of filtering (f) and signal to noise ratio (r) in the number of identified triggers using a STA/LTA algorithm.

In order to extract possible events, we selected the band pass 5-10 Hz in order to have the biggest number of possible events and to reduce the probability to skip small earthquakes we chose the event/noise ratio of 3.

The STA/LTA algorithm was applied to all 7 lands stations and once we have a list of all possible detections we search for coincidences of detections in the 7 stations using short time-windows and considering a minimum number of stations ( Régnier).

Once a list of coincidences was created, event extractions from the continuous data base were applied ( Régnier).

Picking phases

The coincidences or "events" were organized in a database of triggers. Inspection, picking and preliminary locations were made using DEPNET ( Régnier). This software is friendly and it allows several ways of visualization of waveforms according to the time of picked phases or to the distance which facilitates the verification of the picking process. It incorporates a visualization of the event epicenter and the residuals of the stations according to the obtained location and velocity model used. One advantage of this picking software is its associated location program NETLOC ( Régnier) which allows an interactive picking for an initial location determination with the possibility to use different velocity models. 

Earthquake location

General principles of earthquake location

Earthquake location is assessed by minimizing the misfit between observed arrival times of seismic waves at seismic stations and predicted arrival times calculated in a given velocity model. Many potential locations are considered and when this misfit is less than a specific value, the proposed location (hypocenter and origin time) is retained as the true location (Lomax et al., 2007).

For most location algorithms, predicted arrival times are needed. This calculation is commonly referred as forward problem. There are three basic classes of methods to calculate the travel times: full-waveform methods, ray methods, and Huygens wavefront or eikonal and graph-based methods. Full-waveform methods recreate synthetic seismograms from which predicted travel times can be extracted. Ray methods provide travel times and the ray paths using simple model parameterizations such as flat layers with constant or gradient velocity. Huygens wavefront, eikonal and graph-based methods provide travel-times of the first arriving waves in a gridded velocity model and are efficient and applicable with complicated, 3D velocity structures (Lomax et al., 2007).

Methods that involve partial derivatives to find the values that minimize the misfit are called linearized methods, while the methods that do not, are called nonlinearized or direct-search methods. The advantages of linearized methods are that they are much less demanding computationally. On contrary, nonlinearized methods are easy to apply with realistic models (eg. complex models), do not present numerical convergence problems and can provide full location uncertainties (Lomax et al., 2007).

Earthquake location program

NETLOC ( Régnier) (Figure 4.3.3-1
) is an algorithm that uses the ray method to calculate travel times in both flat layer models or gradient models or a combination of the two types and performs a nonlinearized search to find the best fit to observations.

Search method is performed from a first guess or trial location; from this point, the algorithm calculates new travel times shifting the three geographic coordinates by a x (longitude), y (latitude), z (depth) and the origin time by a +/-t and compares with the observations in 8 positions around the trial location . The new trial location will be that one that is closer to the observations. This process will be repeated as many time as necessary until a minimum difference between calculated and observed times is achieved. One of the strengths of NETLOC is the possibility to use different models for a station or group of stations. This helps to consider true variations in the velocity along ray paths or site effects for the stations.

Creating different models for a station or group of stations has implicitly a meaning of directivity and applicability, that is, from a particular hypocenter, the calculated travel times with a specific model will be "true" only in the azimuth direction (towards the station). In other words, particular models will be applicable only for events in the same direction (grouped or clustered events).

Initial locations and travel time residuals

Main points and discussion about initial locations are presented in Chapter 5. In Figure 4.3.4.3-1, events are coded by the number of stations used in the location process, the velocity model used and depth and rms distribution are also shown. The reader is referred to Annex IV.2 and IV.3 to observe the distributions of residuals in each station observed for the events in each region: offshore (marine forearc) and onshore (Coastal Range). At the same land station, the residuals distribution varies from the earthquakes in one region to the other region showing different averages and standard deviations. This variation is more accentuated in the OBS, for marine earthquakes, they present much larger standard deviation and for Coastal Range earthquakes there is no Gaussian distribution. These observations demonstrate that land stations need specific models and that OBS arrivals are not consistent with on land station arrivals when using a simple 1D velocity model. 

Preliminary locations (A) using a 1D velocity model for the whole region (B). C. Depth and travel time rms

(s) distributions for the events in the two regions.

Searching the velocity model(s)

For the details of the process, see Chapter 5, section 3.3.

Resuming, the main steps of the search of the velocity models were:

1. Selection of events with a good azimuthal coverage in each region (offshore and onshore). 2. Search for the velocity models for the land stations, not using OBS during the location process for the selected events originated in each region. 3. Search for the velocity models for each OBS, introducing OBS observations each time and keeping fixed the location achieved in step 2.

Hypocenter location uncertainties and earthquake selection

Reader is referred to Chapter 5, Section 3.4.

Here we want to present two analysis related with: 1. The methodology adopted to evaluate uncertainties in the hypocenter determination and, 2. About earthquake selection: does it change or sub-sample the final image of the seismic active regions?

1.

To quantify the uncertainties of the hypocentral catalog, we used the bootstrap method. In the bootstrap method, possible picking errors are simulated by a perturbation on the arrival times of each individual earthquake. The resulting geographical positions are used to estimate the influence of picking errors on the initial earthquake location (Billings et al., 1994). The perturbation is achieved adding some "noise" to actual observed time. The authors propose to add "noise" with a Gaussian distribution with zero mean and a fixed standard deviation. In this study, the arrival times were perturbed using both random numbers normally and unitary distributed between -0.1 and +0.1 s for P arrivals and -0.25 s and 0.25 s for S arrivals. We observe, for a group of events located offshore, no significant variation in the horizontal errors estimated in both cases . 

Determined epicentral errors of a group of events evaluated with the perturbation of arrival times with a Gaussian type distribution (up) and a unitary type distribution (down). Histograms to the left of each map show some examples of the arrival times used for the set of new earthquake locations (150) used to evaluate the errors. Stations

examples are ABLA and ISPT.

2.

After the evaluation of errors, the ranges defining each category were established (see Table 1, Chapter 5) and events no belonging to A, B, C and D were rejected. In Figure 4.3.4.5-2, we compare the initial number of events/day with the number of events with A, B, C or D quality each day in each region. 

Initial and final number (A, B, C and D quality) of events/day in each region.

The main conclusion from the Figure 4.3.4.5-2 is that the general image, regarding the number of events does not change and the tendencies and crises continue to be represented pretty good by the selected subset of events (final catalog).

The other aspect to analyze is the geographic distribution of the events. In Figure 4.3.4.5-3, epicentral distributions of the events in each category (quality A, B, C and D) show globally the same epicentral distributions as those of the rejected events (quality E) which implies that the performed selection does not alter the image of the seismicity in the region.

From the figure, it is also seen that the parameter having the strongest weight for the quality determination is the gap (see distribution of A type events, inside the network), while for the other categories, x-error, y-error and z-error have the final decision on the classification. Maps with location of quality E events and their associated errors in x, y, z and the number of P and S-phases.

From Figure 4.3.4.5-4, in E class type events, the main parameters controlling the rejection of the events are the number of P-phases and z-error.

Magnitude determination

In order to evaluate the energy released by earthquakes as well as to image its evolution with time, we calculate a magnitude based in the mean of all magnitudes determined in each land station.

Magnitude concept

The first magnitude concept was developed by Richter in 1935 in order to compare the size of earthquakes. The magnitude of an earthquake is a number (dimensionless) determined from the maximum motion recorded by seismographs. It takes in account the logarithm of the maximum amplitude of the wave motion and some corrections are included to account for epicentral or hypocentral variations (http://earthquake.usgs.gov/learn/ topics and glossary).

The scale was constructed arbitrary considering that an earthquake that can be felt 100 km away with amplitude of 1mm in a particular seismograph (Wood-Anderson) has a magnitude of 3.0; an earthquake at the same distance with an amplitude measurement of 10 mm would be of magnitude 4.0, and so on (http://mathcentral.uregina.ca/beyond/articles/earthquakes/richter.html).

This can be summarized in a graphic like the following ( FROM DIGITAL DATA (http://www.iaspei.org/commissions/CSOI/Summary_WG_recommendations_2013032 7.pdf), present specific guidelines to magnitude calculation according to which generic magnitude is going to be determined: ML, Ms, mb, mB, and mb_Lg. All magnitude equations involve amplitude and period measurements. In that sense, WG of CoSOI is clearly specific in mention that: 1. The amplitudes used in the proposed formulas are one-half of the maximum deflection of the trace (peak-to-adjacent trough or viceversa, where peak and trough are separated by one zero crossing); 2. The periods are twice the time intervals separating the peak and adjacent-trough; 3. Measurements of amplitudes can be in units of nm or nm/s for which the classical formulas have been modified.

The magnitude selected in the present work is ML. The WG present ML for crustal earthquakes in regions with similar properties (attenuation) to those of Southern California as: 𝑀𝐿 = 𝑙𝑜𝑔(𝐴) + 1.11 * log(𝐷) + 0.00189 * 𝐷 -2.09 [START_REF] Wang | Coupling'' semantics and science in earthquake research[END_REF] With A: maximum trace amplitude in nm, measured in the horizontal component, filtered in order to replicate Wood-Anderson response with a static magnification of 1; D: hypocentral distance in km, typically less than 1000 km, and the constant term is based on an experimentally determined static magnification of the Wood-Anderson of 2080 (not on the theoretical magnification of 2800 that is specified by the seismograph´s manufacturer).

For crustal earthquakes in regions with different properties are those in California, and for measuring magnitudes with vertical-component seismographs, the standard equation is of the form:

𝑀𝐿 = a * log(𝐴) + 𝑏 * (𝐷) + 𝑐(2)
where A and D are as in equation ( 1), except that A may be measured in the vertical component, and a, b and c are constants or coefficients to be determined.

Using 2, we are going to find the coefficients that satisfied the magnitude previously determined (ML magnitude of IG-EPN catalog) in each station of the network (BB land station) for which there are observations of each event and then make a mean of the values.

𝑚 𝑖𝑗 = 𝑎 𝑖 * 𝑙𝑜𝑔𝐴 𝑖𝑗 + 𝑏 𝑖 * 𝑙𝑜𝑔∆ 𝑖𝑗 + 𝑐 𝑖 (3) With:

i: station j: seismic event ai, bi, ci: coefficients for i station Aij: amplitude ij: distance between the station and the seismic event Following ( 1) for each seismic event j observed at each station i, we may have a set of equations which defined an overdetermined system. Writing (1) in a matrix form for one station, we have:

𝑚 𝑖 = (𝐴 𝑖 , 𝛥 𝑖 , 1) * | 𝑎 𝑏 𝑐 |(4) or 𝑚 = 𝐺 * 𝑋(5)
In order to find the unknown X, we follow basic algebra multiplying each side by G T : 𝐺 𝑇 * 𝑚 = 𝐺 𝑇 * 𝐺 * 𝑋 (6) And then, multiplying each side by (G T * G) -1 we get X, the vector with coefficients a, b, c to be determined.

(𝐺 𝑇 * 𝐺) -1 * 𝐺 𝑇 * 𝑚 = 𝑋(7)

Analysis of available magnitudes of the IG-EPN Catalog

First, we performed a geographic selection of the IG-EPN Catalog earthquakes; then we looked for the events with origin time around 1 minute before or after the origin time determined for OSISEC catalog events. This condition gives us 136 events with magnitude. From the analysis of epicentral variations between both catalogs, we selected those events with epicentral differences smaller than 20 km in order to have reliable magnitudes, not overestimated due to a wrong location (Figure 2), giving us 44 events.

Additionally, a third selection based on logarithm of the amplitude vs. magnitude let us have good observations to find the coefficients of ( 2). From Figure 4.3.5.2-1, the 44 selected events with less than 20 km of difference in epicentral distance have magnitudes which sample a good range of values, between 2.8 and 4.9, to construct the equation magnitude for each station using equation (3).

Construction of equations

As was mentioned before, the amplitudes used in the existent magnitude formulas are measured as 'one-half peak-to-peak amplitude' in a particular period and in a specific instrument (in case of Wood Anderson, it can be considered as a filter). Generally speaking, the construction of a magnitude scale is not strictly restricted. Because of this, I use the waveform data filtered between 1 and 10 Hz and I'll take the whole amplitude of the maximum wave wiggle, in counts.

Plotting amplitudes vs. magnitudes previously defined (from IG-EPN Catalog), we can see a good enough agreement between these two values: with lesser amplitude, lower magnitude and with greater amplitude, higher magnitude . This led us to use all 44 selected events to construct a system of equations like ( 2) and solve it using (5). Log of the amplitude for the 44 selected events vs. IG-EPN magnitude for the 7 stations selected.

Note that not all events are registered by the stations.

The result of applying ( 7) for each station is: Individual magnitude determination (in each selected station) for the 44 selected events, showing the coefficients derived solving (7). Line shows 1:1 relation between the two magnitudes.

Note that not all events are registered by the stations. As not all the events are always registered by 2 or more stations, the number of events is reduced to 41. For these 41 events, we estimate a mean magnitude (OSISEC magnitude) with its standard deviation and we compare to IG-EPN magnitude (Figure 4.3.5.2-4). Applying the magnitude equation for each station ( 8) to ( 14) and then calculating the average, we determine the magnitudes for the events in the initial catalog (quality A, B, C, D and E). In Figure 4.3.5.2-5 we present the magnitude distribution in the initial catalog and we compare with that one of the final catalog. The highest percentage of rejected events has magnitudes in the range of 1.8 to 2.5. 

Frequency-magnitude relation

The Where is the slope of the straight line, M is the magnitude and N(M) is the number of earthquakes that have a magnitude >= M. The constants a and b characterize each frequency-magnitude distribution in space and time of the analyzed catalog; a is proportional to the seismicity rate, while b states the relative proportion of larger to smaller earthquakes [START_REF] Amorèse | On varying b-values with depth: results from computer-intensive tests for Southern California[END_REF][START_REF] Chen | Incorporating Change-Point Detection Updates of Frequency-Magnitude Distributions Within the Taiwan Earthquake Catalog[END_REF]. Mc or magnitude of completeness is a magnitude limit that divides the seismic catalog into complete and incomplete catalog; the incomplete catalog comprises events with magnitudes lower than Mc, that is, the network does not have the capability to detect all the events lower than this limit (Amorèse et al., 2010, Mignan and[START_REF] Mignan | Estimating the magnitude of completeness for earthquake catalogs, Community Online Resource for Statistical Seismicity Analysis[END_REF].

Constructing the FMR for both catalogs, we find that both curves show almost similar behavior for magnitudes larger ~2.3, with a small variation in the slope of the FMR distribution of 1.24 and 1.21 for the initial and the final catalogs respectively. 

Determination of Gutenberg-Richter or Frequency-Magnitude Relation for the whole and final catalogs.

The same reflection about the effect in the seismic image after removing bad quality events (in location), can be also addressed about the representativeness in terms of magnitude of the events that remain in the final catalog. From Figure 4.3.5.2-5, the largest number of rejected events has magnitudes between 1.8 and 2.5; this is reflected in the value of b which decreases (slightly) from 1.24 to 1.21, due to the effect of removing earthquakes of smaller magnitudes.

As b-value is inverse dependent on applied shear stress, it usually shows low values in the asperities or locked patches (where earthquakes nucleate), while it has higher values than average in creeping sections (Wiemer and Schorlemmer, 2005). Hence, removing a significant percentage of earthquakes with small magnitudes may give a wrong idea about location (if it is a spatial analysis) or proportion (if it is in the entire zone) of creeping sections against blocked regions (e.g. Wiemer and Schorlemmer, 2005).

In our case, the decrease of the b-value is not significant but in general, eliminating events with small magnitudes will prevent to characterize creeping sections where precisely these events occur.

Chapter 5 Analysis of the seismicity around the highly-coupled patch of La Plata Island
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Abstract

The temporary onshore-offshore seismic network deployed during the 2-years period of the OSISEC project gives an unprecedented, detailed and well-focused image of the seismicity for magnitudes as low as 2.0 in the subduction zone of Central Ecuador. This study focuses on a discrete highly-coupled region located south of the highly-coupled northern margin of Ecuador which ruptures several times during the 20 th century and more recently during the Mw=7.8 2016 Pedernales Earthquake. This area has not experienced any large earthquake, but it is associated to recurrent seismic swarms and slow slip events. The subduction interface exhibits a scarce seismicity except down dip of the coupled patch where it is possibly controlled by structural factors. In the marine forearc, the seismicity occurs in the downgoing oceanic plate and mostly related to a slow slip event which ruptured the subduction interface.

Introduction

Subduction zones generate the greatest earthquakes accounting for ~80% of the worldwide seismic energy release [Pacheco and Sykes, 1992]. Slip along the subduction megathrust is often highly heterogeneous in space and time with a combination of areas of stable sliding and stick slip. Recent continuous GPS observations provide a new view of the shallow portion of the subduction megathrust behavior with areas partially or totally locked and areas of free sliding. The degree of interseismic coupling (ISC) derived from the inversion of interseismic geodetic data highlight the long-term moment deficit accumulation and the potential to generate large earthquakes [e.g. Chlieh et al., 2004, Métois et al., 2012;Nocquet et al., 2014;Chlieh et al., 2014]. Microseismicity activity is often concentrated around major locked zones and in areas creeping freely [e.g. Schwartz and DeShon, 2007]. In Central Ecuador, the subduction of the Nazca plate is located at the transition between a highly locked subduction interface to the north, north of latitude 0.5°S, and an almost unlocked portion to the south [Nocquet et al., 2014;Chlieh et al., 2014]. Within this unlocked area, a discrete highly-coupled patch extends beneath La Plata Island ((I) -Figure 1) [Nocquet et al., 2014;Chlieh et al., 2014]. This area has not experienced any large historical earthquakes [Chlieh et al., 2014] but has undergone numerous seismic swarms [Segovia, 2001;Segovia, 2009;Vaca et al., 2009;Holtkamp et al., 2011;Font et al., 2013] and several slow slip events (SSE) [Vallée et al., 2013;Segovia et al., 2015]. These seismic swarms and the background seismicity in this area are poorly resolved by the permanent national seismic network RENSIG (Red Nacional de Sismógrafos del Instituto Geofísico de la Escuela Politécnica Nacional). In order to improve earthquake locations and to lower the magnitude threshold, we deployed a temporary, dense, onshore-offshore seismic network during the OSISEC (standing for Observación SISmológica en Ecuador) project from June 2011 to October 2013. This temporary network improves the geometry of the subducted plate and provides a new view of the interseismic microseismicity distribution that correlates with respect to interseismic coupling on the subduction megathrust and reveal the deformation of the downgoing plate.

Geodynamical setting

Along the northwestern coast of South America, the Nazca Plate (NAZ) subducts beneath the North Andean Sliver (NAS) at a rate of 4.7 cm/yr and in a N81°E direction [Nocquet et al., 2014) (Figure 1). In front of Central Ecuador, the crust of the Nazca Plate is thickened up to 14-19 km beneath the Carnegie Ridge (CR), a major volcanic feature related to the activity of the Galápagos hotspot ~25 My ago, which stands approximately 2000 m above the seafloor [Sallarès and Charvis, 2003;Sallarès et al., 2005].

The geometry and depth of the Moho of the subducting Nazca plate were previously defined by a wide-angle seismic profile [Graindorge et al., 2004;Gailler et al., 2007]. The E-W profile shot at 1.4°S shows the subduction interface from the trench to ~60 km eastward where it lies at 10 km depth with a dip angle of ~10°.

At these latitudes, the forearc region consists of a rigid block moving at a rate of ~0.9 cm/yr in a N35°E direction with respect to the stable South America: the North Andean Sliver (NAS, also named the North Andean Block) [Nocquet et al., 2009;Nocquet et al., 2014]. The NE motion of the NAS and the opening of the Gulf of Guayaquil are likely related to the obliquity of the relative convergence north of Ecuador [START_REF] Witt | Development of the Golfo de Guayaquil (Ecuador) as an effect of the North Andean block tectonic escape since the Lower Pleistocene[END_REF], Nocquet et al., 2014].

The basement of the NAS consists of oceanic terranes accreted to the South American paleo-margin between Cretaceous and Late Eocene times. The forearc basins that overlay this basement contain volcano-sedimentary deposits of Late Cretaceous to Paleocene ages and marine sediments from Neogene to Quaternary ages [Jaillard et al., 1997;Luzieux et al., 2006;Jaillard et al., 2009;Reyes, 2013]. In the forearc, the Coastal Range, a major feature of approximately 400 km long and up to 800 m height parallel to the shoreline, is still uplifting especially in Central Ecuador in front of the Carnegie Ridge [Pedoja et al., 2006].

The Ecuadorian subduction zone can be divided into two main segments with distinct interseismic coupling level. To the North, from the central axis of the Carnegie Ridge (i.e. from the latitude of Bahía de Caráquez, (B) -Figure 1), the subduction megathrust is highly coupled. Along this segment, four historical large subduction earthquakes, with magnitude ranging between 7. 8 and 8.8, occurred in 19068 and 8.8, occurred in , 19428 and 8.8, occurred in , 19588 and 8.8, occurred in and 19798 and 8.8, occurred in [Kelleher, 1972;;Kanamori and McNally, 1982;Mendoza and Dewey, 1984;Beck and Ruff, 1984], and more recently on April 16 th 2016 (Mw = 7.8, near Pedernales, (P) -Figure 1) [Nocquet et al., 2016]. South of 0.5°S, low to null interseismic coupling is observed which is consistent with the lack of great subduction earthquakes [Dorbath et al., 1990;Chlieh et al., 2014;Nocquet et al., 2014]. This uncoupled segment extends down to Northern Peru [Nocquet et al., 2014].

The study area is located at the northern end of the uncoupled southern segment. At this place, a ~40x40 km 2 highly-coupled patch (up to 90%, Nocquet et al. [2014]; Chlieh et al. [2014]) is embedded within the uncoupled segment (Figure 1). This highly coupled patch is interpreted as a discrete seismic asperity [Chlieh et al., 2014] despite the lack of significant historical subduction earthquakes. Constrained by the continuous GPS station located on La Plata Island, the locked patch is shallow and extends from the trench to 40 km landward (Figure 1). A moderate seismic activity is observed with the occurrence of intense and repetitive seismic swarms recorded in 1977[START_REF]Punta Galera-Mompiche Several swarms in[END_REF], 1996, 1998, 2002, 2005, 2010and 2013[Segovia, 2001;;Segovia, 2009;Vaca et al., 2009;Holtkamp et al., 2011;Font et al., 2013;Vallée et al., 2013] with seismic events as large as Mw=6 and durations from weeks to months. Concomitant to the 2010 swarm, a 5days long SSE with an equivalent magnitude of 6.0-6.3 was detected beneath La Plata Island [Vallée et al., 2013]. More recently in January 2013, a 7-8 days increase in the seismicity around the island accompanied a new SSE [Segovia et al., 2015]. Nazca Plate (NAZ) with the Carnegie Ridge (delineated by 2 and 3 km isobaths) converges relatively to the North Andean Sliver (NAS) at 4.7 cm/yr N81°E while NAS is moving at ~0.9 cm/yr to the NE with respect to stable South America (SA) [Nocquet et al., 2014]. Bathymetry is from Michaud et al. [2006]. Green dashed lines show rupture areas of historical earthquakes in 1942in , 1958in , 1979in and 1906in [modified from Kelleher, 1972;;Mendoza and Dewey, 1984;Collot et al., 2004]. Epicenters of historical earthquakes are from Engdahl and Villaseñor [2002] and Mendoza and Dewey [1984]. Crustal faults (pink lines) are from Reyes and Michaud [2012]. Black circles denote instrumental seismicity for the period between 1994 and 2007 [Font et al., 2013]. Important geographic sites: E=Esmeraldas, G=Punta Galera, P=Pedernales, J=Jama, B=Bahía, M=Manta, I=Isla de la Plata, PL=Puerto López, S=Salinas. Black frame: region of the OSISEC project. Inset: Interseismic coupling after Nocquet et al. [2014].

Seismic data acquisition and processing

Network

The OSISEC network was installed progressively between June and October 2011 and recorded continuously until October 2013. It included 5 Ocean Bottom Seismometers (OBS, 30s Guralp CMG-40T sensor and HighTech Inc. wide-band hydrophones) [Hello et al., 2006] and 10 broadband land stations among which 6 are temporary (Nanometrics Trillium Compact sensors, 120 s) and 4 are part of the permanent network RENSIG installed during the ADN project (Guralp CMG-3ESPC sensors).

OBS were deployed on the continental slope, at about 1000 m depth, in an area free from bottom trawling. They were evenly spaced at 10 km intervals whereas land stations were spaced at ~15 km intervals (Figure 2). Both types of temporary stations were operated in continuous recording mode with a sampling rate of 100 Hz while the permanent RENSIG stations have a sampling rate of 125 Hz.

Data processing

The seismic events were detected using a ratio of 3 in a STA/LTA algorithm (band pass filtered at 5-10 Hz) and a coincidence of triggers at a minimum of 3 stations. Part of the continuous traces was also inspected visually to ascertain that the STA/LTA filter was sensible enough to detect most of the seismic events. All phase arrivals, polarities and maximum amplitude were picked manually.

The preliminary locations of ~3900 events (between June 2011 and January 2013), recorded by an average of 6 (± 2.6) stations (21485 and 9494 P-and S-arrivals, respectively) (Figure 2), were achieved using a nonlinear search algorithm of the hypocenter and origin time that minimizes the travel time residuals using a grid search around an initial guess (NETLOC program, Régnier, personal communication). One feature of this program is the possibility to use distinct velocity models for each station, either with constant velocity layer or with increasing velocity (linear gradient) layers.

Preliminary locations used a single 1D standard constant velocity model for the whole area derived from the 2D velocity model of Graindorge et al. [2004]. This model has a 2 km thick sedimentary layer with Vp=2.5 km/s, a 24 km thick crustal layer with Vp=6.5 km/s and a semi-space mantle layer with Vp=8.1 km/s (Figure 2C). The Vp/Vs ratio was set to 1.73. Seismicity distributes into two main regions of high seismic activity. The first region is located offshore in the marine forearc where the plate interface is probably shallower than 10 km after Graindorge et al. [2004] and Gailler et al. [2007]. The second active region is located onshore, beneath the Coastal Range (Figures 1 and2). From the preliminary locations, about 20% of hypocenters are trapped at shallow depths (lower than 5 km depth, Figure 2B and 3A) whatever standard 1D constant velocity model was used. To understand if those locations are biased by an inadequate velocity model, we analyze the travel time residues per station, separating the earthquakes located in the marine forearc from those located beneath the Coastal Range. We observed first, that the residual distribution at each land station shows different averages for earthquakes located offshore and those located onshore. Second, the residual distribution pattern diverges widely for OBS that present much larger standard deviations and no Gaussian distributions for the earthquakes located in both domains. This observation demonstrates that OBS arrivals are not consistent with on land station arrivals when using a simple 1D velocity model.

We relate the residual observation to differences in propagation paths associated to strong structural heterogeneities between the marine forearc and the onshore area and to the thickness variation of low velocity sedimentary layers beneath each OBS that we did not consider in preliminary locations [START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF]. To account for these heterogeneities, we search for local minimum 1D models for each land stations and OBS, with onshore and offshore events separately [e.g. Hussen et al., 2011]. 

Best 1D gradient velocity models

In a first step, we select seismic events recorded at a minimum of 7 nearby land-stations and with an azimuthal gap lower than 120°. This provides 59 earthquakes located beneath the marine forearc and 128 beneath the Coastal Range to perform the best 1D velocity model search. We computed 4 minimum 1D gradient velocity models based on marine forearc events for the land-stations (model 1 Figure 3aC), and for the OBS (model 2, Figure 3aC), and with the coastal range events for the on land-stations (model 1, Figure 3bC) and for the OBS (model 2, Figure 3bC).

For the land stations, the search for the best velocity model is conducted in each domain separately, starting from an initial velocity model that includes one sedimentary layer, a crustal layer and a half-space representing the upper mantle.

The sedimentary layer thickness and Vp for each model are set according to the on-land forearc sedimentary basins from Reyes and Michaud [2012]. The search for the crustal layer parameters is done over the values of the top velocity, the velocity gradient, the Vp/Vs ratio and the thickness. The mantle velocity is set to 8.1 [Graindorge et al., 2004] without a velocity gradient hence at this local scale, we only expect Pn phases that are well described by the velocity at the crust-mantle boundary. The search is normally based on Monte Carlo approach. Due to the small number of perturbed parameters, a systematic grid search was performed instead. The best gradient model in the crust is the one that better minimizes the rms and the standard deviation of travel time residual computed for the hypocentral determinations (Figure 3B).

At the top of the crustal layer, the resulting P-velocity (6.6 km/s) is similar for events in the marine forearc and the coastal range domains. This velocity is slightly higher than the Vp given by Graindorge et al. [2004] or Gailler et al. [2007] based on wide-angle seismic modeling of an E-W seismic profile located at 1.4°S. Both authors attribute such high velocities to the Piñón Formation, Cretaceous basalts and dolerites with oceanic plateau affinity [Mamberti, 2003], which compose the basement of the accreted oceanic terranes and outcrops onshore in the forearc domain and on La Plata Island [Jaillard et al., 1997;Luzieux et al., 2006;Jaillard et al., 2009;Reyes, 2013]. The velocity gradient and Vp/Vs differs slightly: the best gradient is 0.04 km/s/km with Vp/Vs of 1.78 for events beneath the marine forearc, whereas the gradient is only 0.02 km/s/km and Vp/Vs ratio up to 1.80 for events beneath the Coastal Range. The difference of ~2% of the Vp/Vs ratio is likely within the determination error but the difference of velocity gradient could also denote significant velocity lateral variations in the crust sampled by seismic rays.

We finally search by trial-and-error for optimum velocity models for the OBS in each domain. This is achieved by only perturbing OBS velocity models. OBSs sit on poorly compacted marine sediments, saturated with seawater, which are known to bias earthquake location [START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF]. To correct for these effects, we introduce two low velocity layers above the crustal layer in the velocity models assigned to OBSs. These two layers are derived from the interpretation [M. González, personal communication] of industry MCS lines [survey SCAN 2009, courtesy of Secretaría de Hidrocarburos de Ecuador, http://www.she.gob.ec]. The first layer is 1 to 2.5 km thick (depending on the OBS) with a Vp as low as 1.7 km/s representing the marine sediment sequence and the second deeper layer with Vp from 2.5 to 4.36 km/s and a thickness ranging from 1.5 to 2.6 km possibly represents the volcano-clastic Cayo formation [Gailler et al., 2007]. Since no S-waves were identified in OBS data, Vp/Vs ratio is meaningless in these two first layers. Beneath, for all the OBS, the crustal layer is ~16 km thick, the velocity is 5.5 km/s at the top with a Vp gradient of 0.13 km/s/km and a

Vp/Vs ratio of 1.78 (Figures 3Ca and3Cb). This is consistent with the velocity structure of the margin at sea inferred from wide angle seismic modeling [Graindorge et al., 2004;Gailler et al., 2007]. Table A1 (Annex) and Figure 3C summarize the different models.

The final location of earthquakes (1087 and 2821 beneath the marine forearc and beneath the Coastal Range respectively) was obtained using the appropriate local minimum 1D gradient velocity models. This results in (1) a much coherent depth of hypocenters especially for the events beneath the marine forearc and (2) a significant decrease in RMS from 0.25 s to 0.13 s for the marine earthquakes and from 0.23 s to 0.18 s for coastal range earthquakes (Figure 3A and3D). These results confirm the reliability of our approach that results in velocity models that are able to reduce two types of errors: concentrated beneath each station (site effect) and/or accumulated along the computed travel times.

Hypocenter location uncertainties and earthquake selection

To quantify the uncertainties due to errors on phase reading, we use the bootstrap method [Billings et al., 1994]. The method is based on the random perturbation of the phase readings and the event location using the synthetic arrivals that simulate biased arrival times. Per event, the process is repeated 150 times to allow the computation of an estimate of the errors on the location. The hypocenter location uncertainty is defined as the average position of 150 solutions incremented by one standard deviation (92% to 94% of the events have uncertainties lower than 3 km respectively in longitude and in latitude. 90% of the events have an uncertainty lower than 3 km in depth).

To define the earthquake location quality, we take into account the uncertainty on hypocenter, the azimuthal gap, the distance to the first station, the travel time residual. We discarded from the OSISEC catalog all events that do not satisfy the criterion described in Table 2 (Class E events representing ~38% of the total) and the final catalog includes 2439 events of quality A to D (Figure 4 and Table 1). Our categorization of events is mainly controlled by the azimuthal gap rather than by the number of stations. The limited number of high quality locations (A and B class represent ~22% of the total number of earthquakes) is due to the small number of events with an azimuthal gap less than 210°. 

Class

Magnitude determination

The determination of magnitude for the OSISEC catalog refers to the Local Magnitude (ML) computed for the seismic catalog by the RENSIG. In our approach, we first find the common events between both catalogs, based on their similarity in terms of epicenter position (< 20 km) and origin time (± 4 s). 41 earthquakes match both catalogs; their ML ranges between 2.5 and 5.0. Based on the 41 known magnitudes, we standardize a ML relation for on-land stations of the OSISEC network (Eq. 1), that will then serve to size the magnitude of the whole OSISEC catalog.

At an on-land station i, each local magnitude relation (Eq. 1) is based on the measure of the maximum amplitude for each event j.

(

) 1 
Where: i: station; j: seismic event; ai, bi, ci: coefficients for station i, Aij: maximum amplitude for the event j in the station i measured automatically in the filtered trace between 1-10 Hz; ij: distance between the station i and the seismic event j. The local magnitude (ML) assigned to the earthquake is the average of the magnitude found at each station. In average, 4.2 (± 1.5) amplitude measurements are used to determine the magnitudes of the 41 events of reference. The mean variation between the magnitudes of the two catalogs is -0.007 (±0.12).

For the catalog (A-D locations) the mean of stations used to calculate the magnitude is 4.8 (± 2.2). In our local scale, ML range from 1.4 to 6 with a mean of 2.38 (± 0.43) and the magnitude of completeness is 2.1.

Focal mechanisms

To determine focal mechanisms, we use the FOCMEC software [Snoke, 2009]. This code performs a systematic search of the focal sphere based on the measurements of P, SV and SH polarities and/or amplitude ratios SV/P, SH/P and SV/SH in order to determine and display double-couple mechanisms. According to Snoke [2009], most typical scenarios characterized by a low station density, poor knowledge of velocity structure and often by ambiguous first arrivals are greatly improved by adding P and S amplitudes, as well as, amplitude ratios P/SV or P/SH or even more SV/SH to constrain the solutions. Since attenuation laws are not established for the coastal region of Ecuador, only P polarities and SV/SH ratios are used in this work. We determine 63 focal mechanisms for events with 5 to 12 P, 1 to 4 SV, 1 to 4 SH polarities and 1 to 3 SV/SH ratios.

Solutions were categorized in 3 groups according to angular dispersion (strike and dip) in the families of nodal planes: dispersion lower than 5°, between 5° and 20° and between than 20° and 30° for group A, B and C respectively, resulting in 17 quality A, 11 quality B and 35 quality C (Annex: Table A2, Figure A1) to discuss in our interpretations.

Results and interpretation

From the catalog generated between June 2011 and January 2013, ~80% of earthquakes arise as background seismicity, and 20% are associated to the offshore swarms. The first swarm occurred in June 2012 and produced only ~2% of the events (largest event of magnitude 4.7), and, the second one stroke in January 2013 accompanied with a SSE (equivalent Mw=6.3;Segovia et al. [2015]). This time, about ~18% of events appeared as an abrupt increase of the seismicity rate without any mainshock (largest event of magnitude 4.5).

The densification of the network and the construction of specific 1D gradient velocity models provide high precision hypocenter determinations, increasing the number of seismic detections by a factor of 30 compared to the seismic catalog of the RENSIG over the same period of time (the completeness threshold magnitude decreased from 3.6 to 2.1). Therefore, the micro to moderate seismicity recorded provides a refined picture of the active deformation during this period that was never previously achieved in the area.

This seismicity exhibits well-gathered clusters, of different size and shape or depth position that are surrounded by quiescent regions where there is a very sparse seismicity. If the magnitude of completeness is 2.1, the capacity of detection also depends on the epicentral distance. It is then questionable if the areas with little to no seismicity are really quiescent or if the network did not detect properly small magnitude earthquakes. We discuss the representativeness of the picture of the seismic activity with 3 arguments:

-A shallow, -oceanic seismic crisis occurred ~25 km west of the trench in Nov. 2011 (Figure 4). This cluster was located at a distance ~130 km from the center of the OSISEC network. Despite this large distance, the OSISEC network has been able to detect up to ~20% of the recorded aftershocks with magnitudes smaller than the magnitude of completeness.

-When imaging the seismicity by separating the catalog per magnitude interval, the seismicity distribution is similar for intermediate magnitude ranges. The picture is degraded for magnitudes smaller than 2 (because smaller earthquakes are not detected properly) or greater than 3.5 (because there are little earthquakes during the considered period of time).

-The seismic activity detected during this 20-month period of time is, in broad approximation, similar to the image of the seismic activity for a 13-years long period [Font et al., 2013] if we discard specific episodes such as the 1998 seismic crisis [Segovia, 2001] and the 2005 Manta swarm [Vaca et al., 2009;Segovia, 2009].

Therefore, we conclude that the picture of the seismic activity achieved in this study, including the quiet areas, is representative for the period of observation, within a circle of ~130 km of radius, concentric with the network (Figures 4 and5).

Figure 5. Depth distribution in the final catalog and characteristics of focal mechanisms used to determine the top of the slab

A. Zoomed region form figure 4 showing final locations according to their depth and the location of selected cross-sections used (Figure 6) to define the slab geometry; isodepth results each 5 km. Crosssection 1 coincides with the refraction profile Line Sis-05 of Graindorge et al. [2004]. Ellipses 8A and 8B are for reference in Figure 8. B. After slab definition, focal mechanisms mainly in the interface or in the slab are grouped to describe deformation: P and T axes are projected in the lower hemisphere as well as the type of mechanisms [Frohlich, 1992] in each region is shown (see text for discussion).

Geometry of the subduction megathrust

As the shape of the subduction megathrust is a key to understand the subduction processes and the seismogenesis, we first evaluated the geometry and depth of the subduction megathrust based on the distribution of hypocenters and focal mechanisms, assuming that thrust mechanisms compatible with global plate motion will concentrate near the subduction megathrust. This determination is complicated by the discontinuous pattern of the seismicity along the megathrust and by the uncertainties on the hypocenter depth (± 2.5 km). Fortunately, the E-W refraction profile shot across the trench and the continental slope [Graindorge et al., 2004] provides a good constrain on the position of the subduction interplate and intersects the main N40°E offshore seismic alignment as well as the southern edge of the deeper cluster (Figure 5; Cross-section C1). The top of the subducting plate inferred from modeling of wide-angle seismic data is ~2 km above the seismic cluster (between 60 and 70 km of horizontal distance, Figure 6-C1). Similarly, the other shallow seismic clusters located offshore are likely located within the subducting Nazca plate (Figure 6-C2: between 55-70 km; 6-C3: between 50-60). In order to define the deeper part of the subduction megathrust we use, among others, cross-sections C3, C4 and C5 that intersect the Coastal Range clusters at depth between ~20 km and 30 km. These clusters exhibit 11 thrust focal mechanisms compatible with a shallow-dipping subduction interface, i.e with nodal planes with angles ranging between 15° and 25° consistent with the subduction angle and P axes consistent with the convergence direction (black mechanisms Figure 6-C3 and C4). We interpolate the position of the subduction megathrust in the active area. We note that the position of the interface beneath the Coastal Range lies about 3-4 km above the zone of higher density of the seismic cluster because we favor the interface to pass by the concentration of subduction-like thrust mechanisms.

We thus obtain a first order image of the geometry and depth of the subduction megathrust compatible with models based on seismic data and with the distribution of seismic activity found in this study. Our model exhibits a dip angle that can reach 16°.

Seismic clusters and alignments

The seismic activity in the marine forearc appears in map view as well-defined, narrow (~5 to 10 km) and elongated clusters (Figures 4, 5 and7) between 1.6°S and 1.1°S: two of them, striking N40° and two others, less defined, striking N110°. In depth, these clusters elongate sub-vertically, from ~10 to ~22 km depth (Figure 6), affecting mostly the oceanic crust of the subducting plate (according to our interplate boundary model).

In order to test the actual vertical dispersion of hypocenters, we compare theoretical and observed time delay between P and S waves, at two stations (ISPT and ABLA) and for two groups of epicenters included in a ~2 km-radius circle along the major alignment (Figures 5 and8). The good agreement between theoretical and observed time delay and the quasi-linear relation with depth confirm the depth distribution over a ~10 km vertical extension.

Most of these seismic alignments are active during the whole recording period but exhibit an increased activity in January 2013 during a SSE located in this area [Segovia et al., 2015] (Figures 6 and7). The orientation of these seismic alignments, after an anti-clockwise rotation to correct for the dipping slab, are roughly parallel to the normal faults visible in the bathymetry of the Nazca plate seafloor west of the trench (Figure 5) that are related to the plate bending [Michaud et al., 2006, Collot et al., 2009]. The locations of the hypocenters in the crust of the subducting plate support that these seismic alignments could correspond to the reactivation of pre-existing crustal faults during the subduction process. Associated focal mechanisms are mainly thrust-type with P-axis directions varying mainly from SW to NW roughly compatible with the relative plate motion (Figures 4 and5b).

At the longitude of the Coastal Range, we observed 2 main dense seismic clusters: 1 between 1.1°S and 1.4°S and the second centered at latitude 0.9°S separated by a small aseismic corridor at 1.05°S (Figures 4 and5). In the area, the hypocenters are in majority deeper than 20 km (Figures 5 and6) except a cluster of small and shallow earthquakes at 1.05°S (Figures 4 and5). Most of the deep events have thrust mechanisms with few normal and strike-slip mechanisms (Figure 4). P-axes projections show a variation of the direction from NW to SW and the dispersion is larger within the slab (Figures 4 and5b). Theoretical and observed travel times in two stations for two groups of highly clustered events in the offshore region (see Figure 5 for location of clustered events presented). Theoretical times are calculated in the respective 1D gradient velocity models for the location of each earthquake.

Discussion

Geometry of the interplate fault

We defined the geometry of the interplate fault by a smooth interpolation through the hypocenters of thrust events. Since the depth uncertainty is ±2.5 km for the hypocenters and the interplate fault could have been interpolated through the whole set of hypocenters, and not only through those with thrust-type mechanisms, the dip angle of the plate between 30 and 90 km east of the trench, ranges between 16° and 20°. These values are larger than those found closer to the trench ranging from 6° to 10° [Graindorge et al., 2004;Sage et al., 2006]. Eastward and deeper, the slab dips 25-35° down to 200 km in Central Ecuador [Prévot et al., 1996;Guillier et al., 2001;Font et al., 2013]. Our dip angle is consistent with a progressive increase of the dip angle from 6° to 25° related to the flexure of the plate.

Similarly, north of the Carnegie Ridge, the top of the Nazca plate dips from 10° near the trench to 25-30° at depths greater than 30 km, down to 140 km depth [Pontoise and Monfret, 2004;Manchuel et al., 2011, Garcia-Cano, 2009] and in northwestern Peru, the plate is plunging with an angle of 10° from the trench to beneath the coast line, and then it increases to 28° [Tavera et al., 2006]. Despite the presence of the thickened oceanic crust of the Carnegie ridge, there is no evidence of a shallower interplate fault with a lower dip angle, beneath Central Ecuador.

Local seismicity and relation with the seismic coupling

As discussed before, the picture of the seismic activity obtained during this study, is well resolved within a circle of ~130 km of radius (Figures 4 and5). In other words, the seismicity distribution is highly heterogeneous along strike. Then, the region can be divided in three broad segments: a segment with a relatively high seismic rate between 1.6°S and 0.7°S (S2) bordered by two segments with low seismic rate to the south (S1) and to the north (S3) (Figure 7).

Geodetic and seismic data revealed that major strike slip faults (like the San Andreas Fault) consist of a patchwork of locked patches with little microseismicity, and creeping zones with abundant earthquakes [Bürgmann et al., 2000;Simpson et al., 2001]. The largest concentrations of microearthquakes are located at transition zones between locked and more freely slipping regions. Similar patterns are observed at subduction zones, transition from locked zone with no microseismicity to creeping zone with abundant microseismicity is described in Costa Rica, in northeast Japan, Kuril and in Alaska [Takahashi and Kasahara, 2007;Schwartz and DeShon, 2007].

The creeping southern segment (S1)

South of latitude 1.7°S the interplate fault is mostly unlocked [Nocquet et al., 2014;Chlieh et al., 2014] and probably experiences stable creep. The lack of seismic activity during the experiment but also over longer period of time [Font et al., 2013] in an area of stable sliding is different from what is observed in similar subduction zones.

Yet, at 1.5°S the plate interface is patchy with the juxtaposition of lenses of fluid rich sediments and small seamounts [Sage et al., 2006] that may be seen as small asperities.

In this case, it is not possible to relate subducting seamounts with the presence of seismic asperities capable to generate small earthquakes. Possibly, the presence of overpressured fluids expelled from the subduction channel, as suggested by seismic images [Sage et al., 2006], favor aseismic creep, with little to no microearthquakes.

The northern segment (S3), a transition zone

This region is likely a transition zone that encompasses a major segment boundary. North of 0.6°S, the interseismic coupling is increasing. It is the southern termination of the northern seismotectonic segment of Ecuador which experienced large ruptures during the 1906 and 1942 earthquakes and more recently in 2016 [Kelleher, 1972;Kanamori and McNally, 1982;Mendoza and Dewey, 1984;Beck and Ruff, 1984;Nocquet et al., 2016]. South of 0.6°S, the 40 km wide East-West uncoupled corridor may have acted as persistent barrier to large historical seismic ruptures. This creeping corridor exhibits increasing seismicity with depth mainly between 15 and 20 km (Figure 7).

The central segment (S2) a small fully coupled patch

In this area, the uncertainty on the location of hypocenters is low providing an unprecedented, detailed and well-focused image of the seismicity for magnitudes as low as 2.0.

Onshore, a major cluster is described at depth greater than 20 km (separated by a tiny seismic gap at 1.3°S, Figure 4, 5 and 7). The cluster activity is permanent during the recording period. It is located near the interface between the two plates or within the downgoing plate. To the north, another cluster is slightly shallower, mostly between 15 and 20 km and is separated from the southern cluster by a lack of deep seismicity. In map view, these clusters surround the down dip extension of the coupled zone. Similar pattern has been described in northeastern Japan subduction zone [Igarashi et al., 2003] or at Hikurangi subduction zone in New Zealand [Reyners and Eberhart-Phillips, 2009]. The extension of these clusters appears also to be connected to the surface geology. The N30° Jipijapa fault and the N150° Cascol Fault separate the uplifted basement of the NAS to the west (Piñón and Cayo outcrops in Figure 7) from the sedimentary basin of Manabí to the east [Reyes and Michaud, 2012;Reyes, 2013]. These faults clearly limit the westward and southward extension of the deeper clusters, which are located beneath the westernmost part of the sedimentary basin (Figure 7). To the north, the El Aromo fault trending N90° [Reyes and Michaud, 2012;Reyes, 2013] apparently bounds the northern cluster to the south (Figure 7).

In both cases, it appears there is a possible control of the geology of the upper plate (i.e. the NAS) on the interplate seismicity. In Japan, the presence of a high seismic velocity body in the forearc is related to the presence of a strongly coupled patch at the interplate [Kodaira et al., 2006]. Tassara [2010], along the Chilean margin, shows the important role of the overriding plate structure on plate coupling and earthquakes rupture areas. In Lesser Antilles, [START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF] show the correlation between the old and dense crustal material possibly related to the Caribbean oceanic plateau and the location of the crustal and interplate seismicity. They suggest that the weight of the forearc wedge column imposes a vertical stress on the interplate fault zone and consequently that the structural and lithological spatial changes of the forearc wedge along the margin could be related to the distribution of the seismicity. Along the Hikurangi margin (New Zealand) there is a good correlation between the distribution of strong geodetic locking and geological terranes in the overlying plate [Reyners and Eberhart-Phillips, 2009].

The authors suggest that the permeability of the upper plate terranes modulates the small earthquake distribution within the underlying slab while down dip the seismicity concentrates along the plate interface, the mantle wedge and the crust of the overlying plate. This suggests fluid movement along the interface [Reyners and Eberhart-Phillips, 2009]. This scenario with high pore pressure at the top of the slab is rather the home of slow slip events and stable sliding than earthquakes, but some numerical simulations suggest that high pore pressure at the plate interface may also produce stick-slip behavior [Mitsui and Hirahara, 2008].

From our study, we show there is a clear spatial correlation between the microseismicity, the down dip extension of the locked patch and the geology of the upper plate. Nevertheless, it is not clear which are the factors controlling the mechanical behavior of subduction fault. Because the study area allows geodetic measurements only 40 km from the trench and exhibits a shallow locked patch it is certainly among the best place to model the influence of the upper plate geology and of fluids on the interseismic coupling.

Seismicity in the crust of the downgoing Nazca plate

Offshore, as discussed earlier in this paper, seismicity is organized in N40° and N110° alignments and likely located in the thickened crust of the downgoing Nazca plate. It is located around the highly coupled patch (ISC > 70%, Figure 7). Most of the seismic activity occurred during January 2013 and coincide in time with a SSE detected by geodetic measurements [Segovia et al., 2015].

In most subduction zones, earthquakes in the crust of the downgoing slab at shallow depth (<20 km) are normal type earthquakes occurring along faults related to plate bending [e.g. Ranero et al., 2005]. In our case, the earthquake cluster is located right below the subduction interface and elongated in a direction perpendicular to the interface (Figure 6, sections C1, C2, C3). Some focal mechanisms exhibit a fault plane parallel to the trend of the cluster (e.g. focal mechanisms 30, 51, 59 section C1, Figure 6) and P-axes are consistent with the compressive regime related to plate convergence (Figure 5b). This seismic cluster presents many similarities with slab push events described at greater depth down dip of the coupled interface in the Mexican, Chilean and Peruvian subduction zones [Lemoine et al., 2002].

The stress inside the slab down dip of the coupled zone is assessed either by interplate events [START_REF] Astiz | Interplate coupling and temporal variation of mechanisms of intermediate-depth earthquakes in Chile[END_REF] or by stable slip at greater depth [Gardi et al., 2006]. Even though our seismic cluster is located at only 10 to 20 km depth, in an area partly locked whereas slab push events occur usually at depth of 40 to 60 km down dip of the locked zone [Lemoine et al., 2002] similar mechanisms could explain the compressive stress we observe. Most of the events observed in this area occurred in January 2013. They are synchronous with a SSE which rupture part of the interplate [Segovia et al., 2015] and might have load existing faults of the downgoing plate.

In Central Ecuador the crust of the Nazca plate is thickened beneath the Carnegie Ridge [Sallarès and Charvis, 2003;Sallarès et al., 2005] then the buoyancy of downgoing plate which is uplifting the margin in this area could also play a role in the occurrence of slab push events [Gutscher et al., 1999;Pedoja et al., 2006].

In both cases, focal mechanisms would also depend on the orientation of the preexisting faults which are likely subvertical [Michaud et al., 2006, Collot et al., 2009] and lead mostly thrust mechanism but earthquakes with normal mechanisms are also possible (Figure 9). 

Conclusions

The OSISEC data provide us with a precise view of the seismicity around the discrete highly-coupled patch of La Plata Island with a magnitude of completeness as low as 2.1.

The La Plata asperity is limited to the north by a narrow creeping zone with low seismic rate which may have acted as persistent barrier to large historical seismic ruptures, and to the south by a major creeping zone characterized by the lack of microseismicity despite the roughness of the seafloor entering the subduction. Possibly this latter area is controlled by high fluid content coming from sediments trapped in the many topographic lows.

At depth, the seismicity marks the down dip extension of the locked area that coincides with the western boundary of the Manabi sedimentary Basin. The thickness and the nature of the overriding basement above the locked portion of the interface likely contribute to the location of this limit of the locked patch and control the location of the deep microseismicity.

Seismicity in the marine forearc is located in the crust of the downgoing plate and is consistent with slab push events. It is mostly related to a SSE which rupture part of the coupled patch of La Plata Island. The buoyant oceanic crust of the Carnegie Ridge could also contribute to increase the compressional stress in the downgoing plate.
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Annexes

Table 1A. Velocity models for each station/group of stations for the events in each domain. 

The 2012-2013 slow slip event

Overview

As described in Chapters 2 and 4, the seismicity around La Plata Island is characterized by the frequent occurrence of seismic swarms. In 2005, one of the most intense seismic swarms was recorded with magnitudes as high as 6 Mw and a large number of events with magnitudes between 4-5 Ml, lasting about 3 months (Vaca et al., 2009;Segovia, 2009;Font et al., 2013). Recent studies, which used data from GPS campaigns, have shown that this swarm was associated to the largest slow slip event ever recorded in the zone with an equivalent magnitude of 7.2-7.3 Mw [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF], see Chapter 3.

More recently, the August 2010 seismic swarm released less seismic moment with event magnitudes as high as 4.1 Mw, lasted about 6 days. Simultaneously, the permanent GPS station at La Plata Island recorded a westward displacement during one week which was modeled as a slow slip event of magnitude 6.0 -6.3 Mw (Vallée et al., 2013).

During our analysis (20-months long), almost one third of the recorded seismicity occurred in the marine forearc. The seismicity rate in the marine forearc reveals two main jumps (abrupt changes) (Figure 6.1-1). The first change occurred in at the end of June 2012 (green ellipse) and the second and major one, in mid-January 2013 (blue ellipse). The temporal variation of the seismicity in the Coastal Range does not show such large and abrupt changes and its behavior will be discussed in section 6.5. During the first 4-days burst of seismic activity at the end of June 2012, the associated epicenters were located mostly to the south of La Plata Island (cluster 1 in Figure 6. [START_REF] Wang | Coupling'' semantics and science in earthquake research[END_REF][START_REF]Puerto López-Manta Seismic swarm in June: máx. magnitude: 4.7 Ml 5.5 Ml mainshock-aftershock sequence 3* Dec 1996-Jan 1997 Jama-Cabo Pasado Puerto López-Manta Seismic swarm[END_REF].

During the second 7-days burst, in mid-January 2013, 5 zones were active (clusters 1 to 5 in Figure 6.1-2). Some background seismic activity is observed at the locations of clusters 1, 3 and 4 before the second burst while at locations of clusters 2 and 5 no significant background activity was observed before (Figure 6.1-2 and 6.1-3). The seismic swarms detected (green and blue jumps in Figure 6. are separated from the background or permanent seismicity (red events). Up: Spatial distribution of seismic clusters in the marine forearc. Down: Normalized cumulative curves of the number of events in each cluster or point of activity. In brackets is the total number of events in each cluster. Dashed lines show main dates of changes as in Figure 6.1-1. Individual and less important changes in each cluster in the marine forearc are not discussed.

For the first swarm at the end of June 2012, no significant motion is detected in the ISPT GPS components. On the contrary, for the second swarm in mid-January 2013, a clear reverse motion was observed, mainly in the E-W and N-S components (Figure 6.1-4). The onset of the reverse signal (westward motion on ISPT and SLGO GPS stations) related with the second swarm is around January 16 th or January 17 th 2013; the date is imprecise considering the noise of the signals (Figure 6.1-5 Up). This kind of reverse movement detected at the surface has been interpreted as the occurrence of a slow slip in August 2010 (Vallée et al., 2013).

To better observe transient GPS signals in 2013, Nocquet (personal communication) removed from the time series, the averaged slope related to the relative convergence between the Nazca Plate and the North Andean Sliver (slope computed in the interseismic period -without considering the SSE) (Figure 6.1-5 Down).

Detailed observations of horizontal components indicate that the displacement started at the end of November 2012 (~25 November: northward movement of around 3 mm on SLGO and ISPT; Figure 6. [START_REF] Wang | Coupling'' semantics and science in earthquake research[END_REF][START_REF]Puerto López-Manta Seismic swarm in June: máx. magnitude: 4.7 Ml 5.5 Ml mainshock-aftershock sequence 3* Dec 1996-Jan 1997 Jama-Cabo Pasado Puerto López-Manta Seismic swarm[END_REF][3][4][5]. This motion lasted around 1.5 months, before the main change in the E-W components described before. Both stations show a significant change in the observed displacements in mid-January 2013: for ISPT: 10 mm southward, 15 mm to the West and 15 mm upward; for SLGO: 6 mm northward, 7 mm westward, and undetermined for the vertical component due to the poor signal to noise ratio. Last, SLGO underwent an acceleration of the movement in the same direction (to the north) while ISPT change abruptly to the south. 

Time and spatial evolution of the slow slip event

To better characterize the detected slow slip, additional data from further away permanent GPS stations are analyzed (Figure 6.2-1). In the procedure, a daily-representative and weighted average is calculated (Figure 6.2-2) using GAMIT/GLOBK 10.50 software to derive daily estimates of GPS site positions (Nocquet, personal communication). The displacements and associated uncertainties are calculated using least squares and by simultaneously fitting a position at the reference epoch, to the velocity and the offset on the horizontal components. The analysis extends from November 25 th 2012 through February 24 th 2013.

here are for a constraint of 10 mm on slip and a correlation length of 20 km. The wrms of this model is 0.9 mm (Nocquet, personal communication).

Kinematic inversion of the slip distribution using geodetic displacements at 7 sites indicates two shallow patches where the slip occurs in two stages. During the first stage (November 25 th -January 15 th ), the slip initiates in a region located south of the island at a depth of ~15 km (according to the modified model of [START_REF] Hayes | Slab1.0: A three-dimensional model of global subduction zone geometries[END_REF] involving a patch of ~8 km in diameter with an accumulated slip of ~200 mm along the subduction interface (Figure 6.2-3 left). This patch develops in a low coupled zone.

Then, during the second stage (from January 16 th to January 31 st ), the slip occurs simultaneously in the first patch but also migrates to a shallower region to the NW involving a larger circular patch of diameter ~15 km. This patch develops in a medium to high coupled zone.

The final accumulated slip on both patches at the end of January is of ~320 mm and ~210 mm for the first and second patch respectively (Figure 6.2-3 right). The total moment release by the slow slip rupture is 3.62e+18 Nm (6.3 Mw). The first patch lasted ~1.5 months and released 20% of the total moment release, while the second patch lasted ~15 days and released 80% of the total moment release. 16 th .

Accompanying seismicity

Traditionally, the seismicity has been recognized as a stress meter through the b value or the slope of the magnitude frequency distribution of the events (Scholz, 1968;[START_REF] Amorèse | On varying b-values with depth: results from computer-intensive tests for Southern California[END_REF].

Recently, detailed studies of the seismicity before large subduction earthquakes interpret the observed interplate seismicity migration [START_REF] Kato | Propagation of Slow Slip Leading Up to the 2011 Mw 9.0[END_REF] and the occurrence of repeating earthquakes along with seismicity migration as evidences of slow slip along the interface [START_REF] Kato | Accelerated nucleation of the 2014 Iquique, Chile Mw 8.2 Earthquake, Scientific Reports[END_REF] Here, we use the spatial pattern and time occurrence of the seismicity along with the modeled aseismic slip to qualify the stress variation during this episode of slow slip even though it is important to keep in mind that the synchronous seismicity (or accompanying seismicity) is not located along the interplate.

The Figure 6.3.1 attests that most of the seismicity occurred between January 16 th and the end of January 2013 and almost none during the first stage. The bulk of the seismicity is located mainly between the two slip patches to the south of La Plata Island (swarm 2) and in a small proportion to the east (swarm 3) and to the northeast of the island (swarms 4 and 5). Modeled cumulative slip between the end of Nov. and January 15th; and between January 15 th and January 31 st with the respective synchronous seismicity.

The seismicity rate shows a gradual increase beginning on January 16 th reaching more than 100 daily events on January 19 th . Then it decreased quite abruptly on January 22 nd (Figure 6.3-2). The following days, the seismicity rate is low and constant.

Regarding the magnitude of the events, the observed pattern of released seismic moment is characteristic of seismic swarms. The largest earthquake is 4.53 Ml and occurs on January 20 th (3 to 4 days after the onset of the swarm). The released scalar seismic moment (Mo) during the swarm shows a gradual increase the first two days (January 16 th -17 th ). The third day (January 18 th ), due to an increase in the number of events, the seismic moment accelerates, just before the occurrence of the second largest event in the sequence (4.1 Ml). Then the moment release remains with a similar previous rate during ~1 day (January 19 th ) up to the occurrence of the largest event with magnitude 4.53 Ml (on January 20 th ). After this event, the moment shows a slow rate related with the gradual decrease of the number and magnitude of the events. The equivalent moment magnitude of the seismic activity is 4.8 Mw (Figure 6.3-2). Between November 25 th 2012 and January 15 th 2013 from GPS time series, a slight but constant displacement is observed northward and westward at ISPT and SLGO stations. Then, on January 17 th , the SLGO N-S component shows an acceleration to the north while the ISPT N-S component shows a reverse movement to the south. The E-W components at both stations show a faster displacement to the west. ISPT E-W component shows a pronounced movement lasting until January 24 th , while at SLGO E-W component is smaller and shorter lasting until January 20 th (Figure 6.3-3). Daily average and corrected from convergence ISPT and SLGO GPS time series with daily number of earthquakes during the two periods of slow slip showed in the Figure 6.3-1.

Because GPS analysis requires a daily averaging processing, it is difficult to determine which of the two phenomena (seismicity or slow slip) occurs first and consequently which phenomena is the cause of the other. Major changes observed on GPS time series on both components occur between January 16 th and January 17 th . On the other hand, the seismic swarm begins clearly on January 16 th (the first event in the sequence in the final catalog is ~15h00).

Then we try to relate the location of the seismicity along with the modeled displacements (section 6.7) in order to relate both phenomena.

In Figure 6.3-4 we present some snapshots of the daily slip evolution (in mm) of the slip along the interface between January 15 th and January 22 nd , the observed and modeled GPS vectors and the corresponding seismicity of that day. In the maps, only a small region is shown which includes only three of the stations (closest stations) used for the modeling of the evolution of the slow slip event. Each snapshot includes the GPS time series of the two closest stations: ISPT and SLGO and a histogram of the events highlighted in the map.

From daily snapshots, the onset of the seismicity (on January 16 th , cluster 2) coincides with a slight acceleration of the slip on patch 1. On January 17 th , the increase in the seismicity rate and the migration of the seismicity on cluster 2 is linked to a further acceleration of the slip on patch 2 and to a migration to the NW of the slip that corresponds to the onset of the development of patch 2. On January 18 th, the onset of the activity to the east of the island on cluster 3 is coincident with the trenchward displacement observed at ISPT. That is followed by the activation of clusters 4 and 5 NE of the island on January 19 th with the southwestward displacement of ISPT along with the acceleration of the slip in the patch 2.

A general conclusion from these observations is that both the seismicity onset and the migration are linked to changes in direction and intensity of the displacement registered by the GPS. Further analysis will be presented in section 6.7. 

Time and spatial evolution of the seismicity during the intense phase of the swarm

The spatiotemporal distribution of the accompanying seismic swarm exhibits lateral migrations (Figure 6.3.1-1). A reference earthquake (January 16 th , 14:55:57, M=2.92) marks the onset of the accompanying seismicity. Relatively to the reference earthquake, the seismic activity initiates at the NE end of the aligned cluster 2. The activity is constant around the initial location and also starts to migrate gradually southwestward with a rate of a 6-8 km/day.

Few hours later, the activity begins in the central cluster (3 -blue) and remains for about 5 days. After 2 days, the regions of cluster 1 (red) and 4 (magenta) present seismic activity both of which also have shown previous activity. Finally, on the third day, the northern most and quiet region (cluster 5 -yellow) is activated.

The time vs distance diagram in Figure 6.3.1-1 shows a pattern of migration between clusters 3, 4 and 5 as consequence of the projection, but in fact they occurred in different structures according to our interpretation (see Chapter 5 and Section 6.3.3).

The bulk of the seismicity developed during 5-6 days, and later only sporadic events were recorded in the clusters 1 and 3.

Offshore seismicity after January 2013

Complete and exhaustive analysis of the seismicity during the entire OSISEC Project was not achieved during the present work. OSISEC Project extended until the end of October 2013 and here the results go through the beginning of the project in June 2011

to January 2013. However other students inside the LMI (Laboratoire Mixte International) performed the analysis of the seismicity that occurred after January 2013.

As the slow slip event episode goes through the month of February 2013, here, we present the work carried out by Dario Fuentes during his Engineer Thesis at the Escuela Politécnica Nacional University in Quito-Ecuador, during 2014 and 2015.

Between February and April 2013, the seismicity occurred mainly in clusters 1 and 3. Few events were observed to the east and very close of the Island, to the north, to the south (NE point of cluster 2) and to the east of cluster 3 (Figure 6.3.2-1). The four regions have shown previous activity (background seismicity -Figure 6.3.2-2). In comparison with the number of events in the region during the entire period of the slow slip event (until mid-February), the level of the seismicity seems to have increased after this episode of slow slip (Figure 6.3.2-2). We note that the activity in clusters 1 and 3 remains during February to April. Due to different analysis procedures and criteria applied in the two periods by two different authors, it is not possible to make more concluding remarks. Colors are as in Figure 6.6-1.

Earthquake families during the slow slip

The similarity of two waveforms (normalized and bandpass-filtered between 0.7 -5 Hz) was quantified as the maximum value of the Pearson correlation factor (f6.3.3-1), using a moving window of 1 sample each time.

𝑐𝑟𝑜𝑠𝑠𝑐𝑜𝑟𝑟 𝑐𝑜𝑒𝑓𝑓 = ∑(𝑥-𝑥̅ )(𝑦-𝑦 ̅) √∑(𝑥-𝑥̅ ) 2 √∑(𝑦-𝑦 ̿) 2 (f6.3.2-1)
Where x and y are the normalized and filtered seismic traces to be compared respectively in a time window of 6 s.

The procedure is applied among the identified events between January 16 th and January 31 st at the station ISPT (the closest station which has recorded the maximum number of events). An initial search is conducted to identify similar earthquakes with a minimum cross-correlation coefficient of 0.85. We identify 26 groups. For each group, we stacked the waveforms to construct the patterns or reference. Then, a second evaluation using these patterns is conducted scanning the continuous data and the final coefficient is calculated within each group with respect to its pattern. We identified 26 families with 2 to 9 members. The increasing ID number used for each family is defined according to the date of occurrence of the first member in the family.

In the map of Figure 6.3.3-1A, families with ID 8 and 11 are not presented in because of their magnitude (events were recorded only at ISPT and no locations are available, but their S-P times of ~1.7 s show they are very close to the island). The time occurrence According to Figure 6.3.3-1A, close earthquakes share similar waveforms (envelopes) but cross-correlation factors higher than 0.85 help to distinguish fairly well small differences and relate them to specific sources activated during the slow slip. Figure 6.3.3-1A confirms that events in each family are close in space (d< 3 km) or they have some uncertainties in their locations, if they are apart (d>3km).

The magnitude range of the families is between 1.9 and 3.5 Ml (Figure 6.3.3-2). Two different occurrences for these families of events with similar waveforms have been documented. The first are called repeating earthquakes. This type of events has been observed to occur during larger periods of time (typical several years), with specific recurrence times and magnitudes (almost constant). They have been documented in California along the San Andreas Fault [START_REF] Nadeau | Seismological Studies at Parkfield VI: Moment Release Rates and Estimates of Source Parameters for Small Repeating Earthquakes[END_REF] and in the Japanese subduction zone [START_REF] Uchida | Recurrence intervals of characteristics M4.8+/-0.1 earthquakes off-Kamaishi, NE Japan-Comparison with creep rate estimated from small repeating earthquake data[END_REF][START_REF] Igarashi | Spatial changes of inter-plate coupling inferred from sequences of small repeating earthquakes in Japan[END_REF]. They have been used for the quantification of aseismic slip or creep occurring along the fault. Indeed, because their waveforms are similar, they must rupture always the same single asperity.

The summation of all the displacements of each seismic event in the same family provides an approximation of the aseismic slip surrounding the asperity [START_REF] Uchida | Recurrence intervals of characteristics M4.8+/-0.1 earthquakes off-Kamaishi, NE Japan-Comparison with creep rate estimated from small repeating earthquake data[END_REF][START_REF] Kato | Detection of a hidden Boso slow slip event immediately after the[END_REF].

The second occurrence for earthquakes with similar waveforms closely clustered in time and space is the doublets (for a pair of events) or the multiplets (for larger sequences) [START_REF] Stich | The relative location of multiplets in the vicinity of the Western Almería (southern Spain) earthquake series of 1993-1994[END_REF]. According to [START_REF] Geller | Four similar earthquakes in Central California[END_REF], and similarly for repeating earthquakes, multiplets are representing repeated stress release at the same asperity or region along the fault surface.

Both types of events are suggestive of a renewal process (loadingrelease) taking place on the repeatedly rupturing fault patches [START_REF] Chen | Towards a universal rule on the recurrence interval scaling of repeating earthquakes?[END_REF].

The difference between multiplets and repeating earthquakes is a matter of spatial and temporal scales. The concept of repeating earthquakes has been applied to interplate limits or large faults and their scaling relationships has been developed in the frame of an assumed tectonic loading rate [START_REF] Nadeau | Seismological Studies at Parkfield VI: Moment Release Rates and Estimates of Source Parameters for Small Repeating Earthquakes[END_REF][START_REF] Chen | Towards a universal rule on the recurrence interval scaling of repeating earthquakes?[END_REF].

Examples of such applications are: Japan (e.g. [START_REF] Kato | Propagation of Slow Slip Leading Up to the 2011 Mw 9.0[END_REF] and Chile (e.g. [START_REF] Kato | Accelerated nucleation of the 2014 Iquique, Chile Mw 8.2 Earthquake, Scientific Reports[END_REF] subduction zones, where this type of repeating earthquakes has been recognized before large earthquakes. In Japan, the repeating earthquakes evidence aseismic slip that caused stress loading in the mainshock region; in Chile, they promoted accelerated unlocking of the plate interface. They also have been found within the swarm-like seismicity accompanying slow slip episodes (2011 Boso slow slip, [START_REF] Kato | Detection of a hidden Boso slow slip event immediately after the[END_REF].

In our case, the seismicity accompanying the slow slip event occurs almost entirely within the subducted crust. Unfortunately, we do not know geodetically derived slip rates for this type of crustal faults to successfully apply the developed scaling relationships (e.g. [START_REF] Chen | Towards a universal rule on the recurrence interval scaling of repeating earthquakes?[END_REF] that would allow to quantify the displacement of the faults and have an additional element that may help and understand the trigger mechanism of the slow slip event (see section 6.6 discussion).

Mode of faulting during the slow slip

According to the focal mechanisms computed in this work (see Chapter 5), the epicentral alignments of cluster 1 and 2 and the vertical distribution of hypocenters within the subducted plate, the fault zone seems to coincide roughly with the direction of pre-existing faults in the oceanic crust. These faults are inherited from bending in the outer rise zone when the slab enters in subduction, nowadays clearly visible in the bathymetry of the Nazca plate seafloor west of the trench (Michaud et al., 2006;Collot et al., 2009;Figure 3.2.2.1-1). Focal mechanisms in the offshore region are mainly thrusttype with sub-horizontal P-axis. During the slow slip, we observe a smaller dispersion of P-axis (in comparison of all focal mechanisms available, see Chapter 5) which varies from SW to ~W, i.e. compatible with the relative plate motion (Figure 6.3.4-1). Colors of the events are according to the regions defined in Figure 6.1-3. Numbers of focal mechanisms correspond to the list in the Table A2 (Chapter 5 Annexes). Down: Cross-sections according to the sections included in the map. The top of the slab is the result of this study (See chapter 5). T: trench; C: coastal line.

Response of the clusters beneath the Coastal Range before and during the slow slip

The seismicity beneath the Coastal Range shows small variations in the slope of the cumulative curve (Figure 6.1-1). These changes occurred mid-November 2011, at the end of June 2012, at the end of November 2012 and mid-January 2013. Several of these changes are synchronous with seismic swarms or large earthquakes.

The first change coincides with the occurrence of an intraplate earthquake in November 17 th 2011 (Figure 6.4-1). This event occurred west of the trench with a magnitude of 6.0 Mw (GCMT project). It is worthy to mention that this event was followed by hundreds of aftershocks in the following months. After this event, the slab seismicity beneath the Coastal Range increased. Later, at the end of June 2012, the seismicity rate decreased; this latter change coincides with the first offshore swarm (Figure 6.1-2 and 6.1-3) Then at the end of November 2012 the seismicity rate fell slightly until mid-January 2013 when it shows a small jump; these two last changes in the seismicity rate are synchronous with the beginning and with the maximum acceleration and migration of the slow slip (section 6.6).

The Coastal Range clusters are mainly located between 20 and 30 km depth, except the small shallow cluster located at the eastern edge of the El Aromo Fault (see Chapter 5 Section: Local seismicity and relation with the seismic coupling). Then the general form of the cumulative curve for the Coastal Range events (Figure 6.1-1) is reflecting the activity at the vicinity of the interface contact between the two plates according to our interpretation based on focal mechanisms and resulting slab model.

Separated normalized cumulative curves of each cluster (except the shallower cluster, No. 8, Figure 6.5-1) show larger departures and different tendencies among them mainly at the early stages of the project, maybe only reflecting the progressive installation of the temporal stations. Before and after the November 17 th 2011, 6.0 Mw earthquake, seismicity rates of the deeper clusters have a different behavior, but from the beginning of 2012, they stabilize up to the end of April 2012. From this date, clusters 6 and 7 show a similar behavior (similar to what was described for the global curve between June 2012 and January 2013), while the northern cluster (9) shows a smaller seismicity rate. In mid-January 2013, during the slow slip event, only the cluster 9 seems to react . Finally, the small cluster east of El Aromo Fault is active mainly between middle December 2011 and late June 2012 attesting that this fault is active.

From this description per cluster, only cluster 9 to the North seems to behave differently than the others. Clusters are separated to show the main periods of changes for the whole region as in Figure 6.1-1. The increase of seismicity beneath the Coastal Range occurs after the November 17 th 2011 6.0 Mw earthquake which was an E-W/N-S strike-slip fault event. We think that the plausible nodal fault plane for this event is the E-W plane (Chapter 5, Figure 4). A movement in the N-S direction is not compatible with the relative convergence between the two plates. The sinistral motion along an E-W nodal plane would favor the subduction of the Nazca Plate to the south of the fault and relatively retain the Carnegie Ride to enter in subduction. Noting that the aftershock period persisted several months (> 20 months), these intra oceanic crustal events seem to affect the seismicity rate in and near the interface contact, downdip of the locked zone. We do not have a way to evaluate this observation, but it is interesting an additional observation about the extension of the deeper clusters. They seem to be controlled by the extension beneath the Coastal Range, of the possible structure responsible of the earthquake of November 2011 and by the extension of a blade asperity in the Nazca Plate [START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF] that roughly coincides in surface with the Aromo Fault (Figure 6.4-3). The offshore cluster in June 2012 (max. mag = 4.7) seems to alter the seismicity rate beneath the Coastal Range. This cluster has not been associated with a slow slip event observed in GPS data (Figure 6.1-4) or it was too small to be detected. This cluster also images a sub-vertical structure dipping to the West, in the crust of the downgoing Nazca Plate in a region of medium interseismic coupling.

To explain the altered seismicity rate beneath the Coastal Range due to the occurrence of this seismic swarm, we appeal to and extrapolate models and works about the stresses in the slab immediately before and after large subduction earthquakes (e.g. [START_REF] Astiz | Interplate coupling and temporal variation of mechanisms of intermediate-depth earthquakes in Chile[END_REF], [START_REF] Dmowska | Stress Transfer and Seismic Phenomena in Coupled Subduction Zones During the Earthquake Cycle[END_REF], [START_REF] Taylor | Cycling stressing and seismicity at strongly coupled subduction zones[END_REF]; [START_REF] Lemoine | Evidence for Earthquake Interaction in Central Chile: the July 1997-September 1998 Sequence[END_REF]Lemoine et al. ( , 2002) ) among others). According to these authors, the outer rise (and the coupled zone) shows a compressional state before large earthquakes, while the subducted plate, downdip of the coupled zone and at intermediate depths shows a tensional state. Following a large earthquake, the outer rise (and the coupled zone) shows a tensional state after the movement which releases the accumulated strain, while the subducted plate at depth shows a compressional state.

The seismicity beneath the Coastal Range is not at intermediate depths where the plate is in contact with the mantle of the overriding plate; furthermore it is in or near the downdip of the coupled zone, probably very close of the mantle wedge of the overriding plate and still in contact with the crust of the overlying plate.

Then, during quiet periods (i.e. no seismic swarms, no seismic crisis), the shallow seismogenic zone should be under compression and the deeper portion, near the end of the contact with the crust of the upper plate, should be under tensional stresses (Figure 6.4-4 A) and characterized by a specific seismicity rate.

Then, we propose that the seismic swarm (at the end of June 2012) altered and decreased in some way the level of compressional state of the subducting plate and in the neighboring interface contact zone and subsequently increased the stress further downdip (Figure 6.4-4 B). Then, the stressing of the plate in the downdip direction causes a partial locking and the diminution of seismicity rate in both the interface contact zone and in the slab.

On the other hand, during the slow slip event the partial unlocking of the interface certainly result in the conditions described before. A: Normal seismicity rate when there is no any seismic swarm or seismic crisis in the shallow interface region. The shallow interface is locked and the deeper section has a stable sliding B: Decrease of seismicity rate due to the occurrence of a slow slip; the shallow interface accelerates, but the deeper portion continues with its normal velocity, increasing the strain at the slab and producing a partial locking of the interface and a decrease of the seismicity rate.

Earthquake families before the slow slip

As seen in Figure 6.1-2 some regions at the offshore region were seismically active during the entire period of observation.

In order to detected possible repetitive earthquakes, we compare and cross-correlate all the events recorded by the ISPT station to check if families of events are present in the entire period of observation representing the activation of the same asperities each time.

Applying the same criteria for frequency range used in section 6.3.3, but fixing a lower threshold cross-correlation coefficient (i.e. 0.8), we found several similar earthquakes or families (Figure 6.5-1A). Most of these families are characteristic of other periods different from the slow slip but, due to the smaller coefficient threshold adopted, this time, several events during the slow slip were identified and gathered in families (Sector C -Figure 6.5-1A).

Identified families are doublet or have maximum nine elements. Waveforms of each family are presented in Figure 6.5-1B.

This analysis shows that the occurrence of families of events may be triggered not only by a particular event like the slow slip event of 2012-2013, but by the permanent phenomena of convergence. If some asperities do not show activity during this episode, is probably because of an adverse orientation of the fault planes with respect to the generated stresses during the slow slip. While other group of asperities (families) shows activity with or without slow slip event. Events with quality E locations or not located (sector A, ID=6) are not showed in the map. In sector C, most of the events occurred during the slow slip and are included in this section because they had lower cross-correlation coefficients and lower location quality (see text for details). 

Discussion

In the frame of laboratory fault-sliding experiments, aseismic transients (slow slips) emerge spontaneously or can also be triggered by interseismic stress perturbation on the subduction fault due to nearby earthquakes or to pore pressure changes (Liu and Rice, 2007). Liu and Rice (2007) based on observations of apparent switch between extensional seismicity downdip in the slab and thrust activity in the shallow seismogenic zone in the Middle America trench, simulate the response of the subduction fault to the introduction of a stress perturbation due to the displacement on a normal fault in the descending slab in the region of the stability transition (velocity weakening (coupled)velocity strengthening (stable sliding), in their case study at ~75 km depth). Properties of the resulting aseismic transients (number of triggered sequential transients, their intervals of recurrence and their slip rates) depend on the interseismic time when the perturbation is introduced, modifying the stress loading on the interface and subsequently advancing or delaying the next thrust earthquake on the interface (Liu and Rice, 2007). For example, for an earlier introduction of a stress perturbation (Ttp/Tr0 ratio of 0.15, Ttp being the time between T0 and the moment of the introduction of the perturbation and Tr0 being the recurrence time when no perturbation is introduced) they found the occurrence of 3 aseismic transients. In that case of an earlier introduction of the perturbation, the next major earthquake is advanced in time (at Tr1) compared with the unperturbed mode (Tr1/Tr0 ratio of 0.81). (Figure 6. Perturbation is introduced at Ttp (normal faulting earthquake in the slab) (Liu and Rice, 2007). The perturbation introduced earlier in the earthquake cycle, lead to the occurrence of three transient slips

The evaluation of the cumulative static Coulomb stress after each transient (shown in the Figure 6.6-2) shows an increasing favorable scenario characterized by a positive static Coulomb stress to trigger seismicity in the updip interface (coupled zone). Then, for a crustal normal fault located downdip of the coupled patch, the SSE will occur within the interface coupled patch and the elastic strain energy release might contribute to load the coupled patch, advancing the recurrent time of the next large earthquake in the patch.

In Ecuador, the GPS modeling for the largest SSE in La Plata region [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF] evidences that the SSE could occur on the coupled patch (see Chapter 3) and [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF] concludes that the SSE may characterize the release mechanism of this region where no large earthquakes are known.

In our study case, hypocenter distribution and focal mechanisms evidence that a subvertical reverse and trenchward dipping fault was active few months before the slow slip event (June 2012, cluster 1). But there is no clear evidence that this seismic swarm could have trigger the SSE sequence that started in November 2012.

We then discuss the slow slip sequence (developed in two stages) together with the occurrence timing of the accompanying seismicity.

The first stage starts on November 25 th 2012 and goes through January 15 th 2013. It is characterized by a slow, intermittent and low seismic moment release (~22% of the total, equivalent to a 5.86 Mw) involving the patch 1. The second stage starts in January 16 th , it is short in time and has a higher moment release (78% of the total, equivalent to 6.24 Mw) compared with the first stage and continues up to mid-February with an intermittent character with a total aseismic moment release equivalent to 6.31 Mw (Figure 6.6-3). This second stage involves both patches. Comparing separately the maximum and daily modeled displacement on each of the two patches together with the intense phase of the seismicity, we can appreciate how both patches experience a different amount of slip, timing and also different accelerations (Figure 6.6-4). Values of maximum modeled slip are taken from the central points of the patches (Nocquet, personal communication). According to the modeling, the first patch region experienced some intermittent slip since ~December 9 th 2012, while the second patch region underwent a sudden movement between January 16 th and 17 th 2013.

On a map view, both patches are separated by ~25 km defining a corridor on the plate interface with a minimum displacement (marked by a dotted line on Figure 6.6-5 and the seismic cluster 2 below this corridor). The same disposition is represented in a cross-section view on the same figure. Daily maximum displacements experienced by each patch between January 15 th and January 22 nd are presented in Figure 6.6-6 along with the daily epicentral distribution of the seismicity. Before January 14 th , the first patch, located in a in a moderately coupled region was undergoing intermittent bursts of slip (< 12 mm each day).

At least two days before the onset of the seismicity on January 16 th on cluster 2, the first patch underwent a significant acceleration (displacements < 25 mm each day) (Figure 6.6-4, blue line).

The onset of the seismicity on January 16 th is clearly associated to the acceleration of the released global aseismic moment (Figure 6.6-3). That day, the first patch showed an abrupt slip of ~25 mm, while the second patch had no slip. We think the cause of the onset of the seismicity is tied to the occurrence of this larger slip in the first patch.

While the updip locked patch 2 remained locked, the acceleration on the first patch favored both the descending plate to displace downdip and the destabilization of the pre-existent fault within the Nazca Plate located immediately updip, triggering its seismicity (Figure 6.6-7). The acceleration of the slip experienced by the first patch destabilizes the oceanic crustal fault immediately updip of the patch.

On January 17 th , the first patch reached its largest slip of about ~32 mm and the earthquakes migrated southwestward on cluster 2, witnessing the extension of the fault activity. The same day, the second cluster unlocked aseismically and its displacement reaches about 25 mm. The seismic activity of the northern cluster 3 initiated (Figure 6.6-7).

We thus observe that the seismic activity on the reverse fault (cluster 2) precedes the onset of the slow slip on the second patch. Following Liu and Rice (2007) it would be interesting to model the variation of the static Coulomb stress induced by the activity on the cluster 2 (and/or on the first patch) in order to asses if this (these) activity (activities) could be the triggering mechanism(s) to initiate the slow slip on the second patch. Note that this second patch developed on a highly-locked section of the interface (unstable behavior) but nevertheless it ruptured aseismically. We proposed that the mechanism for an unstable patch to move aseismically may be the fluids expelled by the fault activity could be injected in the interplate seismogenic zone and modify its behavior. If the intraslab fault zone has expelled its fluids at an early stage of activity, it could be in agreement with the fact that earthquake migration on cluster 2 are not characteristic of fluid migration (6-8 km/day) which are in the order of tens of meters per day (e.g. [START_REF] Kapetanidis | The 2013 earthquake swarm in Helike, Greece: seismic activity at the root of old normal faults[END_REF].

January 18 th is the day with the largest slip in the second patch, while the slip on the first patch was slowing down. This day, some seismicity occurs on cluster 1 (to the SE of the cluster 2). These two last clusters may be the result of the larger slip on the second patch that is slowing down, combined with the gradual deceleration of the slip on the first patch.

The seismic activity starts the next day (on January 19 th ) NE of La Plata Island on cluster 4 and one day later on cluster 5.

Slip on the second patch finishes on January 24 th while the slip on the first patch (on a medium coupled region) still shows intermittent activity until mid-February 2013 and the seismicity drops drastically on January 24 th (Figures 6. 6-3 and 6.6-4).

The main issues derived from this analysis are:

1. During the first stage, the intermittent slip in the first patch (No. 1), in a moderately coupled region, seems to illustrate a progressive unlocking process. That unlocking process is not accompanied by seismicity on the interface nor on the crustal reverse fault zone.

2. The seismic activity on the updip crustal fault zone initiates only after the acceleration of slip on the downdip patch No. 1.

3. The onset of the seismicity seems to be triggered by the acceleration of the slip on the patch No. 1, once the accumulated strain threshold is attained.

4. Despite the second patch (No. 2) develops on a highly-locked section of the interface (unstable behavior) it ruptures aseismically. Because, the onset of patch No. 2 happened immediately after the occurrence of seismicity on the downdip crustal fault zone, we propose that the mechanism for an unstable patch to move aseismically may be that the fluids expelled by the fault zone activity could be injected in the interface seismogenic zone subsequently modifying its velocity behavior.

5. Subsequent migration of the seismicity to the SW and the onset of the seismicity to the NE of the Island are related to the abrupt slip on the second patch and to the largest slip in the first patch. Because the slow slip on the second patch is located shallower and to the north and because it moves more rapidly, we think it might subsequently trigger the activity of the cluster 3.

6. During the slow slip, the relation between larger displacements occurring at higher velocities than the average convergence rate, might load existing faults in the downgoing plate (Liu and Rice, 2007) and the resulting faulting will occur along of these faults despite their orientation (Figure 9, Chapter 5).

7. This analysis explains qualitatively the relation between a sequence of 2 SSE and the possible interaction with a crustal intraslab fault zone. A complete analysis that would corroborate this idea could be the modeling of the variation of the static Coulomb stress for this particular episode of slow slip as it is presented by other authors (e.g. [START_REF] Lemoine | Evidence for Earthquake Interaction in Central Chile: the July 1997-September 1998 Sequence[END_REF]Lemoine et al., , 2002;;Liu and Rice, 2007).

Discussion and conclusions

The onshore-offshore dense seismic network around the highly-coupled patch in La Plata Island has provided an unprecedented image of the seismicity. We present the spatial and time analysis of the seismicity recorded from June 2011 to January 2013.

We also use in this study, the kinematic modeling of the 2012-2013 SSE computed by J. M. Nocquet in order to discuss the causal-relationships between the slow slip event and the seismicity.

Recurrent seismicity

In the subduction zone of Ecuador, the seismicity during the two last decades (before 2016) is moderate and mainly organized in clusters located offshore surrounding quiet areas (Font et al., 2013). The study area located between 1.6°S and 0.7°S of latitude is the most active part of subduction zone of Ecuador. In this region, the interseismic coupling (ISC) exhibits a shallow highly-coupled patch centered beneath La Plata Island whereas the ISC is very low to null south of the 40-50 km long coupled patch (Nocquet et al., 2014;Chlieh et al., 2014). In this area, four periods of major seismic activity (seismic swarms) are described since 1990 in 1998 (Segovia, 2001), 2002and 2005(Segovia, 2009;Vaca et al., 2009). The 2005 seismic swarm was proved to be associated with the most energetic SSE in Ecuador (7.3 Mw; Jarrín 2015) and recently two seismic swarms associated with SSE are documented in 2010 (6.3 Mw;Vallée et al., 2013) and 2013 (6.3 Mw;this work). In 2016, the 7.8 Mw Pedernales Earthquake on April 16 th also triggered a SSE and associated seismicity south of Manta (Rollandone, personal communication). The rupture areas of the SSE are documented to occur near or on the highly coupled portion of the subduction interface.

From this study, the regional seismicity pattern is consistent with the variation of the interface seismic coupling (Nocquet et al., 2014). We show that the La Plata asperity is limited to the north by a narrow creeping zone with low seismic rate which may have acted as persistent barrier to large historical seismic ruptures and, to the south, by a major creeping zone characterized by the lack of microseismicity despite the roughness of the seafloor entering in subduction (Sage et al., 2006;[START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF]. Possibly, this latter area is controlled by high fluid content coming from the sediments in the many topographic lows.

In the region of seismic activity, we use the distribution of shallow and deeper earthquakes, the subduction-like focal mechanisms and the previous wide-angle seismic image (Graindorge et al., 2004) to define the interface contact zone. We found that the slab dips ~20° eastward from 10 to 25 km in depth. The determination of the interface contact zone, help us to attribute earthquakes to one or to the other crust or to the plate interface.

Deeper on the plate interface, the seismic clusters beneath the Coastal Range bounds the downdip extension of the locked patch (ISC <10% near 20 km depth). Similar observations of seismicity distributions surrounding asperities have been made in many subduction zones, for example in Costa Rica (Schwartz and DeShon, 2007), Hikurangi, New Zealand (Reyners and Eberhart-Phillips, 2009), Southwestern Kuriles Islands, Japan (Takahashi and Kasahara, 2007) and in northern Ecuador (Manchuel et al., 2011, Régnier et al., 2011) where most of the seismicity occur at the transition between locked and creeping zones.

In our study area, we observe that this limit of the downdip of the seismogenic zone correlates with the geology of the upper plate. The basement of the forearc constituted of dense oceanic terranes accreted to the margin (e.g Jaillard et al., 2009), is uplifted above the coupled patch until the active N-S Jipijapa fault to the east [START_REF] Béthoux | Seismological study of the central Ecuadorian margin: Evidence of upper plate deformation[END_REF], fault that bounds the extension of the Manabi sedimentary basin to the west. The thickness and the nature of the overriding margin basement above the locked portion of the interface likely contribute to the eastern extension of the locked area and control the location of the deep microseismicity that precisely occurs in the transition zone from locked and the downdip creeping zone.

The shallow offshore seismicity is organized as sub-vertical crustal fault zones within the oceanic crust of the plunging plate, at about 10 km depth. This seismicity mainly occurs as swarms. The offshore activity is mostly related to a SSE which ruptures part of the coupled patch of La Plata Island. [START_REF] Sanclemente | Imagerie sismique de la structure de la marge convergente d'Equateur Central: relation avec les variations de couplage intersismique[END_REF] suggests that the increase of the interseismic coupling observed beneath La Plata Island is related to the presence of a subducted topographic high that may have increased the effective normal stress Spatially, in map view, the active intraslab zones delineate perfectly the contours of the inferred oceanic massif and locate immediately downdip (Figure 7.1-1). At depth, comparing with seismic images issued from studies of local tomography (e.g. Gailler et al., 2007), the sub vertical swarm (cross-crossing the tomographic image) bound the downdip extension of a higher velocity zone in the Nazca Plate that we attribute to this oceanic massif (between 10 and 20 km depth; Figure 7.1-2). Rates of tectonic deformation are evaluated analyzing the Quaternary sedimentation (color scale from brown/uplift to blue/subsidence) along the continental shelf explained by the subduction of an oceanic massif (yellow dashed line) [START_REF] Proust | Subduction of seafloor asperities revealed by a detailed stratigraphic analysis of the active margin shelf sediments of Central Ecuador[END_REF]. Seismic events projected with the results of tomographic inversion of Pg, Pn and PmP arrivals along the profile SIS-4. Black dots: top of the oceanic crust (Gailler et al., 2007). Vertical exaggeration ~3x.

In this study, we note that the (scarce) background seismicity occurs, in part, on the same intraslab fault zones that are active during the SSE episode. From the 5 identified clusters, only 2 are exclusive of the period of the 2012-2013 slow slip event.

The 2012-2013 Slow slip event

The kinematic modeling of the slow slip of 2012-2013 shows a composite event that develops in two distinct patches. The first patch (No. 1) (slips first in time) is located downdip of the second patch (No. 2). The first patch extends on an area where the interseismic coupling is moderate (20-40%) while the second patch ruptures on a highly-coupled portion (70-90%).

The patches develop differently during two main stages. The analyses of the daily slip computed on each of the patches (and associated aseismic moment release) allow us to evidence a specific organization in space and time of the SSE sequence and occurrence of the seismicity. No seismicity (or almost) occurs near the shallow plate interface.

The first stage begins at the 25 th of November 2012 and lasts about 1.5 months, until the 15 th of January. During this stage, slow slip occurs only on patch No. 1 and is characterized by a slow, small and discontinuous slip (and aseismic moment release), as if this portion of the interface was progressively unlocking. On day 13 th of January, the slip on patch 1 clearly starts to accelerate. During this period, no microseismicity is detected in the marine forearc. The acceleration of slip on patch No. 1 lasts until the 17 th of January.

On 16 th of January, the initiation of the activity in the intraslab crustal fault zone located immediately above the patch No. 1 is evidenced by the onset of a seismic swarm. That day, the first patch shows an abrupt displacement of ~25 mm. We think the cause of the onset of the seismicity is tied to the occurrence of this larger and fast slip on the first patch. While the updip locked patch No. 2 remained locked, the acceleration on the first patch favored both the descending plate to displace downdip and the destabilization of the pre-existent faults within the Nazca Plate located immediately updip triggering their seismicity.

On January 17 th , the first patch (No. 1) reaches its largest slip of about ~32 mm and the earthquakes migrate southward on cluster 2, witnessing the southward extension of the fault zone. That same day, the second and northern patch (No. 2) suddenly unlocks aseismically and its displacement reaches about 25 mm, awaking the seismic activity of a northern intraslab crustal fault zone.

January 18 th is the day with the largest slip in the second patch (No. 2) while the slip on the first patch (No. 1) is slowing down. This day, some seismicity also occurs downdip of the first patch, result of the larger slip on the second patch that is slowing down, combined with the gradual deceleration of the slip on the first patch.

The seismic activity starts the next day (on January 19 th ) NE of La Plata Island and one day later even farther north. Slip on the second patch finishes on January 24 th while the slip on the first patch (on a medium coupled region) still shows intermittent activity until mid-February 2013 and the seismicity drops drastically on January 24 th (Figures 6.6-3 and 6.6-4).

During the first stage of the slow slip event, around of 22% of the total aseismic moment was released (equivalent magnitude 6.3 Mw).

We therefore evidence that the onset of the seismicity, on January 16 th , is clearly associated to the acceleration of the slip on patch No. 1. This onset is also related to an increase of the released global aseismic moment. We believe that at the initial stage of the slow slip, the stress transfer was not enough to trigger some kind of seismicity in the slab, but from January 16 th , this stress transfer is efficient and triggers the seismicity in cluster 2.

Stress interactions in the subduction zones have been proposed from observations of large intraplate earthquakes and intraslab intermediate earthquakes [START_REF] Astiz | Interplate coupling and temporal variation of mechanisms of intermediate-depth earthquakes in Chile[END_REF]; [START_REF] Dmowska | Stress Transfer and Seismic Phenomena in Coupled Subduction Zones During the Earthquake Cycle[END_REF][START_REF] Taylor | Cycling stressing and seismicity at strongly coupled subduction zones[END_REF]. According to these observations, the models describe that before a large thrust earthquake the shallow coupled interface is strongly coupled and the subducted slab is under tensional stresses (slab-pull). After the earthquake occurrence, the shallow interface will be at a relaxing state while the slab would be under compressional stresses (slab-push).

In our case, the distances are not comparable nor the occurrence of a large thrust earthquake, however we do think that the modeling of the Coulomb static stress may give some clue about the hypothesis that the movement of a section of the interface moves slightly faster than its surrounding causing a compressional stress (slab-push) downdip of the region that moves.

The onset of the slip in the second patch located in a high coupled region (>70% ISC) which is not supposed to generate SSE could be explained by a change in the stability properties of the interface. Conditions for a weak plate interface where SSE occur are trapped fluids at the interface and the subsequent increased pore pressure (Shelly et al., 2006;[START_REF] Frank | Along-fault pore-pressure evolution during a slow-slip event in Guerrero, Mexico[END_REF]. These conditions are found at the transition zone from unstable to stable sliding in the downdip region of the seismogenic zone where the temperature increases with increasing depth and the increase in the pore pressure results from the metamorphic dehydration (e.g. [START_REF] Frank | Along-fault pore-pressure evolution during a slow-slip event in Guerrero, Mexico[END_REF]. At shallow depths, as in our case, the fluids may be released by the activity in the incoming intraslab faults (result from slab bending; Michaud et al., 2006;Collot et al., 2009) increasing the pore pressure and promoting the slow slip.

The migration of the seismicity and the activation of the clusters respond to the different intensity of the slip experienced by the two patches which could have generated differential stresses along the oceanic plate (slab-push type), in that sense, the modeling of the Coulomb static stress must be conducted in a sequential form to test our hypothesis.

It is important to highlight that studies including the kinematic description of a SSE along with the accompanying seismicity are not common in the literature. In our case, this goal was possible thanks to precise locations achieved using data form the onshoreoffshore network installed during the project.

Comparison of the 2012-2013 slow slip event with others SSE

The equivalent magnitude of 6.3 Mw of the 2012-2013 SSE is similar to others detected shallow SSE around the world (e.g. Boso Peninsula in Japan, northern Hikurangi in the North Island New Zealand, Costa Rica). Generally, higher magnitudes are associated to deeper and longer SSE (Alaska, southern Hikurangi in the North Island New Zealand, Tokai and Bungo Channel in Japan, Guerrero-Mexico) [START_REF] Schwartz | Slow slip events and seismic tremor at circum-pacific subduction zones[END_REF].

However, a 2-3 months-long shallow SSE was detected in 2005 in the study area with a magnitude of 7.2-7.3 Mw making this event among the largest SSE in the world [START_REF] Schwartz | Slow slip events and seismic tremor at circum-pacific subduction zones[END_REF].

Most of the SSE observed in the study area, except the 2005 SSE, are similar to the SSE observed at the northern Hikurangi subduction margin; here, the SSE are shallow (<10 -15 km), short (5 -30 days) and small (6.3 -6.8 Mw) [START_REF] Wallace | Diverse slow slip behavior at the Hikurangi subduction margin, New Zealand[END_REF]. For example, the shallowest SSE ever detected (September-October 2014) initiated near the trench at ~2 km depth and later extends downdip. It occurs in the region that failed in 1947 with a tsunamigenic earthquake. The model of this SSE shows a gap of slow slip coinciding with a subducted seamount suggesting that the interface at the position of this seamount is coupled and do not fail or acts as a barrier of the slow slip [START_REF] Wallace | Slow slip near the trench at the Hikurangi subduction zone[END_REF].

In the Hikurangi margin, the depth occurrence of SSE is directly related to the ISC. The northern Hikurangi margin is highly coupled (>60%) from the trench to a depth of < 10 km) and the depth occurrence of slow slip events is between <10 and 15 km. In the southern Hikurangi margin the high coupled regions extends to a depth of 35 km and the SSE occur down to ~40 km [START_REF] Wallace | Characterizing the seismogenic zone of a major plate boundary subduction thrust: Hikurangi Margin, New Zealand[END_REF].

The accompanying seismicity of the 2012-2013 SSE is characterized by larger earthquakes than those accompanying the event of 2010. The magnitude equivalence of the seismic moment release during the 2010 SSE is ~4.2 Mw (Vallée et al., 2013) while for the 2012-2013 SSE is ~4.8 Mw (equivalent energy from determined Ml). The seismicity in the case of the 2012-2013 SSE is almost totally within the subducted plate while for the 2010 SSE it was mainly aligned with the plate interface. Comparing the aseismic moment release, both SSE are similar. Additionally, the seismicity of 2012-2013 SSE was triggered also to the south of La Plata Island, which is spatially related to the position of the slow ruptures.

On the other hand, the 2005 SSE, seen their equivalent magnitude of 7.2-7.3 Mw and the equivalent seismic moment associated of 6.5 Mw [START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF].

Considering the magnitudes of the SSE around La Plata Island (implicitly their duration) and their recurrence, a wide diversity in the intensity of fracture modes seems to characterize this region.

We have no clues about the triggering mechanism for the 2012-2013 SSE. For the second stage of the episode, the slip on the second patch may be explained by the acceleration of the slip in the first patch and the subsequent seismicity which in turn may have expelled fluids along the interface, changing the seismic behavior of the patch.

In other regions, like in Boso Peninsula, positive or negative changes in the Coulomb failure stress originated by regional or local earthquakes have the effect of advance or delay the occurrence of a SSE respectively [START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF]2014). Similarly, static stress increase outside of the slipping region is called to explain the triggering of the microseismicity in the Hikurangi margin [START_REF] Bartlow | Timedependent modelling of slow slip events and associated seismicity and tremor at the Hikurangi subduction zone, New Zealand[END_REF].

The repetition of seismic swarms in the study zone is around 3 to 4 years if we considered the intervals of 1998-2002, 2002-2005 and 2010-2013. This apparent cyclicity fails between 2005 and 2010 probably because of the size of the SSE of 2005 which release an important amount of accumulated energy and for the next episode, it would be necessary a larger time of loading.

Impact of slow slip events on the deep background seismicity

The seismicity rate of the deeper clusters shows an increase after the occurrence of a 6.0 Mw intraslab earthquake to the west of the trench. Since this event occurred immediately after the completion of the network, it is difficult to attribute this change to the occurrence of the 6.0 Mw earthquake. The only observation issue from this earthquake that we can relate with the deeper seismicity is that it moved along a E-W strike-slip plane that may correspond to a major structure that may continue for several tens of km extending below the Coastal Range and delimits the seismicity to the south.

Additionally, we observe two periods when the seismicity rate of the clusters below the Coastal Range decreases. The first period occurs after a small seismic swarm in the marine forearc in June 2012. The second period coincides with the onset of the slow slip event of 2012-2013. The shallow seismogenic zone usually under compression, while the slab at intermediate depths is under tensional stresses, decreases its level of stresses when it fails in an earthquake [START_REF] Astiz | Interplate coupling and temporal variation of mechanisms of intermediate-depth earthquakes in Chile[END_REF]1986[START_REF] Dmowska | Stress Transfer and Seismic Phenomena in Coupled Subduction Zones During the Earthquake Cycle[END_REF][START_REF] Taylor | Cycling stressing and seismicity at strongly coupled subduction zones[END_REF]. In the second period, when the shallow coupled zone begins to move faster than the normal relative convergence rate, causes the downdip interface region to go into compression causing a partial locking and the diminution of the seismicity rate in both, the interface contact zone and in the slab. For the first period, there is no a SSE, but the seismic swarm in the marine forearc may also have produced some effect of relaxing along the shallow interface and compression downdip with the consequent decreasing of the seismicity rate. In conclusion, possible stress transfer plays an important role in the seismicity below the Coastal Range,

Consequence of slow slip events on the seismic hazard in central Ecuador

Largest slow slip events have magnitudes of 7 to 7.5 Mw (e.g. México, Tokai, Alaska), while the seismic moment release of the accompanying seismicity may account for few hundreths to ~10 percent of the total aseismic moment release (e.g. 2010 and 2005 slow slip events in La Plata Island, respectively).

In the balance of the slip deficit, slow slip events may release a considerable accumulated strain (slip) reducing the size and/or postponing the occurrence of an earthquake that will fail the coupled patch (e.g. Liu and Rice, 2007).

According to the experiences of Liu and Rice (2007), the advancing or delaying of an earthquake depends on the time when a perturbation, represented by the occurrence of a seismic event in the slab, in the downdip limit of the seismogenic zone occurs and a slow slip is triggered which creates a positive change in the Coulomb static stress in the seismogenic zone. If this perturbation (the intraslab earthquake) occurs early in the seismic cycle, the next earthquake will be delayed. In the contrary, if the perturbation occurs lately in the seismic cycle, the next earthquake will be in advance.

One aspect to take into consideration is that if the slow slip occurs in the downdip region of the seismogenic zone, it will undoubtedly stress the seismogenic zone promoting or delaying the next earthquake. However, if the slow slip occurs in the seismogenic zone, it may release an important amount of accumulated strain and the resulting effect will be delaying the next earthquake in the cycle.

The highly coupled seismogenic zone of La Plata Island has a potential to produce an event of 7-7.5 Mw.

Taking into consideration only the time duration of the seismic swarms of 1998, 2002and 2005, Chlieh et al. (2014) ) scale these times to the equivalent moment release using the scaling relationships of [START_REF] Ide | A scaling law for slow earthquakes[END_REF]. They found that these 3 events along with the 2010 SSE may have released 85% of the cumulative moment deficit between 1998 and 2010 and that at the actual rate of moment deficit, the asperity would accumulate a moment equivalent of a 7.0 Mw only every 700 years.

Then, this zone, in fact may be characterized by mixed seismic-aseismic episodes, being the most relevant and the last, the 2005 SSE which according to its equivalent magnitude of 7.2-7.3 Mw failed the entire seismogenic zone (Jarrín, 2005).

Future prospects

-The relation established between the differential slip experienced by the interface contact zone and the migration of the seismicity needs to be modeled through the variation of the static Coulomb stress as is presented by other authors (Lemoine et al., 2002;Liu and Rice, 2007). With this approach we aim at explaining also the lack of seismicity during the first stage of the slow slip episode.

-Slow slip events at La Plata Island show a large variety magnitude, duration, associated seismic expression (seismic swarms) and recurrence times. The only common characteristic is that they are shallow. In the other hand, in northern Ecuador, two episodes of shallow slow slips have been identified with GPS observations. More events of this type have been extrapolated through the occurrence of seismic swarms with repetitive earthquakes inside the crisis that might be accompanying slow slip events and are found to have recurrent times of ~ 2 years (S. Vaca, personal communication).

-This diversity, along with a close shoreline to the trench makes the Ecuadorian subduction zone an interesting place to continue the studies of the slow slip events.
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 2261 Figure 2.2.6-1 The seismic cycle.
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 2262 Figure 2.2.6-2 Representation of cumulative shear strain with time.

Figure 2

 2 Figure 2.3.1-1 Comparison between seismic moment and the characteristic duration of various slow earthquakes.
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 2312 Figure 2.3.1-2 Location of NVT in the Japan margin.

Figure 2 .

 2 Figure 2.3.1-3 Cyclicity and coincidence observed for the episodes of tremor and slow slip in the Cascadia subduction zone.

Figure 2 . 3 . 2 - 2

 2322 Figure 2.3.2-2 Characteristics of the subduction zone in the North Island in Hikurangi, New Zealand.

Figure 2 .

 2 Figure 2.3.2-3 Schematic diagram showing the distribution of slow slip events, small earthquakes (swarms) and tremor along with the temperature.
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 23221 Figure 2.3.2.2-1 Coulomb failure stress changes in the region of the slow slip events at Boso JP after two nearby earthquakes. Dashed line shows Philippine plate contours. Pink dashed rectangle shows the fault area of the 2011 SSE. White circles show the evaluation points of the Coulomb failure stress. A. Coulomb failure stress changes after the Tohoku earthquake: in this case, the slow slip event is triggered in advance. B. Coulomb failure stress changes after a local earthquake (gray rectangle: fault area for this event), in this case the slow slip event is delayed[START_REF] Hirose | Recurrent slow slip event likely hastened by the 2011 Tohoku earthquake[END_REF]. See section 2.3.3 for more information about the slow slip events in the zone.

Figure 2 .

 2 Figure 2.3.3-1 Evolution of the seismicity and the moment rate during the two SSE in Boso.

Figure 2 .

 2 Figure 2.3.3-2 Final slip distributions and earthquake locations for the slow slip events in 2007 and 2011 in Boso, JP.

  The 2003-2004 slow slip event in Kapiti with a magnitude of 6.6 Mw[START_REF] Wallace | Diverse slow slip behavior at the Hikurangi subduction margin, New Zealand[END_REF] has been modeled (dashed rectangle in the map in Figure2.3.3-4) downdip of the strongly coupled interface (> 60%;[START_REF] Trehu | Measuring slow slip offshore[END_REF]. Following this slow slip, two sequences of seismic events occurred: (i) The Upper Hutt seismic swarm lasting 5 weeks; (ii) The 5.5 Ml Upper Hutt mainshockaftershock sequence. Both sequences occurred in the oceanic subducted crust according to their depth and to the known position of the interface contact zone, below the strongly coupled interface (~80% according to[START_REF] Trehu | Measuring slow slip offshore[END_REF]. The faults where the sequences occurred are only separated ~1 km and have normal faulting related to the unbending of the plate. The triggering of both sequences is explained by positive changes in the static Coulomb failure stress due to the Kapiti slow slip downdip with respect to the sequences[START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

Figure 2 .

 2 Figure 2.3.3-4 Seismicity associated with the 2003-2004 SSE in Hikurangi. Left: Map showing area of the 2003-2004 Kapiti Coast slow slip event (rectangle). Locations of the April-May 2004 Upper Hutt earthquake swarm and January 2005 Upper Hutt ML 5.5 earthquake sequence. Beachballs are the focal mechanisms and largest 2004 swarm event (S) and for the 2005 mainshock (M). Right: Cross-section XY with the seismicity between 1990 and 2001; in red 2004 swarm, in blue 2005 sequence[START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

Figure 2 .

 2 Figure 2.3.3-5 Static Coulomb failure stress during the 2003-2004 SSE, Hikurangi. Schematic view of the change of static Coulomb failure stress along the X-Y section; this stress change is due to 2003-2004 Kapiti slow slip event[START_REF] Reyners | Earthquakes triggered by slow slip at the plate interface in the Hikurangi subduction zone, New Zealand[END_REF].

Figure 2

 2 Figure 2.3.3-6 Microseismicity associated with the Gisborne SSE, Hikurangi.Up: Period between 16 October 2004 and 3 December 2004. In red: routinely identified earthquakes; in blue: new identified earthquakes. Bold red and blue circles: activity during the Gisborne slow slip in 2004. Red focal mechanism: composite mechanism obtained with the new identified events during the slow slip. Grey rectangle and grey focal mechanism: model extension and slip geometry of the slow slip in 2002 used for the analysis of the Coulomb failure stress in the region delimited by the black dashed rectangle.

  Liu et al. (2007) estimated the accumulated Coulomb stress for three successive slow slip events triggered by the failure of a normal fault in the subducting plate (Figure 2.3.4-1). The results indicate positive Coulomb stress change in the updip (potentially locked) portion of the interface as well as in the subducting plate in the vicinity of the slow slip event.

Figure 2 .

 2 Figure 2.3.4-1 Accumulated Coulomb stress after transient slips. Each of three modeled transient slips is due to the activity of a normal fault in the slab. Dashed line represents the thrust fault. Up-dip region as well as the lower plate in the vicinity of the transient slip is brought closer to failure (positive Coulomb stress)[START_REF] Liu | Aseismic slip transients emerge spontaneously in threedimensional rate and state modeling of subduction earthquake sequences[END_REF][START_REF] Liu | Aseismic slip transients emerge spontaneously in threedimensional rate and state modeling of subduction earthquake sequences[END_REF].
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 3111 Figure 3.1.1-1 Distribution of the accreted inEcuador.

Figure

  Figure 3.1.1-2 Evolution for successive accretions in Ecuador.

Figure

  Figure 3.1.2-1 Tectonic evolution of the Galapagos Volcanic Province.

Figure

  Figure 3.1.2-3 Present day features in the Panama Basin.

  Taking this kinematic plate pattern into account and assuming a continuous trend of the flanks of the ridge below the continent,Collot et al. (2009) proposed a reconstruction of the location of the ridge since 4-5 Ma ago. This model suggests a migration of the CR from north to south as a consequence of the geometry of the ridge and the oblique convergence.

Figure

  Figure 3.1.3-1 Recovery of the position of the Carnegie Ridge.

Figure

  Figure 3.1.4-1: Active tectonic map of Ecuador.

Figure 3

 3 Figure 3.1.5-1 Main structures and morphology of the Ecuadorian forearcSource: after Reyes, 2013. The black box shows our zone of interest. DEM is fromMichaud et al., 2006. 
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 3161 Figure 3.1.6-1 Geologic and tectonic map of the coast. A. Simplified map showing five stratigraphic sequences. Thick lines are geological faults previously recognized. Dashed lines are the new proposed faults in the work ofReyes and Michaud (2012) andReyes (2013). B. Detailed geological map showing the cross-sections presented below. The Jipijapa Fault (cross-section E-E') puts in contact the basement against sedimentary rocks of the Manabí basin to the east. This fault affects the recent hydrographic network, attesting its recent activity. Some seismicity is reported along this fault[START_REF] Béthoux | Seismological study of the central Ecuadorian margin: Evidence of upper plate deformation[END_REF].

  Figure 3.1.6-2 Strike-slip deformation context before the Middle Miocene.

  Figure 3.1.6-3), we realize that many of the faults in the geologic map of the coast are not active. There are no specific medium or large earthquakes assigned to these faults. However, the study of Bethoux et al. (2011) found microseismicity associated to Jipijapa fault (see Figure 3.3.3-8).

Figure

  Figure 3.1.6-3 Neotectonic Map.

Figure

  Figure 3.1.7.1-1 GPS velocity fieldwith respect to stable South America.

Figure 3

 3 Figure 3.1.7.1-2 Sketch of kinematics triangles and obliquity partitioning in Ecuador-Colombia.Red lines indicate parallel and normal trench components of Nazca/South America (SOAM) convergence vector shown by the black arrow. Blue arrow is the Nazca/sliver (NAS) convergencevector. Green arrow is the sliver (NAS)/SOAM convergence vector. Calculation is performed at lon: -78.5°E and lat: 1.5°N(Nocquet et al., 2014).

Figure 3

 3 Figure 3.1.7.2-1 Marine terraces along the Talara Arc in Northwestern South America.

Figure 3

 3 Figure 3.1.7.2-2 Evidences of vertical uplift in the coast. Left: Segmentation of the Coastal Cordillera in different domains bounded by major crustal faults (dashed lines) that controlled the long-term uplift of the range (largest in the southern domains: Chongón-Colonche and Jipijapa where the basement is exposed and the relief is ~800 m). Right: Enhanced short-term uplift observed in the northern domains (Mache-Rioverde and northern Jama) with high values of the relative incision (warm colors) in actual drainages(Reyes, 2013).

  Figure 3.2-1.Collot et al. (2009) propose a first order segmentation based on morphologic structures like the Grijalva Ridge (or Grijalva Fracture Zone) and the northern flank of the Carnegie Ridge, delimiting the southern, central and northern segments. An additional and smaller sub-segmentation is proposed in the north based on the morphology of the margin and the correlation with the rupture zones of the historical earthquakes: from south to north, the Manglares, Tumaco and Patía segments (Figure3.2-1).
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 321 Figure 3.2-1 Location of the seismic lines used in this section.

Figure 3

 3 Figure 3.2.1.1-1 Seismic wide angle profile in northern Ecuador.

  2

  .1.1-3 and 3.2.1.1-4). The subduction angle near the plate curvature varies from 4 to 10°.

Figure 3

 3 Figure 3.2.1.1-2 Seismic velocity model along the Carnegie Ridge.

Figure 3

 3 Figure 3.2.1.1-3 Seismic wide angle profile in central Ecuador.

Figure 3

 3 Figure 3.2.1.1-4 Seismic profile in Central Ecuador issued from tomography.

Figure 3

 3 Figure 3.2.1.3-1 Segmentation of northern margin: sediment thickness and flow heat.

Figure 2

 2 Figure 3.2.1.3-2 Segmentation of northern margin: isotherms along the subduction interface. Intersection of 60, 150 and 170°C isotherms with the interface contact zone along the 3 sub-segments in the northern zone: Manglares, Tumaco y Patía. See Figure 3.2-1 for location of the segments. The isotherm 150° C suffers a landward shift in the southern segment. According to aftershocks distribution,the seismogenic zone is controlled by low temperature processes (60-70° C) except in the case of the 1958 earthquake which is more likely related to prominent structural features of the overriding plate[START_REF] Marcaillou | Thermal regime from bottom simulating reflectors along the north Ecuador-south Colombia margin: Relation to margin segmentation and great subduction earthquakes[END_REF]. For location of seismic lines, see Figure3. 

Figure 3

 3 Figure 3.2.1.3-3 Seismic line in the Gulf of Guayaquil. Interpretation of structures in the subduction front in the region of the Gulf of Guayaquil (SIS-18, Calahorrano, 2005). S: basement of the upper plate, TBR, TSR: top of basement reflector, top of subduction channel reflector which are limiting S; A, B, C: sedimentary series. Scale: 1:1:

  from the local network (Red Nacional de Sismógrafos del Instituto Geofísico de la Escuela Politécnica Nacional, RENSIG), Yepes et al. (2016) indicates 4 seismological sections across the subducting slab (Figure 3.2.1.4-1; for location of cross-sections see Figure 3.2-1).

  Figure 3.2-1. Colors reflect hypocentral depth. The vertical line in cross-section C-C' shows the approximate contact between Nazca and Farallon plates. The shaded areas capture the general dip of the plate (for C-C' the angle reflects El Puyo cluster). Scale: 1:1.

  Figure 3.2.1.1-1 and Figure 3.2-1 for location).
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 32211 Figure 3.2.2.1-1 Morphology of the continental shelf.Source:Collot et al. (2009). L: landslide scars; C: abrupt cliffs; FM: flat morphology; P: promontory with a seamount below; CSm: conical seamount. DEM is fromMichaud et al. (2006).

  (Sage et al., 2006; Collot et al., 2009) (Figure3.2.2.1-1 inbox 3). In general, this area is characterized by relatively shallower trench (~2900 m in depth,) that includes very few chaotic and terrestrial sediments. The frontal prism is smaller (< 10 km) and the steeper margin slopes are marked by many landslide scars (especially south of 1.6°S, Figure3.2.2.1-1 inbox 4).

Figure 3

 3 Figure 3.2.2.1-2 Pre-Stack-Depth Migration profile SIS05. Location is shown in Figure 3.2-1. This profile is characterized by a smooth morphology, a very shallow average dipping angles of ~4°, and three ~1-km-high peaks (Pk17, 18, and 19). TOC: top of the oceanic crust (green dashed line); S1-S2: sedimentary layers; DR: deep reflector; thin white lines represent faults; F1: sub-active normal fault; De: décollement (white thick dashed line); TB: top of the basement (blue dashed lines); B1-B2: basement units; IB: intra-basement reflector (in blue); red vertical dashed lines represent the intersection with strike MCS profiles; V.E: vertical exaggeration=2.0. From Sanclemente, 2014.

Figure 3

 3 Figure 3.2.2.1-3: Structures in the upper plate in the central segment.

Figure 3

 3 Figure 3.2.2.2-1: N-S Seismic profile in northern continental shelf. MR08-433-C seismic profile (time section between 0 and 4s) and structural interpretation in the upper plate (Hernandez, 2014, see Figure 3.2-1 for location). The green line represents the top of the acoustic basement and the red one faults; E1, E2, regional unconformities. The main process affecting the margin is the basal erosion. The acoustic basement is highly deformed, affected by the history of Carnegie and seamounts subduction

Figure 3

 3 Figure 3.2.2.2-3 Morphology of the top if the acoustic basement in the continental shelf.

  From a 2D direct modeling, the thickness of the forearc crust would vary from 22 km near the coastline to 30 km in the western flank of the Western Cordillera (Figure 3.2.2.4-1). Based on seismicity data, Guillier et al. (2001) assign a thickness of 40-50 km to the crust beneath the coastal plain (Figure 3.2.1.4-2). From receiver function work based on teleseismic observations, the Moho of the overriding crust may vary between 20 and 40 km[START_REF] Lloyd | Moho map of South America from receiver functions and surface waves[END_REF].The thickness of sedimentary cover on the on-land forearc region has been estimated from seismic sections(Deniaud, 2000; Reyes, personal communication). They would reach ~7 km in the Manabí basin.

Figure 3

 3 Figure 3.2.2.4-2 Geologic cross-section along the Manabí Basin.

  (ISC >80%); in the model of Chlieh et al. the highly coupled areas are centered around 50 km from the trench (~ 15 km depth according to plate model of Font et al, 2013), while in the model of Nocquet et al. they extended to the trench and they are shallow (no deeper than 15 km in the same plate model of Font et al.). In the isolated coupled patch at La Plata Island, the model of Nocquet et al. similarly finds a shallowest patch with a particular shape different from the rounded patch of Chlieh et al. According to these two models, the seismogenic zone is no deeper than 20-25 km (different to what is observed in central Peru: ~60 km deep, see Figure 3.3.1-1).

Figure

  Figure 3.3.1-1 Seismic coupling along the northern Andes margin.
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 3321 Figure 3.3.2-1 Rupture areas and asperities of major historical earthquakes in Northern Ecuador.

Figure 1

 1 Figure 3.3.3-1 Instrumental seismicity in Ecuador (Catalog for SSHA).110 years of instrumental seismicity inEcuador, 1900-2009 (Catalog of Beauval et al., 2013). In the figure are included only shallow events (<50 km); size symbols are proportional to the seismic moment release and colors are according the depth. Magnitude Mw ≥7 earthquakes are plotted as stars. Black hollow squares are pre-1930 Mw≥7 earthquakes whose location and depth are considered not reliable. CCPP=Chingual, Cosanga, Pallatanga and Puná fault system limit of the North Andean Block. The dotted line represents the inland prolongation of Grijalva rifted margin. Q= Quito;B= Bahía; R= Riobamba; G= Guayaquil (modified from Yepes et al., 2016).

Figure

  Figure 3.3.3-2 Instrumental seismicity (RENSIG Catalog).

Figure

  Figure 3.3.3-3 Cumulative seismic moment release.

Figure

  Figure 3.3.3-4 Relocated instrumental seismicity from 1994 to 2007 (Font et al., 2013).

Figure

  Figure 3.3.3-5 Seismicity during the 3 weeks-long spring-1998 campaign.Events are with a quality color code: black: A, blue: B, green: C, open circles: D. Instrumentation was composed by 13 Ocean Bottom Seismometers and 10 portable land-stations (red diamonds)(Pontoise and Monfret, 2004).

Figure 3

 3 Figure 3.3.3-6 Seismicity related to the interplate seismogenic zone (ISZ), ESMERALDAS Campaign. (a) Gray dots: ESMERALDAS data; white dots with bold contour: 1980-2009 GCMT catalog solutions. Gray focal mechanisms: are lower hemisphere projections for GCMT solutions; black: ESMERALDAS' mechanisms. Dashed lines/gray shadow areas: rupture areas/seismological asperities of the historical earthquakes of 1942, 1958, and 1979 earthquakes. CR = Carnegie Ridge; BB= Borbón Basin; MB = Manabí Basin; EF= Esmeraldas Fault; MF= Manglares Fault; E= Esmeraldas city and T= Tumaco city. (b) and (c) cross-sections shown in (a) with interpretation of respectively SIS-44 and SIS-22 seismic lines showing the top of the Nazca subducting plate. Interpretation of the SIS-44 wide-angle seismic profile is modified from[START_REF] Collot | Origin of a crustal splay fault and its relation to the seismogenic zone and underplating at the erosional north Ecuador-south Colombia oceanic margin[END_REF],[START_REF] Agudelo | Imagerie sismique quantitative de la marge convergente d'Equateur-Colombie: Application des méthodes tomographiques aux données de sismique réflexion multitrace et réfraction-réflexion grand-angle des campagnes SISTEUR et SALIERI[END_REF],[START_REF] Agudelo | Joint inversion of multichannel seismic reflection and wide-angle seismic data: Improved imaging and refined velocity model of the crustal structure of the North Ecuador-South Colombia convergent margin[END_REF] andGailler et al.(2007), and sketch of the SIS-22 seismic reflection profile is modified from d[START_REF] Acremont | Margin structure and destabilisation processes on the Colombia-Ecuador marginby 2D quantitative seismic imaging[END_REF]. Gray dots: ESMERALDAS events interpreted as belonging to the ISZ. Open circles: events interpreted as belonging to the upper plate or to the slab(Manchuel et al., 2011).

Figure

  Figure 3.3.3-7 Coastal seismicity between 2009 and 2011 (ADN Project).Up: 2009 to mid-2011 Seismicity (ADN Project) located using the stations shown in the map and developing a specific model for the region. 1. Map showing the epicentral distribution of the events and the location of the historic large earthquakesof 1942, 1958 and 1979 according toMendoza and Dewey (1984) [START_REF] Macquet | Étude de la microsismicité de la zone avant arc de la subduction de la plaque Nazca dans la région Nord-ouest de l'Équateur[END_REF]. Down: Tectonic interpretation[START_REF] Régnier | Local seismicity in the region of the Mw 8.8 1906 Colombia-Ecuador subduction earthquake: new evidences of the margin segmentation and of the depth of the coupled zone[END_REF].

Figure

  Figure 3.3.3-8 Up: Map with the seismicity during the SISTEUR Campaign.

Figure

  Figure 3.3.3-9 Seismicity during May-Jun 2013, OSISEC and JUAN Projects. Up: Seismicity during May and June 2013 located using stations of the OSISEC and JUAN Projects and the permanent stations of the RENSIG -local network-. Color scale refers to the depth of the events. Focal mechanisms are determined with polarities of first arrivals and SV/SH ratios. Down: cross-section along the red line shown in the upper map; included events are black countered in the map. Blue line: bathymetry and top of the subducted slab of the model of Graindorge et al. (2004). Thin red line: prolongation of the slab in the model of Graindorge et al. Thick red line: Coupled zone. Black line: proposed geometry for the slab (Ponce, 2014).

Figure 3

 3 Figure 3.4.1-1 Interpreted Pre-Stack-Depth Migration profile SIS05. A. Pre-stack depth-migrated (PSDM) MCS line SIS05, located ~15 km to the south of La Plata Island. B. Interpretation of the seismic line: SMt= multipeak seamount. LVZ= low velocity zone. TB= top of the basement (Sanclemente, 2014). Location is shown in Figure 3.2-1

Figure

  Figure 3.4.2-1 Characteristics of the continental shelf.

Figure

  Figure 3.4.2-2 Uplift in the region of La Plata Island.

Figure

  Figure 3.4.2-3 Reconstruction of the progressive eastward migration of a seamount in the top of Carnegie Ridge entering in subduction.

Figure 3

 3 Figure 3.4.3-1 Shallow seismicity in the subduction zone of Ecuador (RENSIG and Font et al., catalogs). a. Histogram of events registered in the region of La Plata Island highlighting the three seismic swarms (RENSIG catalog). b. Zoom on the magnitude occurrence during the swarms of 1998, 2002 and 2005 (RENSIG catalog) c. Map comparing RENSIG catalog locations with relocations of Font et al. (2013) using a 3D velocity model and the MAXI technique. Focal mechanisms are from GCMT(Vallée et al., 2013).

Figure 3 .

 3 Figure 3.4.3-2 GPS E-W measurement campaigns at the site MS01. GPS E-W time series for the site MS01 (~Puerto López, PL in Figure 3.2-1). Blue dots are the campaign measures (~2003, 2011.8 and 2014.7). Red line represents the tendency of the time series extrapolated between the two last campaigns in 2011.8 and 2014.7; violet line shows the 2005 seismic swarm[START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF].

Figure

  Figure 3.4.3-3 2005 Slow slip event modeling. Left: Elastic dislocation model for the slow slip in 2005. Yellow/red arrows are observed/modeled displacement. Violet rectangle is the fixed dislocation zone. Seismicity is from Font et al. (2013) and focal mechanisms are from the Global Moment Tensor Catalog. Right: Slip model[START_REF] Jarrín | Modelamiento de datos GPS aplicado al estudio de la subducción de Ecuador[END_REF].

Figure 3

 3 Figure 3.4.3-4 Continuous GPS Time series for the 2010 slow slip event.

Figure

  Figure 3.4.3-5 Accompanying seismicity for the slow slip event of 2010.

Figure 6

 6 Figure 3.4.3-6 Slip modeling for the 2010 slow slip event. Extreme resulting models indicating the isovalues of slip. a) Characteristic slip radius of 13 km and a maximum slip of ~100 mm. b) Characteristic slip radius of 6 km and maximum slip of ~400 mm. Thick yellow/black arrows are horizontal and vertical observed/modeled displacements respectively.

Figure 3

 3 Figure 3.4.3-7 Slip modeling for the 2010 slow slip and slip deficit. Model of the slow-slip event of August 2010 below La Plata Island. Vertical and horizontal motions during the SSE are respectively the black and red thick arrows; synthetics are the thin arrows. Slow slip distribution is represented by red contours, each 5-mm. Seismicity (yellow dots) is from Vallée et al. (2013). The inset shows a comparison of the along-strike variations of the annual interseismic moment deficit (green) and SSE geodetic moment (purple) (from Chlieh et al., 2014).

  Figure 4.1.2-1).
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 4121 Figure 4.1.2-1 Normalized cumulative number of events in the shallow subduction zone of Ecuador.
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 4122 Figure 4.1.2-2 Local instrumental seismicity from 1993 to present (RENSIG Catalog). Events are colored by depth and the seismic swarms defining the asperities were defined before the 1998, 7.2 Mw Bahía Earthquake. A) Period: 1993 to July 1998. B) Period: August 1998 to June 2016 showing the two major earthquakes in the subduction zone.

  Figure 4.1.3-1 to mid-2011, the magnitude of completeness Mc is 4.1. After, Mc is 3.1. This change may respond to two factors: the change in the manner to calculate the local magnitude (implementation of a new acquisition system) and to the densification of the local network.

Figure 4. 1

 1 Figure 4.1.3-1 Seismicity vs. Time in the Manta-Puerto Lopez sector seen by the local permanent network (RENSIG Catalog).
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 4141 Figure 4.1.4-1 Seismicity seen by the worldwide network. ISZ seismicity between young Nazca Plate (delimited by the Grijalva Fracture zone) and the continental margin (North Andean Sliver) seen by the worldwide network. Source: USGS.
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 4142 Figure 4.1.4-2 Focal mechanisms of the ISZ zone.
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 421 Figure 4.2-1 Map with the OSISEC-Project stations and identified events in each station. 4 additional stations of the permanent network RENSIG initially were used for the analysis of the seismicity. Histograms of the number of events/day identified in each one of the stations during the period considered in the present work are included. OBS stations OBXY were deployed in three (four) different legs at the same locations each time (Y code).
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 422 Figure 4.2-2 Data availability.
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 4311 Figure 4.3.1-1 Clock derive for RENSIG-ADN stations Example of clock derive in seconds for FLFR station, beginning the 31 May 2011 (day 150) and going to 30 June 2012 (day 550).
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 4312 Figure 4.3.1-2 Clock derive for OBS. Clock derive observed during the Leg I and corrections applied assuming a constant derive of the clock after the time control. Red square represents the time control achieved with data of the Atacames Campaign.

Figure 4

 4 Figure 4.3.2-1 a) Number of triggers in the vertical component for ISPT station (period: January 2013) for a band pass filter 1-10 and for different signal to noise ratio of 3, 4 and 5 times.

Figure 4

 4 Figure 4.3.2-1 b) Same as (a), except: Band pass between 3-10 Hz.

Figure 4

 4 Figure 4.3.2-1 c) Same as (a), except: Band pass between 5-10 Hz.
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 4321 Figure 4.3.2-1 Number of triggers according to the f and r used.

Figure

  Figure 4.3.3-1 DEPNET Program © Régnier.

Figure 1

 1 Figure 4.3.4.2-1 Space search of the best solution in the location of an earthquake. Schematic view of search points (black points) from an initial trial location (black star). Here are represented only the geographic component of the solution. The search also is performed in time (-t/+t).

Figure 4

 4 Figure 4.3.4.3-1 Preliminary locations.

Figure 1

 1 Figure 4.3.4.5-1 Comparison of earthquake's location errors using different distribution of perturbed arrival times.

Figure 2

 2 Figure 4.3.4.5-2 Comparison of number of events before and after the quality selection.

Figure

  Figure 4.3.4.5-3 Distribution of earthquakes according to their quality location.Maps with locations of quality A, B, C, D and E events. E stands for rejected events after evaluation of the errors in their hypocentral parameters. Note the different scale for z-error for quality E events.

Figure

  Figure 4.3.4.5-4 Quality E events.

  Figure 4.3.5.1), where magnitude (center scale) is determined from the intersection of tracing a line between the amplitude measured in mm in a Wood Anderson seismograph (right scale) and the epicentral distance in Km determined from S-P time measured in the seismograph (left scale).

Figure

  Figure 4.3.5.1-1 Principle of the magnitude concept. Schematic chart to show the Richter concept of magnitude determination. Relation based on California earthquakes and registered in a Wood Anderson seismograph. http://pixgood.com/richter-scalegraph.html

Figure

  Figure 4.3.5.2-1 Characteristics of common events form the magnitude determination. (a) Epicentral difference for the 136 common events between IG-EPN and OSISEC. (b) Subset of 44 events with smallest differences in epicentral location (<20 km). (c) IG magnitude of these 44 selected events.

Figure

  Figure 4.3.5.2-2 Amplitude vs mag. of selected events for magnitude determination.

Figure

  Figure 4.3.5.2-3 Individual magnitude determination for the common events.

Figure

  Figure 4.3.5.2-4 Results of magnitude determination for the common events. Left: Magnitude determination for 41 common events, showing the intervals of confidence with 1 standard deviation. Right: IG-OSISEC magnitude comparison; line represents relation 1:1 between both magnitudes.

Figure

  Figure 4.3.5.2-5: Distribution of magnitudes for the initial and final catalogs.Final catalog has A, B, C, D quality events. Bin-width=0.1.

  Gutenberg-Richter law (G-R law) or frequency-magnitude relation (FMR) stated by these authors in 1944 is a fundamental statistical description of seismicity. According to the observations made by them, all earthquakes with magnitudes M higher than Mc follow a linear relation: 𝑙𝑜𝑔10𝑁(𝑀) = 𝑎 -𝑏𝑀(15) Or its equivalent: ln 𝑁(𝑀) = ln(𝑛) -𝛽(𝑀 -𝑀𝑐)(16)

Figure

  Figure 4.3.5.3-1 Frequency-magnitude relationship.

Figure 1 .

 1 Figure 1. Geodynamic framework of Ecuador.

Figure 2 .

 2 Figure 2. Preliminary locations, velocity model used and depth distribution. (A) Preliminary locations ~3900 events (located east of the trench); the color code indicates the number of stations used for location. (B) 1D velocity model used. (C) Depth distribution of hypocenters. Marine forearc and Coastal Range colored regions are defined to analyze patterns in the travel time residuals at each station, some examples in (D). Mean and standard deviations are for the data inside the time window of -1 to 1 s, while the numbers in depicts the number observations.

Figure 3 .

 3 Figure 3. Search of velocity models, initial and final depth and rms distributions for the events in the two domains.Search of 1D gradient velocity models for the two defined regions or domains: (a) marine forearc and (b) costal range. (A) Initial depth and RMS distribution of seismic events in both domains. (B) Results of prospection of best gradient velocity models (for the crust) in the two domains for land stations. (C) Final1D gradient velocity models for all stations in the two domains. See text for discussion. (D) Depth and RMS distribution after using the final 1D gradient velocity models in the two domains.

Figure 4 .

 4 Figure 4. Final catalog with earthquake location quality and focal mechanisms.Final catalog of ~2700 seismic events with quality A, B, C and D including focal mechanisms of quality A, B and C (see text and Annex (Figure A1)) for parameters defining quality). Focal mechanisms are grouped for easy location; those inside the map frame have quality A, B and C in location whilethose outside the frame have D quality. Focal mechanism of the17th Nov 2011, 6.0 Mw is included [GCMT project].

Figure 6 .

 6 Figure 6. Cross-sections used to determine the top of the slab. Selected cross-sections used to define the slab geometry: incertitude ranges are +/-2.5 km. Location map and section widths are shown and on Figure 5. Seismicity is divided in two periods: 1. Before January 2013 SSE and 2. During this event which was accompanied by an intense activity in the marine forearc. Focal mechanisms are shown and used to define slab position (particularly, those in black are used to

Figure 7 .

 7 Figure 7. Seismic segmentation, seismic coupling and geologic frame in the study region. Observed seismic segmentation in the central subduction zone and its relation with the seismic coupling and upper plate geology.

Figure 8 .

 8 Figure 8. Comparison between theoretical and observed arrival times for two clustered events in the offshore region.

Figure 9 .

 9 Figure 9. Model explaining the observed seismicity. Schematic diagram of crustal faults in the downgoing plate. Activated faults in the offshore region are in the vicinity of the region of the SSE in the interface.
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 611 Figure 6.1-1 Normalized cumulative number of events in the marine forearc and in the Coastal Range.The seismicity rate in the marine forearc exhibits two main jumps in the curve: the first at the end of June 2012 (green ellipse) and the second in mid-January 2013 (blue ellipse).
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 612 Figure 6.1-2 Seismic activity in the marine forearc during the 20-month period analyzed.
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 613 Figure 6.1-3 Seismicity in the marine forearc.

Figure 6 .

 6 Figure 6.1-4 ISPT GPS time series from January 2012 to December 2013. Time axis is in decimal years showing trimestral divisions. First offshore burst (green arrow): end of June 2012; second offshore burst (blue arrow): in mid-January 2013.

Figure 6 . 1 -

 61 Figure 6.1-5 ISPT and SLGO GPS time series. Up: ISPT and SLGO GPS (see location of GPS stations in Figure 6.2-1) time series from June 2012 (2012.5) to April 2013 (2013.3). Down: Same GPS time series after removing tectonic trend related to the relative convergence between the Nazca Plate and the North Andean sliver (Nocquet, personal communication). Red arrows show the onset of the slow slip episode. The pink region shows the intense seismic phase of the slow slip episode (seismic swarm). With red-dashed lines we represent the trend of the NS time series in both stations during the first phase of the slow slip episode.
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 621 Figure 6.2-1 GPS stations analyzed and used for the kinematic model of the slow slip.
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 623 Figure 6.2-3 Cumulative slip in the two stages of the slow slip event of 2012-2013. Left: Spatial extension and cumulative slip of the first patch between Nov. 25 th 2012 and Jan. 15 th 2013. Right: The same as in the left, from Jan. 15 th to Jan. 30 th 2013. The second patch begins to develop in Jan. 16 th .
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 631 Figure 6.3-1 Modeled cumulative slip and the accompanying seismicity.

Figure 6 .

 6 Figure 6.3-2 Magnitude, cumulative number of events and cumulative seismic moment during the intense phase of the seismicityMagnitude (blue diamonds), histogram of the number of events and the cumulative seismic moment distribution between January 16 th and January 22 nd . Equivalent Mw is determined from the resulting cumulative Mo.

Figure 6 .

 6 Figure 6.3-3 Daily seismicity and GPS daily averaged observations.

Figure 6 .

 6 Figure 6.3-4 Snapshots of daily seismicity, modeled slip, GPS vectors (observed and modeled) and GPStime series between January 15 and 22.

Figure 6 .

 6 Figure 6.3.1-1 Time and spatial distribution of the seismicity. Left: Spatio-temporal distribution of the events relative to the first event in the sequence and projected along a line with a N40° direction. Right: Map showing the clusters and the N40° projection line.
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 6321 Figure 6.3.2-1 Seismicity from the end of November 2012 to April 30th 2013. Red: First phase of the slow slip: 2012-11-25 to 2013-01-15; Green: Second phase of the slow slip and seismic swarm 2013-01-16 to 2013-01-31 (end of present observations); Blue: Next 3 months 2013-02-01 to 2013-04-30 (Courtesy of D. Fuentes; Fuentes, 2015).
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 6322 Figure 6.3.2-2 Daily number of events from the end of November 2012 to April 30 th 2013.

Figure 6 .

 6 Figure 6.3.3-1B Occurrence and number of events in each identified family. ID family is time ordered. Families 8 and 11 are not included (see text).

Figure 6 .

 6 Figure 6.3.3-1C Waveforms of the families with the largest number of members (>=3).ID families are shown with the encircled numbers. Earliest events are at the bottom of each family. Date (yyyy mm dd min), depth, mag and cross-correlation factor with respect to the pattern event are shown for each event.

Figure 6

 6 Figure 6.3.3-1C continued.

Figure 6 .

 6 Figure 6.3.3-2 Magnitude range of the events in each family

Figure 6 .

 6 Figure 6.3.4-1 Up: Seismicity and mode of faulting during de slow slip.
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 641 Figure 6.4-1 Map and normalized cumulative number of events in the Coastal Range.

Figure 6 .

 6 Figure 6.4-2 Seismicity in the Coastal Range region (green ellipse) during the two episodes of slow slip.Periods:1. November 25, 2012 and January 14, 2013. 2. January 15 and January 31, 2013. 

Figure 6 .

 6 Figure 6.4-3 Map view of the extension of clusters beneath the Coastal Range. Possible control ofNazca Plate structures?

Figure 6 .

 6 Figure 6.4-4 Diagrams showing tentative scenarios to explain the change in the seismicity rate beneath the Coastal Range based on slab stresses.

Figure 6 .

 6 Figure 6.5-1A Locations and occurrence of identified families during the observation period.

Figure 6 .

 6 Figure 6.5-1B Waveforms of the families of events occurring mainly out of the January 2013 slow slip. ID families are shown with the encircled numbers. Earliest events are at the bottom of each family and they are considered the pattern event from which the cross-correlation factor is calculated. All events included in each family have a correlation factor > 0.80. The time window for the correlation is ~10 s. Date (yyyy. mm.dd-hh.min.sec) is shown for each event.

Figure 6 .

 6 Figure 6.5-1B Waveforms of the families of events occurring mainly out of the January 2013 slow slip (continued)
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 661 Figure 6.6-1 Interface fault response to specific stress perturbation.

Figure 6 . 6 - 2 6

 6626 Figure 6.6-2 Accumulated Coulomb stress after each of the transient slips in the Figure 6.3.5-1 (Liu and Rice, 2007).
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 663 Figure 6.6-3 Daily number of events and modeled aseismic moment release (colors are as in Figure 6.6-1).
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 664 Figure 6.6-4 Daily seismicity and maximum modeled amount of slip in the two patches.
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 665 Figure 6.6-5 Schema of slip patches in map view and in section view. Left: Schema showing the location of the two patches that experienced slip during the slow slip event of 2012-2013. Right: Section view of this schema showing the location of the clusters 1 and 2.

Figure 6 . 6 - 6

 666 Figure 6.6-6 Schematic diagrams showing the daily displacement and the distribution of the seismicity. The daily maximum modeled displacement (fixed rake parallel to the relative convergence; Nocquet, personal communication) is shown on each patch along with the relative position of the seismic clusters. Colors of the clusters are the same as in Figure 6.3.1-1; the size of the symbols represents the size of the clusters (number of events).
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 667 Figure 6.6-7 Schematic diagrams in map and section views to show the onset of the seismicity in cluster 2.

Figure 7 . 1 - 1

 711 Figure 7.1-1 Comparison in map view between the seismicity and the rates of tectonic deformation in the continental shelf.

Figure 7 . 1 - 2

 712 Figure 7.1-2 Cross-section SIS-4 with the seismicity and the location of the subducted seamount.
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 4 

1.4-1 Main characteristics of the seismic crisis observed along the Ecuadorian ISZ. Numbers are in accord with the Figure 4.1.4-1. *Correspond to the time identified by

Table 4

 4 

	Network	Sensor	Band-pass	Digitizer	Sampling
					rate
	BB-OSISEC	Nanometrics Trillium Compact	120s -50 Hz	Reftek-130, 24 bits	100
	OBS-OSISEC	Guralp CMG-40T & 1 High Tech Inc. wideband hydrophone		OBS Hippocampe (UMR Géoazur) 24 bits	100
	RENSIG (ADN)	CMG-3ESPC Model: CMG-C3E-0008	120s-50Hz Hz) Standard (60s -50	OSIRIS-Kephren: 24 bits	125

.2-1 and Figure 4.2-1.

Table 4 . 2

 42 

-1 Technical characteristics and sampling configuration for the three kinds of instruments used in the present work.

Table 4

 4 

	.3.1-1)

Table 4

 4 

.3.1-2 Time clock control when available for the OBS; otherwise, no clock derive is assumed.

  Summarizing results of Figure4.2.5.2-3, the resulting equations are:

	𝑚 𝐴𝐵𝐿𝐴𝑗 = 0.74496 * 𝑙𝑜𝑔𝐴 𝐴𝐵𝐿𝐴𝑗 + 0.0091172 * 𝑙𝑜𝑔∆ 𝐴𝐵𝐿𝐴𝑗 + 0.90972(8)
	𝑚 𝐴𝑁𝑈𝑉𝑗 = 0.73984 * 𝑙𝑜𝑔𝐴 𝐴𝑁𝑈𝑉𝑗 -0.59341 * 𝑙𝑜𝑔∆ 𝐴𝑁𝑈𝑉𝑗 -0.40075(9)
	𝑚 𝐹𝐴𝐸𝑀𝑗 = 0.71635 * 𝑙𝑜𝑔𝐴 𝐹𝐴𝐸𝑀𝑗 + 0.45159 * 𝑙𝑜𝑔∆ 𝐹𝐴𝐸𝑀𝑗 + 0.16893(10)
	𝑚 𝐼𝑆𝑃𝑇𝑗 = 0.90515 * 𝑙𝑜𝑔𝐴 𝐼𝑆𝑃𝑇𝑗 -0.078547 * 𝑙𝑜𝑔∆ 𝐼𝑆𝑃𝑇𝑗 -0.48487(11)
	𝑚 𝑂𝐽𝑂𝐴𝑗 = 0.81403 * 𝑙𝑜𝑔𝐴 𝑂𝐽𝑂𝐴𝑗 + 0.20833 * 𝑙𝑜𝑔∆ 𝑂𝐽𝑂𝐴𝑗 + 0.18753(12)
	𝑚 𝑃𝐴𝐶𝑂𝑗 = 1.04740 * 𝑙𝑜𝑔𝐴 𝑃𝐴𝐶𝑂𝑗 + 0.45656 * 𝑙𝑜𝑔∆ 𝑃𝐴𝐶𝑂𝑗 -1.6418(13)
	𝑚 𝑈𝑁𝑃𝐴𝑗 = 1.00905 * 𝑙𝑜𝑔𝐴 𝑈𝑁𝑃𝐴𝑗 + 0.47488 * 𝑙𝑜𝑔∆

𝑈𝑁𝑃𝐴𝑗 -1.3028(14) 

With j: seismic event

  1,2 , Yvonne Font 2 , Marc Régnier 2 , Philippe Charvis 2 , Paul Jarrín 1 , Yann Hello 2 , Mario Ruiz 2 , Audrey Galve 2 , Andres Pazmiño 2 1 Instituto Geofísico, Escuela Politécnica Nacional, Quito, Ecuador.

2 Université Côte d'Azur, IRD, CNRS, OCA, Géoazur, Valbonne-Sophia Antipolis, France.

Table 1 .

 1 Quality criteria for the earthquakes in the final catalog. ex is the uncertainty in the E-W direction, ey in the N-S direction and ez in depth. Number of events and stations in each group are presented.

		Errors:	Gap	Dmin	RMS	Number	P-phases	S-Phases
		ex, ey,	(°)	(km)	(s)	of		
		ez (km)				events*		
	A	<0.7	<150 <25	<0.3 131	6.1 +/-1.6	2.9 +/-1.2
	B	<1.5	<210 <45	<0.35 437	6.0 +/-2.0	2.7 +/-1.3
	C	<2.5	<270 <65	<0.42 934	6.3 +/-2.0	3.0 +/-1.4
	D	2.5 -3.0 >270 >65	>0.42 937	5.8 +/-1.9	2.5 +/-1.4
	E	>3.0	All	all	all	1468	4.6 +/-2.1	1.9 +/-1.3
	*Initial number of events 3913					

Figure 1A. Quality criteria for focal mechanisms. Numbers correspond to Table 2A.

  

	STATION	Thickness MARINE FOREARC EVENTS Vi -(Vf) Vp/Vs	Thickness COASTAL RANGE EVENTS Vi -(Vf) Vp/Vs
		ISPT		2 24	5.5 -5.5 6.6 -7.56	1.73 1.78	2 24	5.5 -5.5 6.6 -7.08	1.73 1.8
						8.1	1.73		8.1	1.73
		FAEM	UNPA		3 23 	3.5 -3.5 6.6 -7.52 8.1	1.73 1.78 1.73	3 23 	3.5 -3.5 6.6 -7.06 8.1	1.73 1.8 1.73
	OJOA	PACO	UNPA	ANUV	2 24 	3.5 -3.5 6.6 -7.56 8.1	1.73 1.78 1.73	2 24 	3.5 -3.5 6.6 -7.08 8.1	1.73 1.8 1.73
					1	1.76 -1.76	1.73	1	1.73 -1.73	1.73
		OB1		2.3 16.7	3.26 -3.26 5.5 -7.8	1.73 1.78	2.6 16.4	3.76 -3.76 5.5 -7.8	1.73 1.78
						8.1	1.73		8.1	1.73
					2	1.76 -1.76	1.73	2	1.8 -1.8	1.73
		OB2		2 16	3.33 -3.33 5.5 -7.8	1.73 1.78	2 16	3.33 -3.33 5.5 -7.8	1.73 1.78
						8.1	1.73		8.1	1.73
					2	2.76 -2.76	1.73	2	2.76 -2.76	1.73
		OB3		2 16	4.36 -4.36 5.5 -7.8	1.73 1.78	1.6 16.4	4.33 -4.33 5.5 -7.8	1.73 1.78
						8.1	1.73		8.1	1.73
					2	1.85 -1.85	1.73	2	1.85 -1.85	1.73
		OB4		2 16	4.15 -4.15 5.5 -7.8	1.73 1.78	2 16	4.25 -4.25 5.5 -7.8	1.73 1.78
						8.1	1.73		8.1	1.73
					2.5	1.7 -1.7	1.73	2	1.73 -1.73	1.73
		OB5		1.5 16	2.5 -2.5 5.5 -7.8	1.73 1.78	2 16	3.0 -3.0 5.5 -7.8	1.73 1.78
						8.1	1.73		8.1	1.73

Table 2A .

 2A Parameters of focal mechanisms used in this study.

Figure 6.5-1B Waveforms of the families of events occurring mainly out of the January 2013 slow slip (continued).
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A B Figure 3.3.1-2 Distribution of the ISC in Ecuador.

A. Zoom on the Ecuadorian region after Nocquet et al. (2014). I= La Plata Island; S=Salinas; PL= Puerto López; M=Manta; B= Bahía, J= Jama; P= Pedernales; G: Punta Galera; E= Esmeraldas. Black line frame show our zone of interest. B. Model of Chlieh et al. (2014). Red/yellow patches indicate highly locked asperities and white/blue patches of creeping regions of the megathrust interface. Black/red arrows represent interseismic GPS data/synthetic data. Red dotted lines are 10-km iso-depth contours of the slab interface (Font et al., 2013). Black dashed lines: rupture area of the great 1906 earthquakes. CRT= Carnegie Ridge Track. JFZ= Strike-slip Jama-Fault Zone.

Large to great earthquakes in Ecuador

High interseismic coupling in northern Ecuador correlates with rupture areas of the large to great earthquakes. From historical records, a great earthquake struck the north of Ecuador and the south of Colombia with a magnitude 8.8 Mw in 1906. It ruptured ~500 km of the thrust fault generating a large tsunami (Kelleher, 1972;Kanamori and McNally, 1982).

Later, 3 large earthquakes failed sequentially from south to the north beginning at the southern portion of the rupture area of the 1906 earthquake (Figure 3.3.2-1). Those 3 earthquakes occurred in 1942, 1958 and 1979 with moment magnitudes (Mw) of 7.9, 7.7 and 8.2 respectively (Kanamori and McNally, 1982;Mendoza and Dewey, 1984; All data available were then used to perform the inversion of the kinematic model of the SSE.

The subduction interface geometry is modified from [START_REF] Hayes | Slab1.0: A three-dimensional model of global subduction zone geometries[END_REF] and discretized through 65 quasi-equilateral subfaults.

The green's function relating the components of the displacements at each GPS sites to the unit slip on each individual subfault are calculated in a semi-infinite homogeneous elastic half-space. The angle of displacement is fixed and is similar to the regional relative convergence direction (N81°; Nocquet et al., 2014). The inversion methodology uses least-squares with non-negativity constraints on slip with regularization through a model covariance matrix [START_REF] Tarantola | Inverse Problem Theory[END_REF]Nocquet et al., 2014). Results presented of the families and their size are presented in Figure 6.3.3-1B, while the waveforms of the families with 3 or more elements are shown in Figure 6.3.3-1C. Averages  are calculated with the number of observations inside the interval [-1,1] sec. In parentheses is the total number of observations. Initial locations are achieved with 1D velocity model.

Final locations are achieved with specific 1D velocity gradient models for each station or group of stations