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Abstract

Abstract

The Ecuador-Colombian subduction zone has hosted a series of large subduction
earthquakes over the course of the 20th century. This earthquake sequence started in 1906 with
a Mw 8.4-8.8 earthquake, which ruptured a 200-500 km long segment of the megathrust. It was
followed by three large earthquakes that broke, from south to north, portions already contained
in the 1906 rupture. These earthquakes occurred in 1942 (Mw=7.8), 1958 (Mw=7.6) and 1979
(Mw=8.2), respectively. In 2016, the Pedernales earthquake re-ruptured the 1942 coseismic
region, possibly starting a new cascade of large events.

The Pedernales earthquake and its aftershocks, recorded thanks to the international
deployment of seismic stations in the months following the mainshock, provide an opportunity
to better understand the seismotectonic processes that occur in the region. This thesis will focus
primarily on the interactions between seismicity and aseismic slip, and on the influence of the
structure of the megathrust on the seismic activity.

For this purpose, a catalogue of repeating earthquakes was created by correlating the
existing aftershock catalogue. The families of repeating earthquakes were then completed using
template-matching to find missing events. Repeating earthquakes were then relocated in a 1D
model, first using manual picks and then using differential times from correlations. Finally,
source properties were determined for a portion of the aftershock catalogue.

Repeating earthquakes in Ecuador occur primarily within larger aftershock clusters situated
at the edge of the main afterslip regions. Additionally, the slip associated with individual
repeating earthquake families seems to have an indirect link to the slip modelled using GPS
data. Indeed, family slip appears heterogeneous, suggesting perhaps a more complex link
between afterslip and repeating earthquakes, and likely reflecting the complexity of the
megathrust structure.

Additionally, the study of source properties of Pedernales aftershocks reveals a
segmentation of the subduction zone with distance to the trench. Stress drops near the trench
are low, and decrease with time during the postseismic period, as observed within families of
repeating earthquakes. This is probably due to a variation in pore fluid pressure, which is likely
very high near the trench, and which plays a crucial role in seismogenesis in the region.

Keywords: Seismology; Repeating earthquakes; Postseismic processes; Afterslip;
Subduction; South America



Abstract




Résumé

Résume

La zone de subduction qui s’étend du nord de I’Equateur au sud de la Colombie a subi une
séquence de grands séismes au cours du XXe siécle. Cette séquence débute en 1906 avec un
séisme de magnitude 8.4-8.8, qui rompt une portion du chevauchement d’interplaque d’environ
200-500 km de long. S’ensuit ensuite trois grand sé¢ismes de magnitudes 7.6 a 8.2, qui rompent
a nouveau cette zone du sud au nord en 1942, 1958 et 1979. Cette sequence est a nouveau
amorcée en 2016 lorsque le séisme de Pedernales casse la zone de rupture du séisme de 1942,
marquant ainsi peut-étre le début d’une nouvelle cascade sismique.

Le séisme de Pedernales et ses répliques, enregistrées grace au déploiement de stations
sismiques dans les mois suivant le séisme, permettent de mieux comprendre la zone. Cette thése
s’intéresse tout particulierement aux interactions entre sismicité et glissement asismique dans

la région, ainsi qu’au lien entre la sismicité et la structure de la zone de subduction.

Pour ce faire, un catalogue de séismes répétitifs est élaboré par corrélation a partir du
catalogue de répliques existant. Les données sont également scannées par template-matching
afin de compléter les familles de séismes répétitifs. Ceux-ci sont ensuite relocalisés dans un
modele de vitesse 1D grace a des pointés manuels et a des temps relatifs d’arrivée. Enfin, nous

déterminons les propriétés de sources d’une partie des répliques de Pedernales.

Les séismes répétitifs en Equateur ont lieu principalement au sein de clusters de sismicité,
en marge des zones de glissement post-sismique. Par ailleurs, le glissement associé aux familles
individuelles de séismes répétés ne semble pas avoir de lien direct avec le glissement modélisé
a I’aide de données GNSS. Il semble au contraire étre bien plus hétérogeéne, laissant penser a
un lien plus complexe entre glissement asismique et séismes répétitifs, et reflétant probablement
une géométrie complexe de la zone de subduction.

Par ailleurs, 1’étude des propriétés de sources des répliques de Pedernales met en évidence
une segmentation de la zone de subduction basée sur la distance a la fosse. Les chutes de
contrainte des séismes prés de la fosse sont basses, et diminuent au cours du temps durant la
période postsismique, comme le montre 1’étude des séismes répétitifs. Cela est probablement
dd a une variation de pression des fluides, qui sont trés abondants au niveau de la fosse, et qui
jouent un role crucial dans le comportement sismogéne de la zone.

Mots clés: Sismologie ; Séismes répetés ; Processus postsismiques; Afterslip;
Subduction ; Amérique du Sud
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“The beginning of a story is a sudden event;
The start, a happy accident,
The end, the fate for which it's meant.

A story that never ends is a sad fate”

From: Princess Tutu

“If it cannot hatch from its shell, the chick will die without ever truly being born. We are
the chick; the world is our egg. If we don't break the world's shell, we will die without truly

being born.”

From: Revolutionary Girl Utena
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Introduction

Introduction

Earthquakes in subduction zones can be some of the most destructive events on Earth. Not
only are the seismic waves they generate potentially devastating, but they can additionally
trigger fires, landslides and tsunamis, greatly impacting populations living on the coast. Over
the last 20 years, two great subduction earthquakes have had a particularly large impact: The
Mw 9.1 Sumatra-Andaman earthquake in 2004 and the Mw 9.0 Tohoku-Oki earthquake in
2011. Combined, they have caused the deaths of several hundreds of thousands of people and
the displacement of many others, along with widespread damage and economic devastation.
Yet they have also undeniably improved our understanding of these phenomena, from the
nucleation and rupture process to the postseismic period, all the while revealing our blind spots
(Avouac, 2011; Kanamori, 2006). Thus large subduction earthquakes can also be an opportunity
to learn more about them, and to better prepare ourselves to withstand future catastrophes.

This was also the case with the Pedernales earthquake, a Mw 7.8 subduction earthquake
that occurred on the 16th of April 2016 off the coast of Ecuador. The earthquake killed 670
people, injured at least 7000 more, and caused about 30000 people to lose housing. It also
triggered several thousands of aftershocks, including two Mw 6.7 and Mw 6.9 earthquake,
which caused further damage.

Notably, this earthquake is the latest in a sequence of large earthquakes that have occurred
offshore Colombia and Ecuador over the past century. This sequence started in 1906 with a Mw
8.4-8.8 earthquake rupturing a 200-500 km long segment of the megathrust (Kanamori and
McNally, 1982; Kelleher, 1972). Three other Mw 7.6-8.2 earthquakes occurred in a south-to-
north cascade 1942, 1958 and 1979, each rupturing a portion of the 1906 coseismic region. The
2016 Pedernales earthquake seemingly ruptured the same area as the 1942 earthquake, possibly
starting a new cascade and thus a time of increased seismic hazard in the north of Ecuador and
south of Colombia (Nocquet et al., 2017). To better face this challenge, it is necessary to learn
about the Ecuadorian subduction zone and the factors controlling seismicity in the region.

The Pedernales aftershock sequence offers valuable insight into the friction and structure
at the plate interface. While the mainshock and early aftershocks were recorded only by the
local seismic network (Alvarado et al., 2018), international efforts in collaboration with the
Instituto Geofisico at the Escuela Politécnica Nacional led to the temporary deployment of 65
seismometers, which significantly improved the detection of aftershocks (Meltzer et al., 2019).
Meanwhile, the GNSS network in place allowed for the detection and modelling of slow
postseismic deformation, particularly in three regions near the trench (Rolandone et al., 2018).
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This improved our understanding of the driving mechanisms for aftershocks, as well as the
structure of the subduction zone (Agurto-Detzel et al., 2019).

This thesis will concern itself more specifically with the interplay between seismic and
aseismic slip in Ecuador, and the way this relates to the structure of the megathrust. In the
following chapter, | will provide some background regarding subduction zones, seismic and
aseismic slip, and repeating earthquakes. | will then summarize our knowledge of the
Ecuadorian subduction zone and its seismicity. This will be followed by a chapter in which |
will describe the work | did during my thesis, that is to say the elaboration of a catalogue of
repeating seismicity for the years 2015 to 2017 and the calculation of source properties for a
number of Pedernales aftershocks. The results from these two points will be presented
separately in the next two chapters. Finally, 1 will discuss outstanding points and offer
perspectives for future work.
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Chapter 1: Structure and slip
in subduction zones

Before diving into my work, it is first important to establish a baseline understanding of
important seismological and tectonic concepts that will be discussed in the rest of this work.
Thus this first chapter will give a brief overview of processes occurring at subduction zones, in
order to understand the large-scale tectonic context of the work. | will then introduce major
concepts relating to friction on a fault, before bringing these two threads together to discuss
seismic and aseismic slip in subduction zones. Finally, | will focus specifically on repeating
earthquakes, as they represent a specific kind of seismicity that interacts with aseismic slip, and
they are the main tools used in this work.

1.1 Subduction zone architecture

Subduction zones are regions on earth where two lithospheric plates converge, leading the
denser one, called the slab, to sink under the overriding plate, along a plane of contact called
the megathrust fault. This can induce hydrothermal circulation, intraplate deformation,
volcanism and seismicity, all of which are influenced directly by the shape and processes
occurring at the subduction zone. In this section, | will introduce the basic anatomy of a typical
subduction zone, as well as the main processes at work, particularly those that influence
seismogenesis (Figure 1). Although subduction can occur between two oceanic plates, an
oceanic plate and a continental plate, or two continental plates, | will focus on cases when an
oceanic plate is subducted under a continental one, as this is the configuration in South America.

After its creation at a mid-ocean ridge, the oceanic lithosphere gradually thickens as its
temperature decreases. This is accompanied by hydrothermal circulation, both at the mid-ocean
ridge and off the ridge axis, which contributes to the geochemical alteration and hydration of
the oceanic crust (Stein and Stein, 1994). Gradually, sediments, first from the marine
environment and then eventually from the continent, are deposited on the plate, reducing the
interaction between the crust and seawater. As the plate nears the subduction zone, it is forced
to bend to enter subduction. Because the plate behaves elastically on a large scale, this leads to
a bulge about 50-100 km away from the trench. This bulge, or outer trench high, causes
extensional faulting to occur at the top of the lithosphere, potentially reaching the mantle, which
promotes fluid circulation deep within the plate (Grevemeyer et al., 2018; Ranero et al., 2003).
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This circulation plays a critical role in the seismic and volcanic activity of the subduction zone,
as fluids are dragged into the subduction itself.

Near trench

hydration Fore arc volatile
i arge

Figure 1 : Schematic cross section of a subduction zone and its water cycle by Riipke et al. (2004). Numbers represent the
main stages of water release within a subduction. I: shallow (< 20 km) fluid release from the subduction of sediments. Il:
Intermediate-depth (20-100 km) fluid release from the sediments and oceanic crust, which may lead to cold upwelling along
the subduction channel. Ill: Deep (> 100 km) fluid release from the oceanic crust and serpentinized oceanic lithosphere,

triggering melting in the overlying mantle. Black dashed lines are schematic temperature contours.

The plate often enter subduction along with some of its sediments. The meters to kilometers
thick layer separating the slab from the upper plate is known as the subduction channel, and
contains sheared, often fluid-saturated sediments mixed with fragments of oceanic crust, and
sometimes of the overlying plate (Fagereng and Sibson, 2010). An important property of the
subduction relates to the amount and fate of the sediments entering subduction. Convergent
margins can be categorized as accretionary, intermediate or erosional margins (Figure 2).
Accretionary margins grow following the addition and imbrication along the trench of
sediments scraped off the slab by the subduction, which form an accretionary prism (Stern,
2002). Sediments can also enter the subduction channel, and possibly thicken the forearc by
underplating (Stern, 2002). At erosional margins, the upper plate itself is eroded either at the
front of the forearc by slumping of material into the trench, or at its base by tectonic forces,
leading to subsidence or normal faulting (Saffer and Tobin, 2011; Stern, 2002). Both the amount
of sediments in the subduction channel and the presence of an accretionary prism affect the
friction, and thus the seismic behavior of the subduction zone.

Once the plate enters subduction, it experiences a gradual increase in pressure and
temperature. As depth increases the slab dehydrates, first releasing water from sediments, then
from the oceanic crust, and finally from the oceanic mantle (Rupke et al., 2004), as is illustrated
in Figure 1. These fluids affect the subduction’s frictional properties and move heat around

sl
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through convection, making the trench hotter while making deeper parts of the subduction
colder. In the first few kilometers, water is released through the compaction of sediments,
particularly within the first ~3-7 km of burial as porosity decreases (Saffer and Tobin, 2011).
This can sometimes be linked to mud volcanism in the forearc region (Hensen et al., 2004).
Later, as temperature and pressure increase, the main source of fluids becomes dehydration
rather than compaction (Saffer and Tobin, 2011). Clay dehydration, particularly the transition
between smectite and illite, is the largest source of dehydration-derived fluids (Saffer and
Tobin, 2011). It also controls the updip limit of the seismogenic zone, as smectite clays promote
stable sliding while illite material promotes stick-slip behavior (Hyndman et al., 1997). While
sediments are initially the main fluid source, at 20-30 km depth, the igneous crust starts to
release fluids through dehydration and pore collapse, as hydrous basalts and gabbros start to
metamorphose to blueschist (Stern, 2002). The water released at these depths either migrates
along the plate interface or into the overlying plate (Saffer and Tobin, 2011). Then, usually at
around 100 km depth, the mineral-bound water from the mantle and the crust enters the mantle
and cause partial melting, which leads to volcanism in the overriding plate (Zheng et al., 2016).
Some water stored in serpentinized mantle may however be transferred even further into the
deeper mantle by the subduction process, as the slab sinks sometimes down to the core-mantle
boundary (Ripke et al., 2004).
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Figure 2 : Schematic drawings of an accretionary (A) and erosional (B) subduction margin, by Clift and Vannucchi (2004).
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The oceanic plate meets the overriding plate at the trench, a long bathymetric low that can
be several kilometers deeper than the abyssal plain. Although in this work | will focus primarily
on seismicity occurring at the plate interface, a broader understanding of the structure of the
subduction zone, including the upper plate, is still necessary. The overriding plate can be
separated into three main domains: the fore-arc, the volcanic arc and the back arc. The fore-arc
Is the region between the trench and the volcanic arc, and can experience deformation or seismic
activity due to the tectonic forces acting on the margin. One component of subduction that can
affect the deformation of the fore-arc is the obliquity of the subduction relative to the trench
axis. The most common result of subduction obliquity is the partial decoupling between the
trench-parallel and trench-perpendicular components of motion (Demets, 1995; Fitch, 1972).
The strain is partitioned into a compressional component, that is in large part accommodated
by seismic slip at the megathrust interface, and a shear component, that is mostly
accommodated by slip on trench-parallel strike-slip faults in the overriding plate. Such a
partitioning requires the presence of a weak zone in the overriding plate, as well as the
mechanical coupling of the two plates (Chemenda et al., 2000). When the two plates cannot slip
past each other freely, the subducting plate drags the forearc in the direction of convergence
(Chemenda et al., 2000). This trench-parallel motion can lead to the creation and lateral
displacement of a forearc sliver independent of the upper plate. These two models are illustrated
in Figure 3.
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Figure 3 : Cartoon showing the expected horizontal deformation of the forearc in an oblique subduction context by

Hoffmann-Rothe et al. (2006). A: No strain partitioning occurs as the leading edge of the overriding plate is dragged along
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its coupled portion in the direction of the subduction. B: Strain partitioning occurs as a forearc sliver moves parallel to the

trench independently from the rest of the overriding plate.

The rest of the upper plate is composed of the volcanic arc and, beyond it, the back-arc.
The volcanic arc corresponds to a topographic high, due to the erupted material and sometimes
to the formation of mountains due to compressive forces, and a crustal thickening associated to
magma underplating. Behind the volcanic arc is the back-arc region, which can experience
extension or compression, depending on the geometry of the slab, its dip angle and its possible
forward or backward migration (Heuret, 2005). Extension in the back-arc may result in rifting
and seafloor spreading, while compression will result in folding and thrusting.

| have given a general description of the subduction process, but in reality it varies between
subduction zones depending on properties of the incoming slab and the upper plate. One
important property is the slab geometry, which itself depends on the density of the incoming
plate and on the geometry of the plate boundary. As such, the slab dip is affected by the age
and thermal state of the oceanic lithosphere, and can also be flattened by the subduction of
buoyant material like ridges. The angle of the slab controls not only the position of the volcanic
arc in the overriding plate (Jarrard, 1986), but the very presence of volcanism and seismicity.
A shallow slab, otherwise known as a flat slab, can cause a decrease in seismic activity and
even an end to volcanic activity.

Having given a brief overview of the subduction process, | will now proceed to introduce
concepts related to friction and slip, which are essential to better understand what occurs at the
plate interface.

1.2 Friction and modes of slip

Faults are planes of weakness within a rock body where slip can occur. In this section, |
will explain how friction works on a fault, and introduce the various kinds of slip that can result
from it.

Our understanding of friction is guided in large part by analog experiments and modelling.
In the lab, a fault is typically modelled as a sliding block pulled by a spring of known stiffness
(Figure 4). As shear stress is gradually applied to the block, it begins to slide when the ratio of
shear stress to normal stress reaches the static friction coefficient. Then, while moving, the
sliding resistance changes to the dynamic friction coefficient. This behavior is often modelled
using the rate and state friction law, which describes both the static and dynamic friction. Static
friction is defined as the friction coefficient while the block remains unmoving (Marone, 1998).
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It increases slowly with the logarithm of the contact time, as the surface contact creeps slightly,
helping the two sides of the fault to adjust to each other and thus increasing the contact area
(Scholz, 1998). Meanwhile, dynamic friction is defined as the friction coefficient while the
block is sliding at a steady state, and is dependent on the sliding velocity (Marone, 1998).
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Figure 4 :Block-slider model and slip behavior from Scholz (1998). The top panel is a diagram of a sliding block, pulled by a
string of stiffness k. The shear and normal stresses acting on the block are expressed as T and &. The bottom panel shows a

schematic diagram of the evolution of friction as a function of the displacement of the block.

The law used to describe friction is the Dietrich-Ruina law, expressed as:

% Vo60\1 _
T = [,uo +aln<7) +bln<T)]a
0

Where 7 is the shear stress and & is the effective normal stress. V is the slip velocity while
Vo is the reference velocity, and p, is the steady state friction coefficient when V = Vo. L is the
critical slip distance, often interpreted as the sliding distance required to renew contacts, or the
friction breakdown distance, and a and b are material properties (Marone, 1998). The state
variable 6 evolves as:

do ov

dat L

This means that at a steady state when d6/dt = 0, then:
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= ,uo+(a—b)ln(VKO)]5

Since the dynamic coefficient of friction u is defined as the steady-state friction at velocity
V, then du,/din(V) = a — b. Meanwhile, the coefficient of friction ug is the starting friction
after a time t of stationary contact, and so for a long t, dus/dIn(t) = b. The significance of
these different parameters is illustrated in Figure 4.

The sliding is governed by the friction rate parameter a-b, as well as by the critical slip L
(Marone, 1998). L controls the size of the rupture nucleation, the scale over which precursory
changes in physical properties is expected, the magnitude of pre and postseismic slip and the
length scale over which dynamic stress is concentrated at the front of the propagating rupture
(Marone, 1998). Meanwhile, a-b determines the stability of the sliding. If a-b <0, the fault is
called velocity-weakening and exhibits unstable sliding, meaning that earthquakes can nucleate
in the region (Scholz, 1998). If a-b is negative but close to O, the slip will instead be
conditionally stable, and earthquakes will not be able to nucleate in the region, but may be able
to propagate inside it (Scholz, 1998). Finally, if a-b >0, the fault is velocity-strengthening and
therefore stable. Stable regions are able to stop earthquake rupture propagation, as they cannot
accumulate stress (Scholz, 1998). Whether a-b is positive or negative depends on temperature,
rock type, the presence of fault gouge, and the geometry of the fault among other parameters.

In reality, faults are complex and heterogeneous, and therefore do not have a uniform a-b.
Instead, the fault surface is divided into barriers and asperities. Asperities are defined as areas
of nearly full locking comprised of clustered rate-weakening patches where large slip occurs
during earthquakes, and on the opposite end, barriers are areas that prevent the propagation of
rupture (Avouac, 2015). Barriers are not necessarily fixed in the seismic cycle, as while they
can be regions without accumulated stress, barriers can also be regions with higher friction,
unable to break in small or medium-sized earthquakes.

Due to these variations in frictional properties, three main types of slip can occur on a fault:
stick-slip, creep and transient slow slip. The first type of slip is stick-slip, as happens during an
earthquake. This is a sudden and fast slip that releases the accumulated strain in large part as
seismic energy. The name, stick-slip, comes from the dual behavior of the fault. Between
earthquakes, movement on a fault is partially or fully blocked, leading to an accumulation of
stress. Once the strength threshold of the material is reached, the fault breaks into an earthquake.
This forms a cycle called the seismic cycle, which describes the behavior of the fault between
successive earthquakes. The seismic cycle comprises four stages. The first stage is the
interseismic period, during which the fault is loaded by tectonic forces. Then comes the
preseismic period, during which the slip accelerates until the instability results in coseismic
motion in a process known as earthquake nucleation. Often, nucleation occurs at the edge of a
velocity-weakening patch (Avouac, 2015). This leads to the coseismic period, during which
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rupture propagates. While rupture occurs primarily in velocity-weakening patches, it can
sometimes propagate briefly into stable regions between asperities, possibly leading to the
rupture of several different asperities (Avouac, 2015). The final extent of the rupture is
dependent on the stress distribution on the fault, and on the amount of energy spent propagating
through rate-strengthening areas (Avouac, 2015). Finally, after the earthquake, we enter the
postseismic period, during which the stress is relaxed through aftershocks and afterslip. Long
recurrence times tend to lead to a larger amount of energy stored during the interseismic period,
and therefore to large earthquakes

The size of an earthquake is quantified by its magnitude, which can be measured in several
ways. Local magnitude scales have been used since the early 20" century to describe an
earthquake, with the most famous being the Richter magnitude scale. This non-dimensional
scale uses the amplitude of displacement on a seismogram to describe the earthquake itself, but
has no direct physical link to the source process. To remedy this, the moment magnitude scale
was introduced, based on the seismic moment of the earthquake (Hanks and Kanamori, 1979).
Seismic moment is a physical quantity, calculated as M, = uDA with p the shear modulus of
the medium, D the mean displacement during the earthquake and A the total area of the rupture,
and measured using the low-frequency energy of the earthquake’s displacement spectrum.

From this, Hanks and Kanamori (1979) derived the moment magnitude M,, = %(loglo(Mo) —
9.1).

Earthquakes are not the only type of intermittent slip to occur on a fault. Over the last few
decades, the existence of slow slip events (SSEs) has become well-documented. Slow slip
events differ from regular earthquakes in a few important ways. The first is that they do not
themselves radiate seismic energy (i.e. seismic waves), although they can be associated with
low-frequency signals or tremor signatures (Peng and Gomberg, 2010). They can also trigger
swarms of microseismic events by activating asperities embedded within or at the edge of the
slow slip region. The second characteristic of SSEs is that, while earthquakes last seconds to
minutes, SSEs can last days to years (Peng and Gomberg, 2010). They also often have small
displacements of up to 10s of centimeters, compared to their slip area. This leads to a broad
separation between slow and fast earthquakes with regards to the relationship between the event
duration and its moment (Ide et al., 2007). This separation is illustrated in Figure 5. These
differences between earthquakes and SSEs are rooted in the different frictional properties of the
fault portions that host them. SSEs typically occur in conditionally stable areas where a-b is
close to 0, at the transition between areas that favor seismic slip and areas that favor aseismic
creep (Saffer and Wallace, 2015). That said, the reasons these regions are conditionally stable,
and the mechanisms triggering SSEs, are not all fully understood. This transitional state can be
the result of rock frictional properties which promote transient aseismic slip (Den Hartog et al.,
2012; Ikari et al., 2013) or of low effective stress linked to high fluid pressure (Saffer and
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Wallace, 2015). The latter is supported by models and observations of near-lithostatic pore fluid
pressure driving deep slow slip events (Audet et al., 2009; Liu and Rice, 2007; Shelly et al.,
2006; Song et al., 2009). In fact, some authors have proposed that SSEs are part of a cycle of
fluid circulation. In this model, pressure builds up as fluids are trapped in the slab and interface,
until the fracturing of the interface releases them, triggering slow slip. After this, the plate
boundary is sealed again by subsequent precipitation of minerals (Audet et al., 2009; Warren-
Smith et al., 2019). This is however not the only way that slow slip events can be triggered.
They can also occur as a result of earthquakes occurring nearby (Liu and Rice, 2007), as static
stress changes have been found to hasten or delay periodic SSEs (Hirose et al., 2012). Dynamic
stress changes from large earthquakes, even hundreds of kilometers away, can also trigger SSEs
(Araki et al., 2017; Wallace et al., 2017). This is likely most effective for shallow SSEs due to
surface wave amplitudes (which are the largest signal) decaying with depth, and due to the
sedimentary wedge potentially trapping and amplifying seismic energy (Wallace et al., 2017).
Finally, some authors have invoked climate- driven stress perturbations as a potential
explanation of the periodicity of some SSEs (Lowry, 2006).
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Figure 5 : Duration Vs seismic moment of different types of earthquakes and slip, by Ide et al. (2007). LFEs, VLFEs and SSEs
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The last type of slip is similar to SSEs in that it is slow and aseismic. Creep is defined as
stable aseismic slip, which, unlike the previous two types of deformation, does not involve any
accumulation of strain. It occurs in stable regions where a-b > 0, often at depth. Several
explanations have been proposed for the existence of such aseismic slip (Avouac, 2015). One
is the presence of minerals like serpentinite, talc or particular types of clay in the fault gouge,
as those are easily deformable. Another is a stable supply of fluids, especially CO, of
metamorphic or volcanic origin, as high pore pressures decrease the normal stress on a fault
and thus promote creep (Avouac, 2015). Additionally, at large depths the high temperature
prevents seismic slip at the plate interface

Seismic signals Geodetic signals

a Tremor e Slow-slip event

5 :
3 3
2 3
200 seconds : . 2[‘)0 . 400 . 6[‘)0
a
b WLF event ‘/\’\
L™ o
. 3
°
2%
. [
g S S R ST SO S T
3 200 250 300
M Days since 1/1/99
200 secends f Slow-slip event
T
|
c LFE !
|
E
5!
5| 2
5 5 =
& =) o
E g
3 ! =
o, l
- |
0 |
|
1
5/12/08 5/20/08
5 seconds Date
g Earthquake coseismic slip and afterslip
d Earthquake
—_——T
w»
=)
8 5
s
3
i,
- \
\‘--— Fm—— .
e
L 1 L 1 L
10 seconds -400 0 400

Days from mainshock

Figure 6 : Examples of seismic and geodetic signals by Peng and Gomberg (2010). A: Tremor seismic signal. B: Very Low
Frequency Earthquake seismic signal. C: Low Frequency Earthquake seismic signal. D: Regular earthquake seismic signal. E

and F: Slow Slip Event geodetic signal. G: Earthquake coseismic slip and afterslip geodetic signal.



Chapter 1: Structure and slip in subduction zones

While the three modes of slip introduced above involve different frictional properties, they
are often adjacent and frequently interact through stress transfers. One example of these
interactions is the range of seismic signals that occur concurrently with slow slip and creep
(Peng and Gomberg, 2010). SSEs are often accompanied by low-frequency earthquakes
(LFEs), which typically have source durations of under 1s, and very low-frequency earthquakes
(VLFEs), which tend to have source durations of several tens of seconds (Figure 6) (Peng and
Gomberg, 2010). Additionally, seismologists have identified non-volcanic tremors occurring
around SSE regions, which are defined as weak continuous vibrations with no clear impulsive
phase, and which themselves contain LFE and VLFE signals (Peng and Gomberg, 2010).
Because tremors and deep SSEs very frequently occur together, the joint phenomenon has been
given the name of episodic tremor and slip (ETS) (Peng and Gomberg, 2010; Rogers and
Dragbert, 2003). Both tremors and VLFEs have durations that scale with seismic moment in a
way that is similar to slow earthquakes, rather than regular events (Figure 5). Other types of
seismicity have been found to accompany both SSEs and creep. This includes repeating
earthquakes, defined as earthquakes that occur repeatedly on the same asperity. More broadly,
slow slip is often linked to increased rate of microseismicity (Hirose et al., 2012). This
seismicity can organize into clusters of earthquakes with no obvious mainshock known as
seismic swarms (Hirose et al., 2012; Reyners and Bannister, 2007). However, when seismicity
and slow slip occur together, the event is only considered an SSE if the moment released by the
aseismic slip is larger than the moment released by the seismic slip. When the reverse occurs,
the categorization of the slow slip becomes different. In particular, transient slow slip can occur
after a large earthquake, in which case it is called afterslip. Afterslip is driven by coseismic
deficit, meaning it occurs away from the rupture as a direct response to a large earthquake
(Marone, 1998). It is the relaxation of the stress accumulated in velocity-strengthening regions
as a result of the rupture’s inability to propagate there (Marone, 1998). Afterslip has a different
time evolution to SSEs as a result of the difference in trigger mechanisms. Instead of initiating
slowly, afterslip instead has a fast slip rate at the start that decays with the logarithm of time
over days to years (Avouac, 2015). The process can itself influence the aftershock sequence,
controlling its spatial extent or the daily rate of aftershocks (Perfettini and Avouac, 2004).
Although afterslip is the most commonly observed interaction between large earthquakes and
aseismic slip, slow transients have also been observed before the mainshock, in particular for
the 2011 Mw 9.0 Tohoku earthquake (Kato et al., 2012) and the 2014 Mw 8.1 Iquique
earthquake (Kato and Nakagawa, 2014; Socquet et al., 2017). These aseismic transients are
thought to be part of the nucleation process, unlocking a portion of the fault before the main
rupture.

These different types of slip are all found within subduction zones, and | will now delve
further into the way subduction is segmented with regards to seismicity and slip.
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1.3 Slip and coupling in subduction
zones

There are several contexts within a subduction zone where earthquakes and slow slip can
occur. Intraplate earthquakes for example can occur in the slab due to the plate bending, or in
the forearc and the accretionary wedge, especially when topographic features enter subduction.
However, in my thesis, | will focus specifically on slip occurring at shallow depths and usually
at the plate interface.

To understand the distribution of asperities on the plate interface, we can measure the
coupling between the two plates. This refers to the large-scale strain accumulation occurring at
the megathrust. Slightly different types of coupling exist, referring to the different ways of
calculating it (Avouac, 2015). The seismic coupling is defined as the seismic slip / the total
long-term slip occurring on a fault patch, or as the total seismic moment released / the total
moment calculated based on the plate velocity. Accurately calculating seismic coupling
requires observation of the fault over several seismic cycles, which is often impossible
considering that the seismic instrumental period is only about a century old. Another type of
coupling is aseismic coupling, and refers to the amount of slip released by aseismic transients
(afterslip and SSEs) / the total long-term slip (Avouac, 2015). Added together, they are equal
to the interseismic coupling, or the total deficit of slip during the interseismic period / the total
long-term slip. This value is expressed between 0 and 1, with O corresponding to an entirely
decoupled creeping fault with no strain accumulation and 1 to a completely locked fault only
able to release energy through large earthquakes. Interseismic coupling can be obtained by
geodesy and does not necessitate centuries of records, making it much less sensitive to
catalogue completeness. Instead, it is modelled using the interseismic acceleration transmitted
to the upper plate and detected at the surface. When a segment is coupled, the motion of the
slab causes compression in the upper plate, which deforms elastically in both the horizontal and
vertical directions. With an adequately dense GPS network, a good approximation of the plate
interface geometry and accurate physical properties for the plate, the interseismic coupling can
then be recovered. In subduction zones however, owing to the frequent absence of
instrumentation at sea, the coupling is always less well resolved near the trench than it is under
land.

Interseismic coupling at a subduction zone varies both laterally and with depth, as is
schematically shown in Figure 7. All subduction zones are segmented with depth, usually in
similar ways. Near the trench, the megathrust is usually velocity-strengthening or conditionally
stable (Wang and Tréhu, 2016). However, so-called tsunami earthquakes can occur in this
region, defined as earthquakes with a slow rupture but an anomalously large tsunamigenic effect
relative to their magnitude, which are thought to rupture the interplate primarily in conditionally
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stable regions at shallow depths (Bilek and Lay, 2002). Below this shallow portion of the
megathrust sits the seismogenic zone, an area that exhibits stick-slip behavior and where
earthquakes can therefore nucleate (Wang and Tréhu, 2016). The exact definition of the
seismogenic zone differs between papers, and can be seen as the region where large earthquakes
occur, the velocity-weakening region, the region where any earthquakes can nucleate, or the
geodetically determined locked zone (Wang and Tréhu, 2016). In any case, viewing it as
uniformly earthquake-prone is a mistake, as there is a lot of lateral variation in slip behavior
within the seismogenic zone (Figure 7). The downdip edge of the seismogenic zone, meanwhile,
is controlled by the thermally-regulated rheology of the rocks, although the exact temperature
at which it occurs is difficult to determine as various materials could be responsible for
earthquake nucleation (Wang and Tréhu, 2016). Below this point is another velocity-
strengthening or conditionally stable region. This segmentation in depth is summarized in
Figure 8.
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Figure 7 : Schematic cartoon of a subduction zone by Lay and Schwartz (2004).

Slow slip events can occur in both the shallow and deep portions of the megathrust. Deep
SSEs are particularly well documented, especially in the Cascadia subduction zone in North
America (Wang and Tréhu, 2016) and in southwest Japan (Obara et al., 2004). Deep SSEs are
often instances of episodic tremor and slip (ETS), as they are usually accompanied by tremors,
LFEs or VLFEs. ETS can occur at the boundary of seismogenic zone, or further downdip, with
a gap between seismogenic zone and ETS zone (Wang and Tréhu, 2016). In this area, fluids are
likely supplied by the dehydration of the oceanic crust, or episodes of metamorphic fluid release
(Liu and Rice, 2007). It is still debated whether SSEs happen in contact with the mantle wedge,
and if so, what role it plays (Wang and Tréhu, 2016). The serpentinized mantle and high fluid
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pressures could help cause ETS, giving rise to a second conditionally stable region and
explaining the gap sometimes present between the seismogenic zone and the deep SSE region.
But in some regions, it seems that the ETS zone is landward (Japan) or seaward (Cascadia) of
mantle wedge, making its role contested (Wang and Tréhu, 2016).
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Figure 8 : Schematic segmentation of subduction zones in depth from Bilek and Lay (2018). It should be noted that in some

cases large earthquakes can extend under the mantle wedge, below the Moho of the overriding plate (Dessa et al., 2009).

Shallow SSEs have also been observed in regions like the Hikurangi subduction in New
Zealand (Wallace et al., 2016), the Costa Rican margin (Saffer and Wallace, 2015) or the
Ecuadorian margin (Vaca et al., 2018). Compared to their deep counterparts, they tend to be of
shorter duration and are more often accompanied by microseismicity and seismic swarms
(Saffer and Wallace, 2015). Although their location is different, shallow SSEs, like deep ones,
are often associated with fluids, here supplied by the compaction of marine sediments rather
than metamorphism (Blrgmann, 2018; Saffer and Wallace, 2015). Some shallow SSEs lie
within the seismogenic depth range, while others occur within regions dominated by
interseismic creep. This variability is in part explained by the basement relief on the oncoming
plate leading in some cases to heterogeneous frictional properties prone to seismic and aseismic
slip (Saffer and Wallace, 2015). Due to this, some authors posit that SSEs may in fact be the
result of brittle and ductile processes combining at the macroscopic level into slow slip (Saffer
and Wallace, 2015; Wang and Bilek, 2014). In fact, some authors suggest that the frictional,
rheological and geometrical complexity of the megathrust itself may be enough to generate
large-scale slow slip (Barnes et al., 2020; Skarbek et al., 2012).

As mentioned, the structure of the subducting plate can significantly affect the frictional
properties of the megathrust. Subducting bathymetric features can segment a subduction zone
and therefore influence individual earthquake ruptures (Bilek, 2010). Similarly, sediments and
fracture zones influence the subduction and the rupture type for a given portion of the
megathrust (Bilek, 2010). Generally, the subduction of rugged seafloor tends to lead to creep
rather than large subduction earthquakes (Wang and Bilek, 2014). This is because rugged
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seafloor impedes shear localization and promotes a heterogeneous stress field. This causes
creep from broad deformation, as well as transient slip and small to medium sized earthquakes
(Wang and Bilek, 2014). On the other hand, large megathrust earthquakes like the Tohoku
earthquake usually occur on smooth subducting plate (Wang and Bilek, 2014). This is not a
hard rule however, as some examples of large earthquakes occurring in the vicinity of subducted
seamounts exist (Abercrombie et al., 2001; Husen et al., 2002). It seems instead that depending
on context a seamount could act as either an asperity or a barrier to rupture (Yang et al., 2012).
This is because seamounts in particular affect the stress field significantly. At their leading
edge, compression is enhanced, which increases the normal stress and yield strength, favors the
development of faults in the upper plate, and induces a rotation in principal-stress orientation
(Sun et al., 2020). This increases drainage through upper plate faults and leads to sediment
overconsolidation and very low porosity (Sun et al., 2020). On the other hand, behind the
seamount a stress shadow is formed, accompanied by high porosity and an underconsolidation
of sediments. Thus the increased fault strength at the leading edge of the seamount encourages
seismic slip, and the upper plate above the seamount tends to experience a lot of small
earthquakes, while behind the seamount the low fault strength promotes stable sliding (Sun et
al., 2020).

I have now introduced the main types of slip found in subduction zones, and the way they
relate to each other. I will now focus specifically on repeating seismicity, its various uses, and
its relationship to aseismic slip.

1.4 Repeating earthquakes

Repeating earthquakes or repeaters, are earthquakes with similar waveforms, identical
locations and identical focal mechanisms that occur repeatedly at different times, as shown in
Figure 9 (Nadeau et al., 1994; Nadeau and Johnson, 1998). They are interpreted as events that
rupture the same asperity multiple times, with the same focal mechanism. During the
interseismic period, repeating earthquake families can be separated into two categories:
quasiperiodic families that occur at regular time intervals and burst-type families that occur
very close together (lgarashi et al., 2003). The latter are often not real repeaters, but rather the
result of neighboring asperities rupturing without overlap, later incorrectly classified as
repeaters (K. H. Chen et al., 2016; Lengliné and Marsan, 2009). True repeaters are generally
thought to occur on velocity-weakening asperities embedded within creeping or slowly slipping
regions, and therefore being consistently loaded by the surrounding aseismic slip, as Figure 10
illustrates. This allows them to act as creep-meters and to illuminate the spatio-temporal
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distribution of slow-slip. Additionally, repeating earthquakes are useful as tools to study other
features of interest, like the velocity structure of the medium.
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Figure 9 : Examples of repeating earthquakes in Parkfield, California, in the context of a strike-slip fault, by (Uchida and
Biirgmann, 2019). A: schematic diagram of the fault surface, with creeping portions and asperities where repeaters occur. B:

Waveforms of one family or repeating earthquakes. C: Overlapping peak slip areas of repeating earthquakes

Because repeaters are useful tools, care must be taken in detecting them, both to avoid
misclassifying regular earthquakes, and to ensure that repeating earthquake families are
complete. The identification of repeaters rests on two main parameters (Uchida, 2019). The first
is the overlap between the earthquake sources, since repeaters occur on the same asperity. This
method requires very accurate hypocenters and source size estimates, which themselves cannot
be obtained without a very good station coverage. The second parameter used to classify
repeating earthquakes is the waveform similarity, usually quantified by a correlation coefficient
above 0.9 or a coherency above 0.95 (Uchida, 2019). The shape of the waveform is affected by
the volume it traverses (the Fresnel zone along the ray path), itself dependent on wavelength,
and so differences in travel path inevitably lead to a decrease in the waveform similarity. It is
often assumed that if the propagation path differs by more than the wavelength/4, then the
correlation coefficient decreases significantly (Uchida and Blrgmann, 2019). However, an
inherent issue with the reliance on this parameter is that it is dependent on the frequency band



Chapter 1: Structure and slip in subduction zones

examined, as well as on the time window and the threshold coefficient used. This is why authors
usually use both location and waveform similarity together when possible.

Total slip on creeping

areas: o = C,teep'\“g \ |
= _ fault |
& - O il plane \
Time )

Locked asperities
accumulate strain

Total slip on asperities:

' Repeating
earthquakes
release strain

Slip

Time

Figure 10 : Cartoon representation of the mechanism driving repeating earthquakes. Asperities are embedded in a creeping
fault and accumulate strain with time. At regular intervals, the asperity fails and releases this strain. A relationship can be
found between the creep of the fault, and the slip of repeating earthquakes embedded in it, allowing repeaters to act as

creep-meters (Nadeau and Johnson, 1998).

Repeating earthquakes have been detected around the world in a variety of tectonic and
non-tectonic settings (Uchida and Biirgmann, 2019). Usually, they occur where microseismicity
is abundant (Kawamura and Chen, 2017) and are anticorrelated with large rupture zones (Meng
et al., 2015). Often, creep, afterslip or SSEs are detected concurrently with repeating
earthquakes. Throughout these different contexts, there still are similarities between repeaters
around the world. Nadeau and Johnson (1998) found in California an unexpected scaling
relationship between the moments and recurrence times of quasiperiodic repeating earthquake
families, where T, o M,*/®. This relationship was found to hold true in other regions around
the globe, proving that there is a common mechanism controlling all repeaters (K. H. Chen et
al., 2007). This went against expectations, as for a constant stress drop on an asperity releasing
all its energy seismically, we would expect that T, o< M,*/3. The observed relationship instead
indicates either that stress drops are larger for smaller repeaters, which is not supported by
observation, or that the slip occurring on the asperity is in part aseismic (Beeler et al., 2001). In
that case, asperities producing smaller-magnitude earthquakes experience more aseismic slip
than asperities producing larger-magnitude earthquakes (Beeler et al., 2001).
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Although repeaters are largely driven by aseismic slip, they are still affected by neighboring
seismic activity (K. H. Chen et al., 2013; K. H. Chen, Birgmann and Nadeau, 2010). Small
repeating earthquakes can be triggered by neighboring Mw4-5 earthquakes (K. H. Chen,
Burgmann and Nadeau, 2010) or even by smaller earthquakes (K. H. Chen et al., 2013), with
the triggering distance being largely dependent on magnitude (K. H. Chen, Birgmann and
Nadeau, 2010). Meanwhile, large earthquakes and their afterslip can significantly affect the
recurrence times, seismic moments and stress drops of repeating earthquakes. After a big
earthquake, recurrence times decrease, then gradually increase following Omori’s law
(Lengliné and Marsan, 2009; Schaff et al., 1998). The change in seismic moment is less
consistent, as sometimes a large earthquake causes an increase and sometimes a decrease (K.
H. Chen, Birgmann, Nadeau, et al., 2010; Peng et al., 2005). This is because, on the one hand,
some repeaters’ slip area increases after a large earthquake as a result of the faster loading, in a
process called transient embrittlement. However, the smaller recurrence times also reduce the
static coefficient of friction of the locked portion of the patch, and the faster slip on the creeping
portions of the velocity-weakening patch decreases the shear stress. This leads to a smaller
stress drop and smaller coseismic displacement (K. H. Chen, Burgmann, Nadeau, et al., 2010).
The evolution of seismic moment after a mainshock depends on which of these two processes
is dominant. For small repeaters occurring within a larger asperity, the velocity-weakening
patch tends to experience mostly aseismic slip, with a small amount of seismic slip at the center
where the stress concentrates (K. H. Chen, Burgmann, Nadeau, et al., 2010). Under faster
loading, the stress concentration at the center increases, leading to the rupture area increasing
in size (K. H. Chen, Biirgmann, Nadeau, et al., 2010). However, for larger repeaters that span
the entire velocity-weakening patch, the rupture size remains the same after the mainshock (K.
H. Chen, Burgmann, Nadeau, et al., 2010). Both of the processes described have been observed
for repeating earthquake sequences (Abercrombie, 2014; Chaves et al., 2020; Uchida et al.,
2015). It is worth noting that, sometimes, repeating earthquake sequences can also appear or
disappear after the mainshock, which may be related to these processes (Hatakeyama et al.,
2017; Lengliné and Marsan, 2009).

| have now introduced the different modes of slip present in subduction zones, and have
explained the main characteristics and uses of repeating earthquakes. The latter will be the focus
of my work in the Ecuador-Colombia subduction zone, which I will now introduce in more
detail.
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Chapter 2: The Ecuadorian
subduction

Having given an overview of subduction as a general process, | will now introduce the
specificities of the Ecuadorian subduction zone, and the way that they affect its seismic
behavior. I will start on the larger scale by discussing the geodynamic setting of Ecuador. This
will be followed by an overview of the main features of the upper and lower plate and the plate
interface, in which I will discuss the way these structures potentially affect seismicity in the
region. Finally, I will properly detail the history of seismic and aseismic slip in the region,
focusing specifically on the megathrust.

2.1 Geodynamic setting

23 Ma '

Figure 11 : Breakup of the Farallon plate into the Nazca, Cocos and Pacific plates, modified from Meschede and Barckhausen
(2000). The dotted yellow line on the left is the outline of the present subduction zone. Green and dashed red lines are the
active and abandoned mid-ocean ridges respectively. The outline of the Cocos, Malpelo and Carnegie ridges are shown in

dark blue in the final figure, while the Galapagos hotspot is shown as an orange dotted circle.

To understand the dynamics of the subduction zone in Ecuador, it is useful to place it in
the regional geodynamic context of the last 23 Ma. The Nazca oceanic plate is subducting under
the South American plate in the N83E direction at a speed of 56 mm/year along the Ecuadorian
margin (Nocquet et al., 2009). Along with the Cocos plate in the north, it is the result of the
Farallon plate breakup in the early Miocene (Lonsdale and Klitgord, 1978), as shown in Figure
11. Nazca subduction started in the early Miocene and stabilized in the late Miocene once the
Panama basin spreading center became extinct (Yepes et al., 2016). During that time, the basin
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was home to active spreading ridges offset by transform faults, some of which are still visible
today. As such, the Nazca plate is composed of both the old Farallon lithosphere, and the young
Nazca lithosphere newly created at the Cocos-Nazca spreading center over the last 23 Ma
(Lonsdale, 2005). The separation between these two crusts occurs at the Grijalva ridge in the
South of Ecuador, outlined by a 500 m step in the bathymetry caused by the density contrast
between the younger Nazca lithosphere in the North and the older Farallon lithosphere in the
South.

Spreading at the Cocos-Nazca spreading center is affectated by the Galapagos hotspot,
which generates the thickened oceanic crust of the Carnegie, Cocos and Malpelo Ridges
(Sallares et al., 2003, 2005; Sallares and Charvis, 2003).

The Nazca plate meets the South American plate at a very long, convex subduction zone
(Figure 12). In fact, in the Ecuadorian and Peruvian regions, the obliquity of the subduction
changes by 60° between 2°N and 8°S (Yepes et al., 2016). In particular, convergence gradually
increases from perpendicular to the trench at 5°S to a maximum obliquity of about 35° at 2°N
(Yepes et al., 2016). The shape of the plate boundary impacts the geometry and stress field of
the slab, bending the slab towards a focal point (Yepes et al., 2016). Additionally, the strain
partitioning resulting from the subduction leads to the movement of two forearc slivers, the
northbound North Andean Sliver in Ecuador and the southbound Inca Sliver in Peru (Nocquet
etal., 2014).

The North Andean sliver (NAS) is the 300-400 km wide, 1500 km long forearc sliver that
encompasses the Andes from Western Venezuela to Ecuador, moving with a velocity of 7.5 -
9.5 mm/year towards the Northeast relative to the South American plate (Nocquet et al., 2014).
Its southern boundary is in the Gulf of Guayaquil, which sits almost at the point where
convergence changes obliquity (Figure 12). The diverging motion between the North Andean
and the Inca Sliver in the region causes extension, crustal thinning and the opening of the Gulf
of Guayaquil (Witt et al., 2006) (Figure 12). The landward boundary of the NAS then cuts
through the Andean Cordillera and stretches along the eastern front of the Eastern Cordillera
(Nocquet et al., 2014). Although this boundary has migrated eastward over the last 15 years,
the active continental deformation is currently localized along a major fault system known as
the Chingual-Cosanga-Pallatanga-Puné fault system (CCPP), which experiences slip rates of
~ 8 to 10 mm/yr (Alvarado et al., 2016). Overall, the northward motion of the block is a result
of the strain partitioning induced by the obliquity of convergence (Yepes et al., 2016), although
the subduction of the Carnegie Ridge likely exacerbates it (Michaud et al., 2009).



Chapter 2: The Ecuadorian subduction

NAZCA/
SOAM

s American
C(?f/ . plate
‘d

”~

-5.5
a

\
Ir_lca \
Sliver

\
\
)
\
\
\
\

-10°

Figure 12 : Kinematic field in the Ecuador-Peruvian subduction zone from (Nocquet et al., 2014). NAS = North Andean Sliver;

SOAM = South American plate; CCPP = Chingual-Cosanga-Pallatanga-Pund fault.
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As a consequence of the subduction, the topography of Equador is complex. The overriding
plate is divided into three main regions (Figure 13). First, the forearc is comprised of the coastal
region, with a low coastal Cordillera reaching up to 850 m above sea level. Then the Andes
correspond to the volcanic arc. North of 1.7°S, they are split into two distinct parallel ranges
called the Western and Eastern Cordilleras (Figure 13). Between them is the Inter-Andean
Depression, as wide as 30 km in places and home to the city of Quito. Finally, beyond the
Andean range, the Amazonian basin forms the back-arc.

This wider context has implications for the structure of the subducting and upper plate, and
impacts seismogenesis and interseismic coupling. I will now introduce these features in more
detail.
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Figure 13 : Simplified map of the different regions of the upper plate, by Bablon (2018). The striped Pacific coast is part of
the forearc, and contains a low coastal range. The orange Western Cordillera (WC), yellow Interandean Valley (1V) and green

Eastern Cordillera (EC) correspond to the volcanic arc. The dotted Amazonian basin is part of the back-arc.
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2.2 Possible influences on
interseismic coupling and
subduction geometry
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Figure 14 : Interseismic coupling (slip deficit) and modes of slip along the Ecuadorian margin, modified from Tsang et al.
(2019). The blue star shows the epicenter of the 2016 Mw?7.8 earthquake, and its coseismic slip distribution is shown in red
(Nocquet et al., 2017). The distribution of the interseismic slip deficit is shown in grey (Nocquet et al., 2014). The
Nazca/North Andean Sliver convergence rate is 4.7cm/yr (Nocquet et al., 2014). The rupture zones of the 1906, 1942, 1958,
1979 and 1998 earthquakes are shown in black, pink, brown, green and purple (Beck and Ruff, 1984; Kanamori and McNally,
1982; Segovia, 2001; Swenson and Beck, 1996). Swarm and slow slip areas are outlined in light blue (compiled by Rolandone
et al., 2018), and magnitudes indicated correspond to the moments of SSEs or largest seismic swarm. Slab depth contours

from Slab 1.0 are shown in grey (Hayes et al., 2012). Purple circles are GPS stations.

Interseismic coupling along the Ecuadorian margin is highly variable, as illustrated in
Figure 14. In northern Peru and southern Ecuador, a 1000 km long stretch of the subduction
interface with a very low interseismic coupling that likely creeps aseismically (Nocquet et al.,
2014). In this portion of the megathrust, no Mw>8 earthquake has occurred since at least 1500
A.D., although two earthquakes with magnitudes 7.6 and 7.5 occurred in 1960 and 1996
respectively (Nocquet et al., 2014). In northern Ecuador however, the interseismic coupling is
very high, reflecting the rupture zone of the 1906 earthquake (Nocquet et al., 2014). Based on
the analysis of microseismicity, Manchuel et al. (2011)suggest that the seismogenic zone
extends between 12 and 30 km in depth north of 1°S. This is in perfect agreement with the
coupling map deduced from geodetic analysis (Figure 14) and means that the seismogenic zone
extends 120 km from the trench (Beauval et al., 2013). The updip limit of the seismogenic zone
is often associated with a temperature of 100-150° C, at which clays are dehydrated and become
brittle (Hyndman et al., 1997). In Ecuador, temperature does not fully control the upper bound
of the seismogenic zone, as around 1-2°N, the updip boundary corresponds to the 100°C
isotherm, while around 2-3°N it corresponds to the 60°C isotherm (Marcaillou et al., 2008).
Overall, the spatial variability of the interseismic coupling can be explained in part by properties
of the lower and upper plate, including their structure and bathymetry.
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Figure 15 : Geodynamic setting and main structural features possibly affecting the seismic behavior of the Ecuadorian

subduction zone. Plate convergence (black arrows) is from Nocquet et al. (2014). Fault traces (in red) are from Alvarado et
al. (2016), J.-Y. Collot et al. (2004) and Eguez et al. (2003). The fast shear wave anomaly (in blue) was detected by Lynner et

al. (2020). The subducted Atacames seamounts (black triangles) were detected by Marcaillou et al. (2016) using seismic

imaging. The subducted oceanic relief beneath La Plata Island was outlined by J.-Y. Collot et al. (2017), also using seismic
imaging. Depth contours from the slab 1 model are shown every 10 km (Hayes et al., 2012). Purple squares are geographic

points of reference.
CCPP = Chingual-Cosanga-Pallatanga-Pund fault; EF = Esmeraldas fault; OBH = Outer basement high;
E = Esmeraldas; PG = Punta Galera; P = Pedernales; CP = Cabo Pasado; B = Bahia; M = Manta; LPI = La Plata Island;
NAS = North Andean Sliver; SA = South American plate.
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Figure 16 : Locations of all the seismic lines and cross sections shown in this chapter.

2.2.2 Lower plate features

Interseismic coupling is affected by the properties and roughness of the incoming plate.
Some of these important features are shown in Figure 15, along with place names for
geographical reference. Here | will present results from different studies, which are shown in
map view in Figure 16. After entering subduction, the slab dips by 4 to 10 degrees from the
trench down to 15 km at around 1°S (Graindorge et al., 2004), but has a steeper dip of around
10 degrees at around 1.5°N (Collot et al., 2008). Several of its bathymetric features influence
the seismicity along the plate interface (Figure 15). In the South, the Grijalva fracture zone may
act as a barrier to rupture, as its elongated shape makes it difficult to circumvent for any rupture
(Yepesetal., 2016). Further north is the Carnegie Ridge, a 2 km high and 280 km wide volcanic
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ridge that originates at the Galapagos hotspot and enters the subduction between 0° and 2.5°S,
where it causes an indentation in the margin (Gailler et al., 2007; Michaud et al., 2009; Sallarés
etal., 2005). Its 14 (Graindorge et al., 2004) to 19 (Sallarés et al., 2005) km thick crust is imaged
in Figure 17. The ridge started subducting 3-8 My ago, which allowed it to penetrate 300-600
km into the subduction zone (Michaud et al., 2009). As such, its elevated bathymetry and
elongated shape likely help to prevent the propagation of seismic rupture towards the south
(Collot etal., 2004). The Carnegie Ridge seems to affect the coupling as well, which is moderate
to high at its northern edge and along its southern half but very low along its axis (Chlieh et al.,
2014; Nocquet et al., 2014). However, its effect on the overall geometry of the slab at depth is
limited (Michaud et al., 2009). Despite the expected higher buoyancy of the Carnegie ridge,
local microseismicity studies have shown that there is no flat slab in the region (Guillier et al.,
2001; Manchuel et al., 2011). This confirms that the ridge subduction is likely younger than 10
Ma and thus does not significantly affect the slab dip (Guillier et al., 2001; Manchuel et al.,
2011).
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Figure 17 : A : Wide angle tomography velocity model by Gailler et al. (2007) along the SIS-4 seismic line on the southern
flank of the Carnegie Ridge (Figure 16). The continuous black line is the Moho, determined by inverting PmP arrivals. The
white circles are ocean bottom seismometers, and the black circles are the top of the oceanic crust derived from coincident
Multi-Channel Seismic (MCS) data converted to depth. B: Interpretative cross-section of the margin from J.-Y. Collot et al.
(2017) based on wide angle tomography data of the SIS-4 line and MCS data of the SIS-5 line. Red line shows the top of the
oceanic crust. The interseismic coupling and its uncertainty (red bars) are shown at the top (Chlieh et al., 2014). The yellow
layer shows sediments, and the vertical black arrows show the current subsidence and uplift of the margin as a result of the
subduction of oceanic relief. The green LVZ is the downgoing plate low-velocity zone. Yellow circles show the relocated 1994-
2007 seismicity within the inner wedge (Font et al., 2013), while blue crosses show the microseismicity triggered by the 2010
SSE (Vallée et al., 2013).

Other smaller bathymetric features influence the seismicity at the interface. Several
seamount chains enter subduction. Under La Plata Island, 55x50 km wide, 1.5-2 km tall
seamounts associated with the Carnegie Ridge cause an increase in the interseismic coupling
of the margin (Collot et al., 2017; Nocquet et al., 2014). This is clearly visible in Figure 17,
which also shows the impact of the oceanic relief subduction on the vertical motion of the
margin basement. Meanwhile, the Atacames seamount chain, composed of 30x40 km wide and
1-2 km tall seamounts, enters subduction at around 0.3°N (Marcaillou et al., 2016). An
interpreted cross-section of the margin in this region is shown in Figure 18. The compressive
stress from seamount subduction, combined with the likely expulsion of overpressurized fluids,
lead to the pervasive fracturing of the upper plate and to subduction erosion (Marcaillou et al.,
2016). This weakens the margin, and likely explains the low interseismic coupling in the region
(Marcaillou et al., 2016). The different effect that the La plata and the Atacames seamounts
have on the interseismic coupling is notable, and may be explained by a difference in aspect
ratio, as the steeper Atacames seamounts might more effectively damage the upper plate and
reduce coupling than the flatter La Plata subducted relief (Collot et al., 2017).
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Figure 18 : Interpretative cross-section of the margin in the region where the Atacames seamounts enter subduction from
Marcaillou et al. (2016), based on Multi-Channel Seismic (MCS) imaging. This section is based on two seismic lines, SIS-54,
which images the oceanic plate up to the leading edge of the western peak (Figure 16), and SIS-55, which images the
southern flank of the eastern peak. The likely epicenter of the 1942 earthquake is shown as a star (Swenson and Beck, 1996).

2.2.3 Sediment input into the subduction

The roughness of the plate interface is not only dependent on the bathymetric features of
the incoming plate, but also on its sediment cover, and the amount of sediment entering the
subduction zone. The Ecuadorian subduction zone is a primarily erosional margin,
characterized by the small amount of sediment filling within the trench and the lack of
accretionary prism (Collot et al., 2002). This is exacerbated on the Carnegie Ridge, where the
trench is particularly shallow and narrow, while it widens away from it (Collot et al., 2004). On
the Carnegie Ridge, the sediment cover and trench fill is therefore as low as 0.5-1 km,
particularly since the ridge acts as a barrier for sedimentation (Gailler et al., 2007). However,
the sediment cover thickness increases again to 7 km in the Gulf of Guayaquil (Gailler et al.,
2007). In fact, in the Gulf of Guayaquil there is a small 8 km wide, 1 km thick accretionary
prism (Calahorrano et al., 2008). The sediment cover is also larger towards the north. North of
1.5°N, the sediment over the oceanic plate is 1.5-2 km thick, while the sediment in the trench
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Is 2-3 km thick (Gailler et al., 2007). Even further north offshore Colombia, the accretionary
prism is much larger, reaching a width of 35 km (Marcaillou et al., 2008).
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Figure 19 : Prestack depth migrated Multi-Channel Seismic (MCS) line SIS12, located at the southern edge of the Carnegie
Ridge (Figure 16), from Sage et al. (2006). Black arrows indicate the top of the margin basement. The full red line indicates
the base of the upper plate, while the dashed red line defines the top of a highly reflective zone likely affected by fluids.

These sediment thicknesses in front of the subduction zone, along with the presence of
subducting features, affect the thickness of the subduction channel, which is in turn linked to
the fluid circulation and frictional properties of the megathrust. The margin undergoes severe
tectonic erosion from the Gulf of Guayaquil to the Carnegie Ridge, and between 1 and 2.5°N,
where most of the incoming sediments are consumed by the subduction channel (Collot et al.,
2002). Seismic imaging shows a 400-800 m thick reflective zone above the interplate between
La Plata Island and the Gulf of Guayaquil, which extends 20-25 km landward (Sage et al.,
2006). This may correspond to fluids circulating across the base of the basement (Sage et al.,
2006). As is seen in Figure 19, the subduction channel in the region does not have a regular
shape, instead forming fluid-rich sediment lenses between subducting basement highs and
seamounts (Sage et al., 2006). This likely causes spatial variations in interseismic coupling at a
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local scale, especially in the deeper part of the subduction (Sage et al., 2006). At the Carnegie
ridge, a 3-4 km thick low-velocity zone is observed, but it is primarily due to the low velocity
of the Carnegie Ridge layer 2 (Graindorge et al., 2004). The subduction channel thickness is
very variable, as several-kilometers-wide fluid-rich sediment lenses are found along with
stretches of thin subduction channel (Sage et al., 2006). This patchiness is caused primarily by
the roughness of the incoming plate, and contributes to subduction erosion, as well as to the
highly heterogeneous plate coupling. It is also observed by other seismic studies. For example,
Marcaillou et al. (2016) found that around 0°N, the subduction channel is thin, but locally
thicker on the flank of the subducted Atacames seamount. Meanwhile, the subduction channel
becomes thicker further north, reaching a 2.2 km thickness at 5 km depth near the Esmeraldas
canyon, due to higher sedimentation rates in the region (Marcaillou et al., 2008). However, the
upper part of the subduction channel (around 6-8 km depth) likely has a low fluid content, as
evidenced from its poor reflectivity (Collot et al., 2008). As can be seen in Figure 20, the
subduction channel in the region is large at the trench and thins to a non-resolvable value below
90 m at around 15 km depth (Collot et al., 2008). J. Collot et al. (2008) found evidence of both
basal erosion and transient underplating of sediments in the region.
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Figure 20 : Seismic imaging along the Multi-Channel Seismic (MCS) SIS-44 line in the north of Ecuador from J. Collot et al.
(2008) (Figure 16). The top panel (A) shows the prestack depth-migrated (PSDM) line. The bottom panel (B) shows
the velocity model and line drawing overlain over the PSDM image. SF1 and SF2 are splay faults. The focal
mechanism shown is for the 1958 megathrust event (Swenson and Beck, 1996). The white dashed lines are
isotherms projected from the thermal model calculated by Marcaillou et al. (2006) on the neighboring line SIS-
42. The white circles along the seafloor are ocean bottom seismometers.

2.2.4 Upper plate structures

The role played by upper plate structures in seismogenesis should also not be neglected.
The composition and density of the forearc is one such important parameter. Western Ecuador
is made up of accreted island arc and oceanic plateau terranes. Three main terranes exist in
Ecuador (Figure 21). The first, the San Juan terrane, is incorporated into the Western Cordillera.
It was formed ~150 My ago and accreted 75 My ago (Jaillard et al., 2009). To the west is the
~90 My old Guaranda terrane, accreted 68 My ago, which forms the Eastern part of the western
Cordillera (Jaillard et al., 2009). Finally, spanning the forearc is the Pifion-Naranjal terrane, of
a similar age of ~90 My but accreted 58 My ago (Jaillard et al., 2009). The Guaranda and Pifion
terranes are both thought to originate from the Caribbean-Colombian oceanic plateau (CCOP),
which later fragmented before it collided with the South American plate (Jaillard et al., 2009;
Luzieux et al., 2006). The lithologies of the Pifion terrane are largely covered by sediments in
the coastal region, but outcrop in a few specific areas in the north and south of the forearc. The
unit comprised of ultramafic, mafic and intermediate magmatic rocks is commonly referred to
as the Pifion formation, and is thought to underlay most of the Ecuadorian forearc (Luzieux et
al., 2006). Above it, several sedimentary basins lie on top of the forearc, most importantly the
Manabi basin, the Borbon basin and the Progreso basin (Figure 21).

Overall, the thickness of the forearc is poorly constrained. North of Bahia, it appears to be
around 20-25 km thick (Koch et al., 2020). Above the crest of the Carnegie Ridge, under the
southern part of the Manabi basin, sits a portion of seemingly thinned and slow lithosphere,
possibly due to the fracturing and alteration from fluid circulation caused by the subduction of
oceanic relief (Koch et al., 2020; Lynner et al., 2020). This thinning can be seen in Figure 22,
along with the slowness of the lithosphere. South of Bahia, the forearc lithosphere appears
thicker, closer to 30 km (Koch et al., 2020). Lynner et al. (2020) used ambient noise tomography
to find a fast shear wave anomaly in the forearc at around 20 km depth, around 80°W and 1-
2°S, which can be observed in Figure 22. This anomaly was also observed in the shear wave
velocity model of Koch et al. (2020) derived by jointly inverting receiver functions and surface
wave dispersion data obtained through ambient noise cross-correlations. This region on the
southern flank of the Carnegie Ridge corresponds to a significant positive gravity anomaly, and
was interpreted as accreted mantle lithosphere (Koch et al., 2020; Lynner et al., 2020). This
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was corroborated by gravity and magnetic modelling, which support the presence of a hydrated
mantle wedge or of magnetic underplated material (Aizprua et al., 2020). Lynner et al. (2020)
and Koch et al. (2020) suggest that it may play an important role in the margin segmentation,
acting as a barrier to rupture propagation. Gailler et al. (2007) also suggested that the differences
in the density structure of the forearc, evidenced through wide-angle tomography, could explain
the variation in coupling between the north and the south of Ecuador.
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Figure 21 : Map of the main accreted terranes and geological units in continental Ecuador, modified from Jaillard et al.

(2009). Rough outlines of the main sedimentary basins are shown in red (Hernandez Salazar, 2020).

In addition to the density of the upper plate, some weak upper plate transverse faults are
thought to contribute to the segmentation of the margin by reducing the coupling between
segments. These faults, shown in Figure 15, include the Esmeraldas fault, the Manglares fault
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and the Jama fault (also known as the Cafaveral fault), which are all close to boundaries
between large earthquakes (Collot et al., 2004). Splay faults may also play a role in the updip
propagation of earthquakes. In the north of Ecuador, around 1.5°N, one such splay fault, seen
in Figure 20, is thought to have played a role in the rupture propagation of the 1958 earthquake
(Collot et al., 2004). This fault separates the inner wedge from the highly altered outer wedge,
likely affected by the release of fluids from the subduction channel (Collot et al., 2008).
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Figure 22 : Cross sections in continental Ecuador (Figure 16) of the interpreted shear-wave velocity model from Lynner et al.
(2020). The extent of the 2016 Pedernales earthquake rupture zone is shown as a red line (Nocquet et al., 2017), and the
deep SSE zone is shown in pink (Rolandone et al., 2018). The grey dotted line shows the location of the slab in the Font et al.
(2013) starting model. Black dots are aftershocks from the 2016 Pedernales earthquake (Meltzer et al., 2019).
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2.3 Seismicity and aseismic slip
along the margin

2.3.1 Intraplate seismicity

Although 1 will focus primarily on interplate seismicity in this thesis, it is worth
remembering that the seismic hazard in Ecuador is not solely concentrated on the coast, as some
intraplate seismicity occurs both within the overriding and the subducting plate. In continental
Ecuador, few earthquakes occur within the North Andean Sliver (NAS, Figure 15), likely
because the forearc sliver acts as a rigid undeforming block transmitting stress from the
subduction to the Andes (Guillier et al., 2001). Instead, seismic moment release is largest in the
Northern Andes, particularly along the inter-Andean Depression and the sub-Andean Belt
(Yepes et al., 2016). Several Mw>6.5 earthquakes have been recorded over last 110 years at the
NAS-SA boundary in northern Ecuador (Beauval et al., 2010, 2013; Yepes et al., 2016).
Additionally, some moderate earthquakes (Mw <= 6) have also occurred west of the NAS
boundary on the Quito-Latacunga fault system, a series of thrust faults on the western internal
slope of the Inter-Andean depression (Alvarado et al., 2014; Beauval et al., 2010).

Some intraslab earthquakes have also occurred. In the outer rise, 150 km West of the trench,
two events of magnitudes 7.2 and 7 occurred at 0°N and 2°S in 1902 and 1907, although their
epicenters are poorly constrained (Font et al., 2013). Within the subducting slab itself, some
earthquakes occur at intermediate or deep locations, although mostly in southern Ecuador
(Yepes et al., 2016) (Figure 23). In fact, intermediate depth earthquakes occur almost
exclusively south of the inland projection of the Grijalva rifted margin (Yepes et al., 2016).
This implies a strong control of the different mantle rheologies of the younger Nazca lithosphere
to the North and the older Farallon lithosphere to the South. One deep intraslab earthquake
cluster in particular is notable: the Puyo cluster, sitting 1.5°S and 78°W near the focal point of
the trench curvature, at a depth of 120 to 200 km. The focal mechanisms of earthquakes within
the cluster suggest a tearing of the slab. Meanwhile, the deepening of the seismicity in this
region and the rotation of focal mechanisms counterclockwise within the cluster suggest that
the Farallon plate is being pinched to accommodate the curvature of the subduction zone, as
Figure 23 shows (Yepes et al., 2016).
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Figure 23: Map of intermediate-depth earthquake focal mechanisms (50 < Z < 300 km) from 1976 to 2013 in Ecuador and
Peru, by Yepes et al. (2016). Focal mechanisms are taken from the Harvard CMT Catalogue (Dziewonski et al., 1981). Focal
mechanisms for the four largest events are shown on the side. Offshore blue lines show magnetic isochrones, with

associated crustal ages in million years. (a) Sketch showing the shape of the subducting plates.

2.3.2 Background seismicity and periodic slip at
the plate interface

At the plate interface itself, as can be seen in Figure 24 and in Figure 25, there are 2 major
trench-perpendicular alignments of seismicity during the interseismic period: one around 0.6°N
near Punta Galera, and one around 0.25°S near Cabo Pasado (Font et al., 2013; Segovia, 2001).
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Another large earthquake cluster is found near La Plata Island (Font et al., 2013; Segovia,
2001).
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Figure 24 : Background seismicity in and around the Pedernales region between 1994 and 2007, modified from Font et al.

(2013). The white star and line show the epicenter and outline of the 2016 Pedernales earthquake (Nocquet et al., 2017).
Three alignments are visible: To the north, one clear trench-perpendicular alignment near Punta Galera, in the middle, a
cluster near Jama-Cabo Pasado, and in the south, a trench-parallel alignment near La Plata Island (here named Manta-
Puerto Lopez segment). These three clusters are shown in cross-section as well. All earthquakes were relocated in a 3D

velocity model by Font et al. (2013).

The Punta Galera alignment corresponds to a site of periodic shallow slow slip events, as
shown in Figure 14 (Mothes et al., 2013; Vaca et al., 2018). Two of these slow slips were
detected geodetically in 2007 (Mothes et al., 2013) and 2013-2014 (Vaca et al., 2018), while
swarms, which are thought to be concurrent with the SSEs, have been detected roughly every
two years since 1994, lasting between a few days and two months and containing several
multiplets (Vaca et al., 2018). Because of this periodic release of stress, it is thought that the
region acts as a barrier to large rupture propagation (Vaca et al., 2018).
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To the south, the Cabo Pasado - Jama segment also experiences frequent swarms
documented by other authors, as were detected in 1996, 2000, 2010, and 2015 (Segovia, 2016),
despite the strong coupling found in the area. Additionally, Rolandone et al. (2018) found bursts
of multiplets at 3 different time periods since 2010 in the region, pointing to likely SSEs in the
region (Figure 14).
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Figure 25 : Temporal evolution of the normalized cumulative seismicity in and around the Pedernales region between 1993
and 2017. Gap 1 corresponds to the seismicity between the Punta Galera and Jama-Cabo Pasado alignments, and gap 2 is
the seismicity between the Jama-Cabo Pasado and Manta-Puerto Lopez region. Dashed vertical lines (and numbers)
represent increases in seismicity in at least one region. Number 13 is the Pedernales earthquake. All data shown was

detected and relocated by the Ecuadorian national network RENSIG, figure by Segovia (2016).

Even further south is the cluster associated with La Plata Island (referred to in Figure 24
and Figure 25 as the Manta-Puerto Lopez alignment), occurring between 0.7 and 1.5°S. The
region is highly locked but marks the transition between the mostly locked subduction segment
in the north and the unlocked subduction segment in the south (Chlieh et al., 2014; Nocquet et
al., 2014). It hosts dense seismicity of moderate size, with magnitudes mostly below 6. This
seismicity, once again, mostly occurs in swarms containing many multiplets, as in 1977, 1998,
2002, 2005, 2010, 2013 (Font et al., 2013; Holtkamp et al., 2011; Segovia et al., 2018; Vallée
et al., 2013). They occur at the leading edge of the subducting oceanic seamounts, seemingly
within its crust (Segovia et al., 2018). The diverse focal mechanisms further indicate that
seismic activity occurs within the crust as well as at the plate interface. These swarms occur
concurrently with SSEs, some of which have been detected geodetically in 2010, 2013 and 2016
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(Rolandone et al., 2018; Segovia et al., 2018; Vallée et al., 2013). Some of these SSEs are
shown in Figure 14.

2.3.3 Large subduction earthquakes

Several large subduction earthquakes have occurred in the north of Ecuador and the south
of Colombia, all to the north of the Carnegie Ridge (Figure 14). No historical record of
subduction earthquakes exists before 1896, but paleoseismological records north of Esmeraldas
show that Mw > 7 earthquakes occurred at least 10 times over the last 800 years (Migeon et al.,
2017). Their recurrence times appear to be between 42 and 82 years, although the 1906
earthquake appears to have been preceded by a 268 years long quiescence (Migeon et al., 2017).
At least one earthquake as large as the 1906 event may have occurred 600 to 700 years ago
(Migeon et al., 2017).

The 1906 event itself was a Mw 8.4-8.8 earthquake, one of the first great subduction
earthquakes ever recorded and the largest in the region (Kanamori and McNally, 1982;
Yoshimoto et al., 2017). It ruptured a 200 to 500 km long segment spanning northern Ecuador
and southern Colombia (Kelleher, 1972). Its likely southern limit was around 0°S, immediately
north of the Carnegie ridge (Kanamori and McNally, 1982; Kelleher, 1972). Based on the
source model proposed by Kanamori and McNally (1982), its rupture zone has hosted four other
large earthquakes of magnitudes 7-8 since 1906 (Figure 14). Despite collectively breaking the
same area as the 1906 earthquake, the 1942, 1958 and 1979 earthquakes only released 20-30%
of its energy, meaning other, maybe aseismic portions of the fault were likely ruptured during
the 1906 earthquake (Kanamori and McNally, 1982; Ye et al., 2016). This is however a
controversial point, since the 1906 magnitude and rupture zone is poorly constrained. This is in
part because only very few teleseismic stations and remote tide gauges were available at the
time (Kanamori and McNally, 1982). Kanamori and McNally (1982) used seismic recordings
to determine that the magnitude of the earthquake was about 8.8, while Abe (1979) used far-
field tsunami data to estimate the magnitude as 8.7. However, also using tsunami modelling,
Yoshimoto et al. (2017) determined that the magnitude was closer to 8.4 and that the slip had
concentrated near the trench without breaking the 1942, 1958, 1979 and 2016 asperities at all.
It is however worth noting that tsunami modelling is inherently less sensitive to deep slip than
to shallow slip, and thus this is likely a low estimate.

Following the 1906 event, three smaller events occurred in the following century that broke
part of the 1906 rupture (Figure 14). The first was the 1942 earthquake, which broke the
southern segment of the 1906 rupture. The magnitude of that event was once again difficult to
determine as no long-period seismogram exists, but the size of the aftershock area seems to
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indicate a similar magnitude to the 1958 event of about Mw 7.6-7.7 (Kelleher, 1972). It has
been proposed that the event was nucleated at the leading edge of the Atacames seamounts, and
propagated northward until the edge of the 1958 event (Marcaillou et al., 2016). The 1958 event
itself was better recorded, and its magnitude was estimated as 7.7 from long-period
seismograms (Kanamori and McNally, 1982) and 7.6 from its aftershock area (Kelleher, 1972).
The event nucleated likely near a seamount (Collot et al., 2008) and was likely stopped updip
by the prominent Outer Basement High (OBH, Figure 15), which seemingly caused it to
propagate along a splay fault instead (SF1, Figure 20) (Collot et al., 2004; Marcaillou et al.,
2006). It propagated northward before being stopped by the 1979 rupture zone (Beck and Ruff,
1984). This 1979 earthquake was the third in the sequence, with a magnitude of 8.2 calculated
from far-field tsunami data (Kanamori and McNally, 1982). It ruptured a 120 - 230 km long
segment, with a rupture direction again towards the northwest (Beck and Ruff, 1984; Kanamori
and McNally, 1982).

Finally, three other earthquakes with magnitudes close to 7 occurred in the Bahia region:
the 1896 Mw 7 earthquake, the 1956 Mw 6.95 earthquake and the 1998 Mw 7.1 event. They
are thought to behave independently from the northern megathrust, although the asperity they
occurred on might have ruptured during the 1906 event (Yepes et al., 2016). The only existing
focal mechanism is for the 1998 event, and is poorly constrained, although compatible with a
thrust faulting event (Dziewonski et al., 1981; Ekstrom et al., 2012; Segovia, 2001). Using the
spatial extent of the early aftershocks of the 1998 event, Segovia (2001) determined that the
1998 mainshock had a roughly 80x80 km large rupture zone that overlapped in part with the
Cabo Pasado locked patch. However, it seems that the earthquake mostly ruptured a seemingly
currently uncoupled portion of the megathrust, and the area of maximum moment release was
found on the southern border of the coupled patch (Chlieh et al., 2014; Nocquet et al., 2014;
Segovia, 2001). However, too little is known about this sequence of earthquakes to confirm
whether they ruptured a primarily aseismic portion of the fault or not.

2.3.4 The Pedernales earthquake and its
aftermath

The 2016 Mw 7.8 Pedernales earthquake occurred on the 16" of April 2016, preceded by
11 minutes by one Mw 4.8 foreshock, and caused close to 700 deaths and widespread damage.
The mainshock ruptured 2 asperities, initiating in the north and propagating south (Gombert et
al., 2018; Nocquet et al., 2017). This is reflected in the distribution of slip, which occurred
mostly in two patches: in the north, there was about 3 m of slip, and in the south up to 6 m.
Between these two patches, there is a region of lower slip (1-2 m) (Nocquet et al., 2017).
Overall, the rupture zone seemed to correlate to a region of low-density in the forearc, which
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could have played a role in the propagation of the rupture (Alvarez et al., 2017). The rupture
area itself appears to be the same as the 1942 earthquake (Nocquet et al., 2017; Ye et al., 2016;
Yoshimoto et al., 2017), though the 1942 epicenter was south of the 2016 epicenter (Kelleher,
1972). Nocquet et al. (2017) determined that the Pedernales earthquake released more energy
than had been stored since 1942. Combined with the apparent seismic quiescence before 1906
and the higher energy budget released by the1906 event compared to the sum of all subsequent
large events, this points to a possible seismic supercycle in the region. Contrary to a simple
earthquake cycle model, where all large earthquakes release all the strain accumulated since the
last large earthquake, a supercycle implies that strain is accumulated for much longer and
released by several temporally clustered large earthquakes, rather than by a single earthquake
(Nocquet et al., 2017). This model is contested for the Ecuador-Colombia subduction zone, as
Yoshimoto et al. (2017) argued that the earthquake’s maximum slip was similar to the slip
deficit accumulated since 1942. However, Gombert et al. (2018) confirmed that, assuming the
1942 and 2016 earthquake ruptured the same asperity, the accumulated moment deficit during
that period was smaller than the seismic moment released by the Pedernales earthquake. But as
they pointed out, the 1942 rupture is poorly constrained, and this conclusion only holds if it
truly overlaps with the 2016 rupture.

The earthquake triggered both substantial afterslip and a large number of aftershocks
(Figure 26). The afterslip, which appears to have been abnormally large for the earthquake size,
was mostly distributed into two patches updip of the rupture and one deep region (Rolandone
et al., 2018; Tsang et al., 2019). Of the two shallow afterslip regions north of -0.5°S, one was
the SSE prone region near Punta Galera, while the other was the swarm-prone high-coupling
region near Cabo Pasado (Figure 15) (Rolandone et al., 2018). The third region, located at 50
km depth downdip of the rupture, had also experienced SSEs prior to the mainshock (Rolandone
et al., 2018). Finally, 100 km south of the rupture, at La Plata Island, an SSE was triggered a
few days later by static stress changes from Pedernales (Rolandone et al., 2018; Tsang et al.,
2019). These observations show how similar the phenomena of slow slip events and afterslip
really are, in spite of their usual separation (Rolandone et al., 2018).

Many aftershocks were also triggered by the mainshock, primarily updip of the rupture.
Most of the aftershocks have thrusting mechanisms and likely occur at the interface, between
the trench and the maximum depth of the coseismic rupture (Agurto-Detzel et al., 2019). The
aftershock sequence contains several swarms, as well as large events (Soto-Cordero et al.,
2020). Three trench-perpendicular alignments of seismicity can be observed, two of which were
observed in the interseismic period by Font et al. (2013) (Figure 24), and one around 0.4°N near
Pedernales (Agurto-Detzel et al., 2019). These bands of seismicity may be composed of smaller,
focused clusters containing earthquake swarms and large-magnitude aftershocks (Soto-Cordero
et al., 2020). The distribution and focal mechanisms of the 2016 aftershocks also roughly
correspond to those of the 1942 aftershocks, meaning they are likely linked to permanent
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subducting structures (Mendoza and Dewey, 1984; Yoshimoto et al., 2017). Several clusters
are linked to bathymetric subducting features, like the Carnegie Ridge and the Atacames
seamounts (Agurto-Detzel et al., 2019; Soto-Cordero et al., 2020). The clusters near Punta
Galera similarly correlate to residual bathymetry and gravity anomalies, confirming the
influence of the structure of the downgoing plate (Agurto-Detzel et al., 2019; Soto-Cordero et
al., 2020). On the other hand, the termination of the seismicity at depth near Manta is likely due
to a rheological transition in the overlying plate (Soto-Cordero et al., 2020). More broadly,
several clusters of seismicity line or stop at areas of rheological contrasts at depth between
accreted oceanic terranes and sedimentary basins (Soto-Cordero et al., 2020).
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Figure 26 : Map of aftershocks and afterslip from the 2016 Pedernales earthquake, modified from Agurto-detzel et al.
(2019). Small aftershocks (Ml ~2.5 - 5) are shown as blue circles, and aftershocks with Ml > 5 are shown as red stars (Agurto-
Detzel et al., 2019). The epicenter of the Pedernales earthquake is shown as the yellow star, while the 1 m contours of the

rupture zone are shown in white (Nocquet et al., 2017). Contours of the afterslip are shown in pink (Rolandone et al., 2018).
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It seems that afterslip was a major driving force behind the aftershock expansion (Agurto-
Detzel et al., 2019). This is demonstrated by the fact that their spatio-temporal evolutions are
similar (Figure 27). Agurto-Detzel et al. (2019) found a semi-logarithmic migration of
aftershocks along strike and dip, which they argue shows the influence of afterslip in the
expansion of the aftershock sequence. Additionally, the cumulated afterslip and number of
aftershocks in the first month have similar time evolutions, again demonstrating how closely
the two are linked (Agurto-Detzel et al., 2019). However, Wu et al. (2017) did find that 5 of the
6 M>6 aftershocks occurred in positive Coulomb stress areas, meaning Coulomb stress changes
from the mainshock were still important. But many aftershocks also fall in the stress shadow of
the mainshock, making afterslip necessary to explain their locations (Jiménez et al., 2021). This
influence is especially felt in the streaks of seismicity updip of the rupture.
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Figure 27 : Spatio-temporal evolution of aftershocks, and relationship from the afterslip, modified from Agurto-detzel et al.
(2019). A-C: Cumulative number of aftershocks (in red) and cumulative afterslip (in green) as a function of time in the three
main afterslip regions. D: Aftershock along-strike distance from the epicenter as a function of time. Red lines show the semi-

logarithmic expansion of the aftershock region with time.

No aftershock occurs where the coseismic slip is highest, and no large aftershock with Ml
> 5 occurs within the mainshock region (Agurto-Detzel et al., 2019). However; many small
aftershocks concentrate inside mainshock rupture, between the two coseismic asperities (Figure
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26), in an area of intermediate levels of coseismic slip (Agurto-Detzel et al., 2019). This can be
explained in one of two ways. Assuming that the friction on the megathrust is very
heterogeneous, it is possible that these small aftershocks occur to release the strain on the plate
interface remaining after the mainshock (Agurto-Detzel et al., 2019). However, it is likely that
most of these events occurred in the seismogenic volume, rather than at the interface, and that
they represent off-fault damage instead (Agurto-Detzel et al., 2019).

Finally, some seismicity was triggered in the upper plate, particularly a swarms near the
town of Esmeraldas (1°N, 79.6°W) (Hoskins et al., 2021). Starting two months after the
mainshock, one major swarm and several small swarms occurred, almost certainly triggered by
fluid diffusion and accompanied by slow slip on the upper plate faults in the region (Hoskins et
al., 2021).

2.4 Outstanding questions

Several questions remain surrounding the Ecuadorian subduction zone. The first is the way
in which seismic and aseismic slip coexist in the region. It seems that some creeping or slowly
slipping regions may have ruptured seismically in the past. One example of this is during the
1906 earthquake, as normally creeping areas likely experienced coseismic slip. Another likely
example is the 1998 Bahia earthquake, which, assuming it did happen at the plate interface,
seemingly ruptured either a currently creeping portion of the megathrust, a locked patch that
was found to experience afterslip after the 2016 earthquake, or a portion of the fault that also
ruptured during the 2016 earthquake. In all these cases however we lack well-constrained data
to confirm a change in behavior of the megathrust. Thus the question of whether and how the
slip behavior of a fault can change remains. More broadly, we can also ask how frictional
properties of the megathrust can evolve. Additionally, as explained before, aseismic slip often
influences the seismicity rate in the region, especially after the Pedernales earthquake. We may
wonder how direct this relationship is.

Another particularity of the Ecuadorian subduction zone is the way in which structural
features seem to influence the seismicity. There is still debate over the influence of various
features on the segmentation of the fault or the microseismicity, but it is undeniable that features
like the Carnegie Ridge affect subduction. Thus we may ask how fluids and subducting features
affect earthquakes and their source properties in the region.

To interrogate the relationship of seismic and aseismic slip, and the way in which the
frictional properties of the megathrust evolve over time, repeating earthquakes are an ideal tool,
because they are strongly associated with aseismic slip and because they recur on the same
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asperity but can record frictional changes over time. | take advantage of the denser seismic
network after the Pedernales earthquake to create and analyze a catalogue of repeating
earthquakes in the 2015-2017 period. In this way, | am also able to evaluate the way that a large
earthquake and its afterslip influenced repeating earthquakes.
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Chapter 3: Data and methods

With the baseline of knowledge established in the last two chapters, we are finally ready to
delve into the work performed in this study. In this chapter, I will first present the data used,
before explaining the creation of the repeating earthquake catalogue. For the first part of my
work, | will detail the classification process, the use of template-matching, the absolute and
relative relocations, and the determination of local magnitudes. | will then discuss the
computation of source processes with the use of the spectral ratios method.

3.1

Data and network
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2016 and May 16t 2016. The temporary deployment of seismic stations started on May 9t 2016. D: Map of stations used in
this study. The color shows the number of days each station was available during the study period, between the 16 of April
2015 and the 30t of June 2017.

Before presenting my work, | will first introduce the data I have used, along with some of
its issues. Seismic instrumentation in Ecuador started in 1977 for volcano monitoring, and the
seismic network was later expanded to the lowlands and the coast in the 1990s. In this study, |
examined the year before and the year after the Mw 7.8 April 16" 2016 Pedernales earthquake,
a time during which several seismic networks covered the region. The Permanent National
Seismic Network of Ecuador (RENSIG) was active during the interseismic period and
throughout the postseismic period (Alvarado et al., 2018). In 2018, this network was composed
of 65 stations (Figure SB.1A) with very broadband, broadband, and short-period sensors. It also
counted 2 stations belonging to the Global Seismic Network (GSN): OTAYV, located ~50 km
north of Quito in the Andes, and PAYG, located near Puerto Ayora in the Galépagos Islands.
This allows for a coverage of the whole region, with an average distance between stations of
about 30 km in the coastal region. Additionally, Ecuador has a Permanent Strong Motion
Network (RENAC) composed of 117 strong motion sensors, primarily located in densely
populated areas and areas with a high historical seismic hazard (Figure SB.1B). It was also in
place before and after the Pedernales earthquake (Alvarado et al., 2018). Finally, in response to
the April 2016 mainshock, there was an effort to better cover the area through an international
temporary deployment of seismic stations, which was supported by the Instituto Geofisico at
the Escuela Politécnica Nacional (IG-EPN) in Quito, different French institutions (IRD and
INSU-CNRS), the US Seismic Rapid Response program and the NERC (UK) (Meltzer et al.,
2019). 55 land stations were deployed starting on the 9" of May 2016, and most of the stations
were removed in the middle of May 2017, while 12 were left until August 2017 (Figure SB.1C).
35 of these sensors were broadband, 14 intermediate-period and 6 short-period. Finally, 10
Ocean Bottom Seismometers (OBS) were deployed between the end of May and November
2016.
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Figure 29 : Number of active stations as a function of time. The vertical black line is the time of the mainshock. The grey line

shows the number of stations in the region shown in Figure

stations used for relocation with hypoDD available on a given day. The blue lines show on a given day the number of stations

28 active on a given day. The red lines show the number of

used for the classification of aftershocks into families of repeaters. The dotted and dashed blue lines show the number of

stations for the preliminary classifications in the south and north respectively, while the full blue line shows the number of

stations for the final classific

Successive deployments generate considerable variation in the station coverage over my
study period, as | show in Figure 28, Figure 29 and Figure SB.2. The stations | have used are

shown in Figure 28D. They were selected bas

ation over the whole region.

ed on a few criteria. The first was the overall

availability of the station, to ensure homogeneity for my study. Particular importance was paid

to whether the station was available during the first month following the mainshock, as that is
when the aftershock rate is highest but the station coverage is still poor. I also included stations
which were available before the mainshock when possible. Second, | checked the quality of the
station. For this, | made average spectra of the Z component for all candidate stations. | show
these average spectra using all earthquakes within 140 km of the station (ex: Figure 30), with
the exception of OTAV for which no distance limit is enforced (Figure 31). These average
spectra allowed me to both find high-quality stations and decide on their frequency range for

the rest of my work.
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Figure 31 : Top panel: average spectrum of the vertical component of OTAV station, for 30 s of earthquake recordings (red)
and for 30 s of noise ending 10 s before the P arrival (green). Bottom panel: average signal-to-noise ratio as a function of

frequency (blue). The green curve is the smoothed average.

Due to the sparsity of stations with both continuous coverage and high quality, some
stations with notable issues were used. | will now briefly list the issues encountered for stations
that were still used for parts of my analysis. The first is the issue of distance, specifically for
OTAV, which is far away from the coast. Despite this, | decided to use OTAV as it is almost
always active and of very high quality. The second issue | encountered was the clock delays of
ELOY station. The ELOY station clock starts having a delay 320 days after the mainshock,
which gradually increases after that point. After 360 days, this delay stabilizes at around 7
seconds. (Figure SB.3). Despite this issue, the signal quality of the station remains very high,
which is why | still used it for part of my study. The delay means the station is unusable for
relocation in 2017, but for other uses | applied a rough clock correction based on the delays
obtained in Figure SB.3 and the manual pick delays. I started with a correction of 1 s 260 days
after the mainshock, and after 317 days I gradually increased the correction before stabilizing
itat 7 s after 360 days. Doing so allowed me to use the station for template-matching, correlation
calculations and spectral ratio fitting. Another issue that I ran into was the fact that some stations
had an unusable component. One such station is CABP, whose Z component seems to be
random noise before the 26th of April 2016. It can therefore not be used during that period,
although the horizontal components can be used to calculate spectra (Figure 32). Similarly, the
N component of LGCB has frequent spikes and is therefore unusable, so only the E component
is used when calculating horizontal spectra. (Figure 32). During the interseismic period, PDNS
and LGCB also have a lot of small data gaps and spikes on the Z component, which render
them difficult to use. Noise at specific frequencies was also an issue. Notably, NOVI station
intermittently has high frequency noise (Figure 32). When calculating correlations, this was not
an issue as the filter corner frequency is low enough to suppress it. For the calculation of spectral
ratios, this was dealt with by cutting off high frequencies if either the signal or the noise had a
higher average amplitude in the 12-20 Hz band than in the 4-10 Hz band. Finally, the last
problem encountered was the sampling rate of CHIB, which changes from 200 Hz to 100 Hz
after the 8" of July 2016. This led me to avoid using the station past that point.
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As a basis for my analysis, | used the catalogue of 7326 aftershocks detected between April
16, 2016 and April 30, 2017 by Agurto-Detzel et al. (2019). They constructed this catalogue
using a mix of manual and automatic picks obtained using SeisComP3
(https://www.seiscomp.de/seiscomp3/). For P phases, they obtained arrival times using a
standard STA/LTA algorithm, while for S phases the AIC picker implemented in SeisComP3
was used. In both cases the data was filtered, either between 1 and 10 Hz for seismometers or
between 1 and 8 Hz for accelerometers and OBS. SeisComP3 was used to associate, locate, and
calculate the magnitude of seismic events. Around 800 automatically detected events were then
manually picked during the first month of aftershocks to improve the quality of the catalogue.
Agurto-Detzel et al. (2019) later relocated events using NonLinLoc (Lomax et al., 2000) and a
simplified velocity model shown in Table 1 (Agurto-Detzel et al., 2019), which | used in my
study for the sake of consistency. This catalogue has local magnitudes ranging between 1 and
6, although 80% of earthquakes have magnitudes between 1.8 and 3.6, and a magnitude of
completeness of 2.5 (Figure 33) (Agurto-Detzel et al., 2019). Most aftershocks are situated
updip of the rupture zone in the three regions of Punta Galera, Cabo Pasado and La Plata Island,
or in the upper crust within and north of the rupture zone (Agurto-Detzel et al., 2019). However,
as | concentrated on a smaller region than Agurto-Detzel et al. (2019), I only used a subset of
4767 events from the catalogue for the rest of this work.

Velocity model

Depth of layer Vp Vs
top (km) (km/s) | (km/s)

0 5,07 2,85
20 6,76 3,82
30 7,43 3,92
120 8,81 5,22

Table 1: Velocity model from Agurto-Detzel et al. (2019) used in this study.

Having arrival time estimates for all events was necessary for the rest of this analysis,
particularly when computing correlations between events and calculating spectral ratios.
Because some earthquakes have no manual picks, 1 used NonLinLoc with this velocity model
and the catalogue locations to create synthetic picks, which were then corrected using station
delay terms obtained from the relocation of manually picked earthquakes. The sometimes poor
locations of the original catalogue mean that these synthetic picks can have large errors. When
comparing synthetic picks based on an automatic earthquake location to manual picks, the
average difference is 0.4 s for the P wave and 0.7 s for the S wave. However, 1% of P synthetic
picks have an error greater than 2 s and 1% of S synthetic picks have an error greater than 3.4
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s. This is why | also picked some events manually to improve their accuracy, as will be
discussed later.

| have introduced the seismic stations used in this study along with some of their issues, as
well as the aftershock catalogue used for the rest of this study. Using this seismic data, the
identification of repeating earthquakes can be further carried out, as introduced by the following
sections.

Initial earthquake catalogue

Percentage of events

Magnitude

Figure 33 : Histogram of magnitudes in the catalogue of Agurto-Detzel et al. (2019) for the study region.

3.2 Classification of repeaters

The first step of my work was the creation of a repeating earthquake catalogue for the year
following the Pedernales earthquake. Here | explain how | found families of repeating
earthquakes within the subset of 4767 events in the region from the catalogue of Agurto-Detzel
et al. (2019). The processing presented in this section is summarized in Chapter 4, and a
simplified flowchart of the process is shown in Figure 34.
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1-year aftershock catalogue
(Agurto et al, 2019), 4767
events

Cross-correlate all events in 364 preliminary families
the catalogue (888 events) with CC>0.9

Perform template-matching
with family stacks on pre
and postseismic data

369 preliminary families
(1320 events) with CC>0.9

Manually pick and locate
with NLL at least 1 event
per family

733 events relocated in 369
preliminary families

Relocate whole catalogue 2483 events relocated
and new events with including 1119 preliminary
HypoDD repeaters

Calculate new magnitudes Total catalogue with 5617
for the whole catalogue events

62 definitive families (376
events) with CC>0.95, N>3
and duration>15 days

Cross-correlate all events
within preliminary families

Figure 34 : Flowchart showing the main steps of the data processing done to obtain a catalogue of repeaters, by Chalumeau
etal. (2021).

My initial goal was to correlate the 4767 aftershocks from the Agurto-Detzel et al. (2019)
catalogue which occurred within my study region and derive repeating families from that
catalogue, which would then be completed by using template-matching and further refined
using double-difference relocation. However, only a small region in the north was initially
analyzed. This was done both to make the initial analysis computationally easier, and to test
and validate the methodology. The work was later extended to the south, and I show in Figure
35 these two groups of earthquakes. As a result of this initial separation, the calculation of
correlations was performed twice, once in the north and south separately, and then over the
whole study region. Initially, repeating families were constituted within the north and south
regions using different stations, which were used for template-matching as well. However, after

S7
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relocating the families and merging the two regions, | realized that new correlations needed to
be computed using a common set of station over the whole area, in order to obtain a
homogeneous catalogue of repeaters. For this final calculation, only earthquakes that had
previously been classified in families with correlation coefficients above 0.9 were examined.
From now on, | will refer to the initial families obtained in the north and south as preliminary
families, and to the families obtained from the correlations over the whole region as the final
families.

-81.0° -80.5° -80.0°

Figure 35 : Map of initial locations of aftershocks used in this study, initially in the catalogue of Agurto-Detzel et al. (2019).
Blue events are events from the northern region, and red events are events from the southern region. The 1m contours of

the 2016 Pedernales earthquake are shown in black (Nocquet et al., 2017).

| show the stations used and their availabilities in Figure 36. When calculating correlations,
| decided to give stations different frequency bands to maximize the detection capability,
especially since the network is uneven in space and time. When deciding on an appropriate
frequency band, I considered the frequencies at which the average S/N ratio was high, though
the threshold depended on the station. However, the upper boundary also needed to be high
enough to separate two distinct nearby events, while remaining below the corner frequency to
avoid dealing with source complexities (Uchida, 2019). Two events generally cannot be
separated using correlation coefficients when the hypocenters are within a quarter of the
dominant wavelength (Geller and Mueller, 1980). According to Eshelby (1957), the source

radius is given by R = (%)1/3 with Ag as the stress drop. Assuming a stress drop of 3 MPa
0

typical in a subduction zone (Allmann and Shearer, 2009), and a local magnitude equal to the
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moment magnitude, a Mw 1.8 earthquake with a circular source area would have a source radius
of about 45 m. Therefore, with an average shear wave velocity of 3.7 km/s (Ledn-Rios et al.,

2019), an upper boundary of 10 Hz should be able to separate two completely distinct repeaters.

Meanwhile, corner frequencies are given as f. = kﬁ(%)lﬁ" from Eshelby (1957) and Brune
0

(1970), with g the S wave velocity, and a k constant equal to 0.38 for P waves and 0.26 for S
waves (Kaneko and Shearer, 2014). | expect a Mw 3.6 earthquake to have a P corner frequency
of 3.9 Hz and an S corner frequency of 2.7 Hz. In spite of the likely variability of stress drops
and rupture velocities, | therefore expect my chosen frequency bands, with a low frequency of
1.5-3.5 Hz and a high frequency of 9-10 Hz (TABLE SA) to be able to detect most repeaters.
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Figure 36 : Map of stations used for the correlation coefficient calculations. Squares are stations used in the final
classification over the whole region. Triangles were used only for the initial classification in the north, and inverted triangles

were used only for the initial classification in the south.

| decided to calculate correlation coefficients over a time period including both P and S
waves to find repeating earthquakes. For this purpose, | used a 30 s window starting 2 seconds
before the P wave for the final calculation for all stations except OTAV, for which I used a 57
s recording also starting 2 seconds before the P wave. P arrivals were determined using either
manual or synthetic picks, and I calculated the correlation coefficient of two earthquakes by
sliding the two windows sample by sample over 10 seconds to ensure that no event was left out
due to a wrong location or timing.
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The correlations resulting from the preliminary inversions are shown in Figure 37 and
Figure 38. In both regions the mean correlation is very low, but the maximum correlation tends
to be high, and there is a sudden increase in maximum correlation coefficient above 0.9. This
demonstrates the specific presence of repeating earthquakes as a category separate from regular
earthquakes, and informs the choice of threshold correlation coefficient used to sort earthquakes
into preliminary families. Classification of repeating earthquakes is often done based on two
parameters: cross-correlation, which requires a good S/N, and inter-event distance, which
requires very low relative location errors, typically achieved with double difference relocation.
My initial goal was to first use cross correlations to sort earthquakes into families, then add
undetected events with template-matching, and finally refine this classification with double
difference relocations. Because the goal was to use both locations and correlations, | initially
decided on a threshold of 0.9 for the preliminary classification in the north and south, to allow
for low S/N events to be included, while remaining in a range of correlations that most studies
use (Uchida, 2019). However, | realized later on that location errors and incomplete relocations
made it impossible to use inter-event distance to discriminate between real and apparent
repeaters. | therefore used a higher correlation coefficient of 0.95 for the final classification
over the whole region, since it was my only selection criterion.

All correlation coefficients
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Figure 37 : Correlation coefficients calculated between aftershocks in the northern region. The top panel shows every
correlation coefficient calculated in the region, for all stations and all event pairs in the catalogue. The bottom panel shows,

for every event in the catalogue and for every station, the maximum correlation coefficient obtained with another event.
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Figure 38 : Correlation coefficients calculated between aftershocks in the southern region. The top panel shows every
correlation coefficient calculated in the region, for all stations and all event pairs in the catalogue. The bottom panel shows,

for every event in the catalogue and for every station, the maximum correlation coefficient obtained with another event.

When gathering repeaters into families, events were included within a family if they had a
high correlation coefficient with at least 2/3 of the events already within a family for at least
1/3 of the stations in common with those other events. | decided on 1/3 as the minimum number
of stations due to the uneven network and heterogeneous quality, which made having a fixed
station minimum impossible, and meant that the event-station distance in the first month in
particular was often large. Additionally, families are merged if their stacks had a correlation
coefficient above the correlation threshold for at least one third of stations present. At the
preliminary stage, no limit on size was put on families of repeaters. However, after the template
matching and the final classification over the whole region, families of 2 or 3 events were
removed, as well as families spanning less than 15 days. This was done to remove families
composed only of near-consecutive ruptures, as those were likely to be earthquakes occurring
on neighboring patches rather than on the same asperity (Lengliné and Marsan, 2009). | am also
more confident in families with more earthquakes, as the classification relies on more cross-
correlation measurements. One example of waveforms for one family is shown in Figure 39.



62

Chapter 3: Data and methods

Family 5:

e

OTAVY, 14 events

Amplitude
o

20 40

Time (s)

Amplitude
o

PDNS, 14 events

()

o

=

%_ 0

£

= PTGL, 7 events
()

me]

B

'T;_O

£

< FLF1, 11 events
()]

Ee)

3 |

20 '

£

<

LGCB, 14 events

Time (s) 20

Figure 39 : Example of waveforms of repeating earthquakes for one family. All available individual event waveforms are

shown in grey and the stack of all available waveforms is shown in red.

The number of families and repeating events found by the different inversions is shown in
Table 1. The two initial inversions in the north and south yielded 409 families for a total of
1046 repeating earthquakes. These were, however, incomplete families, and template-matching
was necessary to find missing repeaters. The final inversion on the whole region, which was
done on the whole region with a complete catalogue, yielded 62 families of 4 to 15 repeating
earthquakes.

Correlation calculations summary
Region North South Whp le
region
Number of stations used 10 10 17
Maximum event-station i ) 140 (280 for
distance (km) OTAV)
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Maximum lag (s) 5 5 4
. . 30 (57 for
Time window (S) 22 26 OTAV)
Minimum CC 0,9 0,9 0,95
Number of families 90 319 62
Number of repeaters
(before template 195 851 -
matching)
Number of repeaters (after 386 1629 376
template matching)
Doublets and triplets No No Yes
removed

Table 2: Summary of the preliminary and final classifications of repeating earthquakes performed first in the north and

south and later over the whole region.

3.3 Template matching

| conducted template-matching in the area with the goal of finding repeating earthquakes
that had been omitted from the catalogue and to extend the analysis to the interseismic period.
Template-matching was conducted between the 16" of April 2015 and the 15" of June 2017
using the code Fast Match Filter (Beaucé et al., 2017). | decided to scan the year before the
mainshock in an attempt to find out families that had been active during the interseismic period,
and, if possible, to obtain their recurrence time. However, because very few stations were active
in 2015, | decided against continuing my search before that. | used template-matching until the
30" of June 2017, at which date a Mw 6.3 earthquake happened off the coast of Cabo Pasado.

Template-matching is often used to detect any missing earthquakes, whereas | specifically
looked for repeating earthquakes, using only them as templates. In studies where repeaters have
been detected, the largest events within a family are often used as the template, which can then
make it easier to calculate magnitudes by using it as reference (Frank and Abercrombie, 2018;
Gibbons et al., 2007). However, because of the uneven network, most earthquakes were not
recorded by every station, making the use of several earthquakes per family inevitable when
creating templates. | therefore used a stack of every earthquake within a given family available
at a given station as template. Doing so also allowed me to reduce noise for my templates,
leading to better detection capacities. For this reason, events with anomalously low S/N were
not included when stacking, to avoid worsening the final stack.

Along with templates, Fast Match Filter takes template moveouts as input, which refer to
the templates’ delays relative to the origin time, and station weights. These are necessary when
using all stations at the same time. However, | elected not to do so, instead scanning the data
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station by station. While this was undoubtedly slower and greatly increased the size of the code
output compared to using all stations at once, it also gave me more control on the results. 1 did,
however, estimate moveouts for each template at each station. Although not strictly necessary
when performing template-matching station by station, they were useful in retrieving accurate
origin times, which were needed to associate the detections of a single event at different
stations. In order to calculate moveouts, | correlated templates with recordings of all the
earthquakes within the family, eliminating those with low correlations due to noise, and then |
took the median of the stations’ moveouts. Thanks to this, in most cases the origin times
predicted by different stations detecting an earthquake with the same template were within 0.05s
of each other.

In order to optimize calculation and storage | decided to downsample the data. | tried
different sampling frequencies above 20 Hz, since stations’ upper frequencies could be up to
10 Hz and found a downsampling to 60 Hz provides accurate CCs.

When scanning the data, | singled out earthquakes with a CC higher than 0.9 with one
template. Detections within 5 s of each other were grouped together, which ensured that the
same event detected by two different templates was not classified in two different families. In
cases where two templates were highly correlated with an event, the event was assigned to the
family with the maximum number of stations detecting it. If the number of stations was the
same, then whichever template had the largest maximum correlation coefficient determined the
family of the new earthquake. Once the earthquakes were detected, they were compared to
events already in the catalogue. If they were within 12 s of another event, then the two were
considered to be the same event. New repeaters were then assigned their family number and the
average family location.

Using my existing template-matching files, | attempted to detect new events during the
year before the mainshock, with the hope of finding repeating families absent from the
postseismic period. This is a more typical way of performing template-matching, when any
correlation with a template event above a certain correlation threshold is considered a newly
detected earthquake. | set for each station the detection threshold as 10 times the median
absolute deviation (MAD) of the daily correlation coefficient, which is within the range of
thresholds used in the literature (Shelly et al., 2016; Walter et al., 2016; Jing Wu et al., 2017).
For a randomly distributed variable with a normal distribution, the standard deviation is equal
to 1.4826 MAD. Therefore, the probability of randomly exceeding 10 times the MAD is
7.66*10%2, In the south, 3 stations were active in the interseismic period and 315 templates
were used, making the probability of a random false detection about 4% per day. In the north,
where 4 stations were active in the interseismic period and 84 templates were used, the
probability of a random false detection is about 1% per day. | was therefore satisfied that
random detections would remain rare. | did, however, have to contend with a lot of false



Chapter 3: Data and methods

detections due to spikes in the filtered and downsampled data, particularly for LGCB and PDNS
stations, which some templates detected, almost always with the same correlation coefficient.
After careful inspection and removal of certain detections, and the increase of the detection
threshold to 0.6 for PDNS, I considered that any event detected at a minimum of one station
with a minimum time difference of 15 s from another detection was an earthquake. I correlated
these events together to find 6 families of 2 to 4 events each in the north and 6 families of 2 to
3 events each in the south.

Thus I used template-matching to add a total of 969 events to the catalogue. Among them,
134 events were classified as repeaters in the final inversion over the whole period.

3.4 Relocation

It was necessary for my analysis to have accurate relative and absolute locations for
repeating earthquakes at least, in order to best constrain the spatial relationship of repeaters to
afterslip. For this, earthquakes were relocated in two steps: first | performed absolute relocation
using NonLinLoc with all manually picked earthquakes, then | relocated as much of the
catalogue as possible with double difference relocation. These steps and their results are shown
in Figure 40 and Figure 41.

Absolute relocations using NonLinLoc were performed before the template-matching,
which improved the estimations of origin time. | either picked or added picks for 580 events,
which brought the total number of manually picked events to 766 out of 4767 events in the
catalogue for the region. At least one earthquake in every preliminary family was picked and
relocated to ensure every family location was well constrained, and after the relocation |
allocated the average family location to all non-relocated earthquakes within a family.
Additionally, I allocated the average cluster location to all earthquakes belonging to a cluster
where CC > 0.8, as | did not expect these earthquakes to be more than a few hundred meters
apart, and this improved their locations considerably. Interseismic families were a particular
concern, as only few stations were present to pick them. | relocated all interseismic repeaters
with resolvable hypocenters, although most events only had 6 picks or less, making their
location uncertainties very high.
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Figure 40 : Relocation of the catalogue. A: Initial positions of all events used (open grey circles). The three lines show the
location of the three cross sections shown in Figure 41. B: Events relocated with NonLinLoc using manually picked arrival
times (red circles). The figure also shows events that were not relocated, but that belong to clusters of earthquakes with
correlation coefficients above 0.8. These events were assigned the average location of the cluster’s relocated events. The
initial locations of all displayed events are shown as open grey circles. C: Events relocated with HypoDD (red circles). Again,
the initial locations of all displayed events are shown as open grey circles. D: Full catalogue after relocations and merging.

Filled red circles are relocated earthquakes and open grey circles are non-relocated earthquakes.
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Figure 41 : Relocation of the catalogue in depth. The black line is slab 1.0 (Hayes et al., 2012). The blue line is the portion of
the megathrust that slipped by more than 1 m during the mainshock. The blue inverted triangle is the coastline. A: Initial
positions of all events used (open grey circles). B: Events relocated with NonLinLoc using manually picked arrival times (red
circles). The figure also shows events that were not relocated, but that belong to clusters of earthquakes with correlation
coefficients above 0.8. These events were assigned the average location of the cluster’s relocated events. The initial
locations of all displayed events are shown as open grey circles. C: Events relocated with HypoDD(red circles). Again, the
initial locations of all displayed events are shown as open grey circles. D: Full catalogue after relocations and merging. Filled

circles are relocated earthquakes and open circles are non-relocated earthquakes.
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Figure 42 : Relocation in the south with or without the OBS. Black dots are the unrelocated catalogue, colored circles are the

relocated preliminary families of the southern region.

When performing relocations, | decided not to use OBS stations for two reasons. First,
some, like XEQ09, probably had clock issues, as XEQ9 had an average P arrival time delay of
over 4 s. Second, the 1D velocity model | used was completely inappropriate for the OBS,
leading to significantly larger depths for events near to trench, particularly in the south (Figure
42).

Picking earthquake arrivals manually significantly improved the earthquake locations,
which are more clustered than in their original locations (Figure 40 and Figure 41). According
to the NonLinLoc software, the average location error is 4.7 £ 3.9 km, with a smaller lateral
error of 1.7 + 1.3 km and a larger depth error of 4.3 + 3.7 km (Figure 43). However, near the
trench and especially in the south, earthquakes are stuck at 20 km, which is almost certainly an
error due to the velocity model, since at this depth the P wave velocity jumps from 5.1 to 6.8
km/s.
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Figure 43 : Absolute relocation error calculated by NonLinLoc for events with manual picks. The top panel is the total error,

the bottom left panel is the horizontal error and the bottom right panel is the error in depth. Note that these are errors

calculated by the software itself, which do not take into account uncertainties of the velocity models.

To further improve locations, particularly relative locations, | used the hypoDD software
(Waldhauser and Ellsworth, 2000). This method requires the computation of relative arrival
times through correlation for both the P and S waves for a large number of stations. The delay
in arrival times between pairs is then used to derive their relative placement. Because of this,
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hypoDD locations tend to improve when many delay times are used within large clusters, rather
than when attempting to locate events in small clusters. This is why | used all events available
in each region, including non-repeaters and events with automatic picks and locations. This
posed an additional difficulty. In the north, the 1112 events obtained after template matching
could be relocated in one go. However, the southern region, which comprised of 4502 events,
needed to be subdivided into 3 subregions to decrease computation time (Figure 44). | made
those three subregions overlap so that clusters would not be cut in half, and | placed the
boundaries of the subregions in areas where the density of preliminary repeating earthquakes
was low. In total, the southernmost subregion had 2088 events, the middle subregion had 1704
events and the northernmost subregion had 1133 events.
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Figure 44 : Map of stations used for relocation with HypoDD. Blue dots are events in the northern region relocated by
HypoDD. The southern region is divided into three subregions for the HypoDD relocation: the orange dots are events in the
upper subregion, the brown dots are events in the middle subregion and the red dots are events in the southernmost
subregion. Although they are divided for computational efficiency, all subdivisions of the southern region use the same
subset of stations. Yellow squares are stations used for the relocation only in the southern region. Green squares are stations

used for the relocation only in the northern region. Pink squares are stations used for the relocation in both regions.

| used a large number of stations (Figure 44), as the quality of the signal did not need to be
as high as in the previous section. Instead, | tried to include as many useable stations as possible.
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In particular, stations of lower quality that were available during the first month or before the
mainshock were included to attempt to improve coverage. For this reason, the frequency band
used to find the time delay through correlation was allowed to vary more significantly between
stations. However, the upper boundary needed to be above 6 Hz, and the lower boundary below
4 Hz, and the frequency band needed to be more than 5 Hz. These frequency bands were kept
the same for the P and S waves, which were dealt with separately when calculating correlations.
The time window, which I chose individually by station and by phase, was usually around 5-6
s in total, large enough to account for errors in the P and S arrivals around the synthetic picks
(TABLESB and SC).

Once correlation coefficients were calculated, | used the differential times to relocate
events with hypoDD. When using hypoDD, one is given the option to use catalogue picks,
correlation picks, or both. | chose the latter option, using catalogue picks for all manually picked
events. Events with catalogue picks were paired if their initial locations were less than 8 km
apart. For the relative times obtained with correlation, I set the correlation coefficient threshold
at 0.7 to create event pairs. Above this threshold, the differential time was used in the inversion,
weighted by the square of the correlation. With both correlation and catalogue picks, I calibrated
HypoDD so that for two events to be paired together, they needed a minimum of 8 observation
pairs between them. HypoDD then creates clusters of events, within which earthquakes are
relocated relative to each other. | set the minimum number of events in a cluster to 2 and the
maximum distance between clusters and stations to 250 km.
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Figure 45 : Examples of HypoDD relocation within two families of repeating earthquakes. Repeaters are plotted as circles,

. . . 16A . .
whose diameter is determined as D = 2 X (Wg)l/ 3. X represents the horizontal distance of the earthquake from the center
0

of the family in the E-W direction, y represents the horizontal distance of the earthquake from the center of the family in the
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N-S direction, and z represents the horizontal distance of the earthquake from the center of the family in depth. Red circles

are events which are in contact with at least one other repeater in the family, while black circles are isolated events.

When relocating events, | used the least-squares method rather than the SVD method,
which would typically be considered more accurate, but which cannot work with as many
earthquakes as | have. For each run of HYPODD, | used several groups of iterations with
different weights, cutoffs and damping parameters to ensure that the solution converges well
(TABLE SD). I separated my different iteration groups in an attempt to best relocate the events.
The first groups focus on relocating events with catalogue picks, to improve the absolute
location, with the second group getting rid of picks with large residuals. Then events are
relocated with primarily CC picks to get finer locations. As picks with large time residuals or
location errors are gradually removed, the damping is increased to avoid overfitting the data.
The relocation results are shown in Figure 40C and Figure 41C, while examples of the result of
the relative relocation within families of repeating earthquakes are found in Figure 45.

HypoDD noise error HypoDD stations error
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Figure 46 : Map of HypoDD errors calculated from bootstrapping. On the left, the error linked to noise in the arrival times,

calculated by introducing random time delays to the station times. On the right, the error linked to the unevenness of the

network, calculated by randomly removing stations for each event pair.
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Finally, I merged the hypoDD relocation results from different subregions together. When
an event was in two clusters from two different subregions, the clusters were merged together.
Using the average absolute difference in location for all common events, the smaller cluster had
its absolute location adjusted. In this way, events common to two clusters could keep their
relative position in both.
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Figure 47 : Velocity models used for comparison to the base model in the HypoDD relocation. The base model (thick red line)

is from Agurto-Detzel et al. (2019). The RENSIG model (blue) is the one developed by the Instituto Geofisico of Ecuador based

on Andean geology (Font et al., 2013). The Prevot model (green) is from Prevot et al. (1996). The Leon-Rios model (orange) is
from Ledn-Rios et al. (2019).

At the end of the inversion, variations in location are on the order of 10 m. However, that
is not the real uncertainty associated with hypoDD. Unfortunately, when using the least squares
method, HypoDD does not give accurate error estimates, which can only be retrieved through
bootstrapping methods. | calculated the errors stemming from two different issues, which I
show in Figure 46. First, | calculated the average error from noise in the correlation delays by
launching 100 iterations in which I introduced a random perturbation in the original travel time
data. This random perturbation was taken from the range of time residuals I obtained from my
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initial inversion. The corresponding error was found to be around 750 m on average. | then
evaluated the effect of the changing network of stations on my data. To do so, | performed 50
iterations during which I randomly took out one station for each earthquake pair, and obtained
an average error of 580 m, with the largest error seemingly being associated with events within
the rupture zone (Figure 46). This may be in part because that region experienced changes in
seismic velocity over time as a result of the damage and recovery process (Agurto-detzel et al.,
2020), and the relative relocation method relies on the assumption of a constant velocity
structure. Additionally, earthquakes in this region are smaller on average (1.5 < Ml < 5), and
thus can have low S/N ratio possibly contributing to their having larger errors.

HypoDD model absolute variations HypoDD model relative variations
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Figure 48 : Map of variations in HypoDD locations obtained using different 1D velocity models. On the left is the variation in
absolute locations of earthquakes. On the right, the variation in locations of repeaters relative to other repeaters within a

single family.

In addition to these sources of error, | also evaluated the impact of the velocity model in
hypoDD, by comparing results from my velocity model (Agurto-Detzel et al., 2019) to those of
other existing models (Figure 47). The first is the RENSIG model, constructed by the Insituto
Geofisico using Andean geology and therefore probably limited in my coastal region (Font et
al., 2013). The second model does correspond to my region, but was built largely using Andean
stations and events, and is therefore also probably poorly constrained (Prévot et al., 1996). The
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third model was constructed more recently using the Pedernales aftershock sequence, and is
likely the most accurate (Ledn-Rios et al., 2019). Overall, the average distance between clusters
when using these three models is about 1.8 km. However, within individual repeating family,
the average error linked to the velocity model is about 520 m (Figure 48).
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Figure 49 : Histogram of distances between repeating earthquakes belonging to a single family, calculated after relocation

with HypoDD. The red line is the estimated median earthquake diameter of 250 meters, calculated as D = 2 X (%)1/3.
0

For comparison, the median inter-event distance between two repeating earthquakes within a family is also 250 meters,

while the error is at least 750 meters.

Ultimately, in the definitive families with a correlation coefficient above 0.95, the average
inter-event distance is 680 m, with a median of 250 m (Figure 49). This is within the errors |
calculated, but above the average size of a repeater. Due to these large errors, HypoDD locations
could not be used as a criterion for family classification. This was compounded by the fact that
61 out of 376 repeating earthquakes from the final classification could not be relocated with
HypoDD (Figure 50).

In total, 2925 events had their locations improved using either NonLinLoc and HypoDD.
These more accurate locations made it possible to improve magnitude estimations as well.
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Figure 50 : Proportion of repeating earthquakes relocated with HypoDD as a function of time, with smoothing over a 5-day

window.

3.5 Local magnitude calculations

After template matching, it was necessary to calculate the magnitudes of new events, with
the goal of making them consistent with the existing catalogue. Local magnitudes are given as:

M, = log,0(A) + ag + a;logy0(D)

Where A is the peak amplitude, D is the distance to the station and ap and ax are constants.
The a; term, linked to distance, is the same used by SeisComP3 and by Agurto-Detzel et al.
(2019). | obtained the a, term for each station by calculating the magnitude of relocated events
already in catalogue station by station. For this, 1092 events that had been relocated with either
NonLinLoc or HypoDD were used. This allowed me to obtain for each station a relationship
between the newly calculated local magnitude and the catalogue local magnitude. | used this as
a station correction term to calculate the new events’ local magnitudes, ensuring that the new
magnitudes are consistent with the catalogue ones. | compare the catalogue magnitudes with
the newly calculated magnitudes in Figure 51 and Figure 52. These figures show that the old
and new magnitudes of earthquakes already in the catalogue are very similar. It can therefore
be inferred that the magnitudes of the new events found by template-matching are consistent
with the rest of the catalogue.
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Figure 51 : Newly calculated Vs catalogue magnitude for relocated events in the north. The red line is the 1:1 line.
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Figure 52 : Newly calculated Vs catalogue magnitude for relocated events in the south. The red line is the 1:1 lines.

Having cross-correlated events from the original aftershock catalogue, created families and
completed them using template-matching, relocated families and individual events and

calculated missing local magnitudes, | obtained a catalogue of repeating earthquakes for the

aftermath of the Pedernales earthquake. The results of this part of the study are presented in

Chapter 4.
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3.6 Computing source properties
with spectral ratios

Having created a catalogue of repeating earthquakes, my next goal was to calculate their
source properties in order to analyze their evolution over the postseismic period, and through it
the evolution of the frictional properties of the megathrust. | decided to compute the source
properties of non-repeaters as well, in order to better understand their spatial distribution.
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Figure 53 : Spectral ratio method. The spectra of two neighboring earthquakes are calculated at a given station, and one is
divided by the other. Doing so removes the path and station components of the seismic signal, leaving a ratio of the source
spectra. If the seismic sources are simple, then the ratio can be modelled, and the corner frequencies retrieved, along with

the ratio of seismic moments between the two events.

| used the spectral ratios method to recover seismic moments and corner frequencies of
aftershocks. By dividing the spectra of two closely located earthquakes, | was able to remove
the effects of attenuation common to both, and recover the seismic moment difference between
the two, as well as their corner frequencies (Figure 53). I did so at 30 different stations (Figure
54). The method presented in this section is elaborated on in Chapter 5, so | will summarize the
main points and add further details as necessary. | gathered 1514 relocated aftershocks into 55
clusters with a maximum inter-event distance of 9 km, containing either repeating earthquakes
or a minimum of 7 events with a maximum MI difference above 1. Within each cluster at a
given station, the P time window was defined as 0,6 * (TS — Tp)cluster average S€CONAS Starting 0.1
second before the P arrival. | chose this to avoid any contamination from the S wave, since 5%
of theoretical (Ts — Tp)average have an error of 20% (1.66 s) or more. The S time window was
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defined as 1.2 * (Ts — Tp) cluster average SeCONds starting 0.1 second before the S arrival, while
noise windows were calculated using the same window lengths, ending 2 s before the P arrival.
Any window smaller than 2 s was discarded, along with any event with (TS — Tp)average l€SS than
2.5 s. This is because, even after relocation, the median absolute errors are 0.36 and 0.63 s for
the P and S synthetic arrivals respectively, but can reach as high as 1.5 s for the P ad 2.5 s for
the S (95% threshold). To limit the impact of errors in arrival times, | moved the time window
by 0.5 to 2.5 seconds depending on the picking error, in order to find the starting point for which
the window contains the most signal.
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Figure 54 : Stations used for spectral ratios (blue squares). Grey dots are the earthquakes whose source properties are

examined.

For the calculation of spectral ratios, | used the spectrum of the vertical component for the
P wave and the average spectrum of the horizontal component for the S wave, both of which
were calculated using the multitaper code developed by Prieto et al. (2009). I discarded the S
spectrum if the average S/N over the 2-20 Hz frequency band changes by a factor of 2 or above
between the two horizontal components, as | found this to lead to bad ratios later on. Spectra
were then resampled to 0.0025 in the log domain to ensure higher frequencies did not get
weighed more than lower ones. | later smoothed the average spectrum with a window of 0.4,
then decimated the data so that the interval between 2 points became 0.05 in the log domain.
Spectral ratios were computed exclusively on the part of the spectrum where S/N >= 4, on the
condition that the log of that frequency interval was over 0.7. Additionally, I also ensured that
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the ratio of the signal of event 1 to the noise of event 2, and the signal of event 2 to the noise of
event 1, were both higher than 4 in the entirety of that interval.

As preparation for the inversion, absolute seismic moments were calculated using the part

of the displacement spectra where S/N > 3. | used them as starting values for the inversion, with

16Ac

corresponding starting corner frequencies calculated using the equation f. = kﬁ(m)l/ 3 from
0

Eshelby (1957) and Brune (1970) with an a priori stress drop of 2 MPa, an S wave velocity
of 3690 m/s, and a k constant equal to 0.38 for P waves and 0.26 for S waves (Kaneko and
Shearer, 2014). Correlation coefficients were then computed between events filtered below the
lowest corner frequency in the portion of the spectra where S/N >= 3. | discarded the spectral
ratio of an event pair if their correlation coefficient exceeded 0.8 at two thirds or more of
available stations or their correlation coefficient exceeded 0.8 at the station examined
(Abercrombie, 2015).

A. Cluster 1, FLF1, event 6 / event 66 B. Cluster 1, FLF1, event 17 / event 47
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Figure 55 : Examples of two individual spectral ratios, one that was included in the inversion (A) and one rejected as its
shape could not be modelled (B). The blue line is the spectral ratio over the full spectrum, including regions where the
signal/noise ratio is too low. The open black circles are the points at which the ratio is modelled. The dashed red line is the

best-fit model of the ratio.

Furthermore, to ensure that my inversion would converge, | first modelled individual
spectral ratios using the equation:
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| used the Boatwright model (Boatwright, 1980) with y =2 and n = 2. Modelling individual
ratios allowed me to remove those with poor fits before the final inversion (examples shown in
Figure 55). Events were removed if the modelling yielded complex numbers for the frequency
corners, moments, or errors, if the two modelled corner frequencies or moments were both
unrealistically large or small, if the two modelled corner frequencies both fell well outside the
examined frequency range, or if the fit was too poor. The fit of the model was calculated using
the residual RMS divided by the interval between the 90" percentile and the 10" percentile of
the log of the ratio. The ratio was discarded if its RMS/interval was above 0.15. This was
decided through visual inspection of the data, by looking at 279 ratios from P and S waves at
different stations and grading them on a scale of 0 to 3 with 0 = the ratio cannot be fit by the
model at all, 1.5 = undecided and 3 = the ratio is perfectly fit by the model. The threshold of
0.15 was used as it maximized the number of ratios with grades 2 or above while minimizing
the number of ratios with grades 1 or below (Figure 56). Although studies often impose a
minimum magnitude difference, | decided not to do so, as | found that there is no adequate
threshold at which ratios go from well to poorly fit by the Boatwright model (Figure 57). Some
ratios had small magnitude differences (0.1 or below) but were well modelled, while others had
large magnitude differences (0.5 or above) but were poorly modelled.
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Figure 56 : Normalized residual RMS as a function of how well the ratio is fit by the Boatwright model. Each ratio is modelled
independently with the Boatwright model, from which the residual RMS is obtained. The RMS is normalized by the interval
between the 90t percentile and the 10t percentile of the log of the ratio. The fit of each ratio is then evaluated through
visual inspection, with O=worst fit and 3=best fit. As can be seen, 0.15 is a threshold below which most ratios are considered

to fit the Boatwright model and above which most ratios are considered not to fit the Boatwright model.

Finally, I modelled all spectral ratios for a cluster at a single station together to determine
corner frequencies and seismic moments. In order to constrain the absolute values of seismic
moment, | used the logarithmic mean of the previously calculated preliminary seismic
moments, which then remained fixed during the inversion. | used the nlinfit function in
MATLAB to fit all spectral ratios together in the log domain. | ran several iterations with
different starting parameters either until the number of successful iterations (defined as
iterations that converge to realistic values of corner frequencies between 0.01 and 100 and
seismic moments between 10° and 10%) exceeded 7, or until the total iteration number exceeded
35. If none of the 35 iterations converged, | removed problematic events and inverted the data
again. Starting parameters for the initial iteration were the previously calculated preliminary
seismic moments, and corner frequencies, while starting parameters for later iterations were
determined randomly within the range of corner frequencies and seismic moments derived for
each event when individual ratios were modelled. Using different starting parameters in this
manner very rarely yielded different results, but it often made the inversion more likely to
converge. Ultimately, my results are taken to be the ones from the iteration with the smallest
error.
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Figure 57 : Difference in local magnitude between earthquakes as a function of how well their spectral ratio is fit by the
Boatwright model. Each ratio is modelled independently with the Boatwright model, and its fit is evaluated through visual
inspection with O=worst fit and 3=best fit. This is compared to the difference in local magnitude of the two events examined.

It seems that the magnitude difference between two events does influence how well their ratio can be fit by the Boatwright
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model. However, there is no clear threshold to determine what minimum magnitude difference should be used, and some

well-fit ratios have small magnitude differences while some poorly fit ratios have large magnitude differences.

For events modelled at several stations, | defined the seismic moment and P and S corner
frequencies as the median between all the values obtained at different stations. To ensure the
quality of my results, I first removed corner frequencies below the minimum frequency
examined, as well as corner frequencies above half of the maximum frequency examined (see

Appendix C for more detail). | then calculated static stress drops as Ao = %(5—2)3% from

Eshelby (1957) and Brune (1970). I took the logarithmic mean of the P and S stress drop as the
event stress drop. Finally, I calculated uncertainties by performing a jackknife test on the data,
removing 20% of individual data points in 100 iterations and finding the standard deviation of
source parameters.

Through this work, | was able to retrieve good quality seismic moments, corner frequencies
and stress drops for 597 aftershocks of the Pedernales earthquake, including 187 repeating
earthquakes. The results of this section are presented in Chapter 5.

Thus | was able to create a catalogue of postseismic repeating earthquakes, and in most
instances | was able to recover their source properties, along with those of many aftershocks.
These results are presented and discussed separately in the following two chapters, and further
discussed in tandem in Chapter 6.
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Chapter 4: Results from
classification, template-
matching and relocation

This chapter introduces the catalogue of repeaters obtained in the previous chapter. It was
published as a scientific article in 20211,

Here, we focus on the relationship between repeating earthquakes and afterslip, and we
explore the limits of using repeaters to quantify aseismic slip. We find that repeating
earthquakes are present primarily within large clusters of aftershocks at the edge of the two
main afterslip regions, where the afterslip gradient is high. We also attempt to use the
relationship between seismic moment and slip determined by Nadeau and Johnson (1998) to
quantify afterslip, but find that the slip derived from repeaters is not representative of large-
scale aseismic slip. Combining these two observations, we show that quantifying afterslip from
repeating earthquakes is not straightforward. We also suggest that the accumulation of stress at
the edges of the afterslip region may be linked to the behavior of repeaters.

1 See https://doi.org/10.1029/2021JB021746
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Repeating earthquakes at the edge
of the afterslip of the 2016
Ecuadorian Mw7.8 Pedernales
earthquake

Caroline Chalumeau, Hans Agurto-Detzel, Louis De Barros, Philippe Charvis, Audrey
Galve, Andreas Rietbrock, Alexandra Alvarado, Stephen Hernandez, Susan Beck,
Yvonne Font, Mariah C. Hoskins, Sergio Leon-Rios, Anne Meltzer, Colton Lynner,
Frederique Rolandone, Jean-Mathieu Nocquet, Marc Regnier, Mario Ruiz, Lillian Soto-

Cordero, Sandro Vaca, Monica Segovia

4.1 Abstract

Repeating earthquakes repeatedly rupture the same seismic asperity and are strongly linked
to aseismic slip. Here, we study the repeating aftershocks of the April 16, 2016 MW 7.8
Pedernales earthquake in Ecuador, which generated a large amount of afterslip. Using
temporary and permanent stations, we correlate waveforms from a one-year catalog of
aftershocks. We sort events with a minimum correlation coefficient of 0.95 into preliminary
families, which are then expanded using templatematching to include events from April 2015
to June 2017. In total, 376 repeaters are classified into 62 families of 4-15 events. They are
relocated, first using manual picks, and then using a double difference method. We find
repeating earthquakes during the whole period, occurring primarily within large aftershock
clusters on the edges of the areas of largest afterslip release. Their recurrence times, shortened
by the mainshock, subsequently increase following an Omori-type law, providing a timeframe
for the afterslip's deceleration. Although they are linked temporally to the afterslip, repeater-
derived estimates of slip differ significantly from GPS-based models. Combined with the fact
that repeaters appear more spatially correlated with the afterslip gradient than with the afterslip
maxima, we suggest that stress accumulation at the edge of the afterslip may guide repeater
behavior.
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4.2 Introduction

Subduction zones host the largest, most destructive earthquakes, along with a large variety
of seismic and aseismic slip processes. Understanding these processes, and the relationships
between them, is necessary to better constrain the mechanical properties of the fault and to
better assess seismic hazard. For this purpose, repeating earthquakes are an important
seismological tool, able to link aseismic slip and seismic behavior.

Repeating earthquakes (or repeaters) are families of two or more events, usually of small
magnitude, that represent repeated ruptures on a single seismic asperity through time
(Ellsworth, 1995; Nadeau et al., 1994; Vidale et al., 1994). They are identified by their nearly
identical waveforms and overlapping rupture areas. Over the last 25 years, they have been
observed in a large variety of tectonic settings, from strike-slip faults (Nadeau and Johnson,
1998) and normal faults (Duverger et al., 2018), to reverse faults (K. H. Chen et al., 2008) and
megathrust faults (Dominguez et al., 2016; Uchida et al., 2003). In all these settings, repeaters
are associated with aseismic slip, be it creep, afterslip, or slow slip events (SSEs). The
recurrence of these earthquakes suggests that a seismic asperity is being continually loaded,
likely by aseismic slip, and breaking at regular intervals (T. Chen and Lapusta, 2009). This
makes repeaters ideal tools to probe the properties of a fault and its slip history.

Repeaters are usually quasi-periodic during the interseismic period, with log(Tr)
proportional to log(Mo'®) (where Tr is recurrence time and Mo is seismic moment). This
relationship seems to be universal across tectonic contexts, further suggesting that repeaters
depend on tectonic loading rates (K. H. Chen et al., 2007). This makes them useful to estimate
creep at depth (K. H. Chen et al., 2008; Nadeau and Mcevilly, 1999). Since repeaters likely
represent slip on an isolated asperity being loaded by surrounding creep, repeaters measure slip
directly on the fault, independently from GPS surface measurements. They can therefore
complement geodetic models, which have their own uncertainties linked to instrument location,
fault geometry, model smoothing, and other parameterization.

Afterslip is a transient aseismic process that occurs in response to a large earthquake,
usually in conjunction with aftershocks. Both geodetic and repeating earthquake data can be
used to estimate afterslip (Uchida, Yui, et al., 2009). They offer complementary constraints on
the geographical extent and amplitude of afterslip. Repeaters are an especially powerful tool
along subduction margins as they provide additional insights into afterslip occurring in offshore
regions. Recurrence times of repeaters drop after a mainshock, then slowly increase following
an Omori-type law (Marone et al., 1995; Peng et al., 2005; Schaff et al., 1998; Taira et al.,
2009). This study aims to better characterize the relationship between repeaters and afterslip in
the context of the Ecuador-Colombia subduction zone by looking at the post-seismic sequence
of the 2016 Mw 7.8 Pedernales megathrust earthquake in Ecuador.
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The Ecuador-Colombia subduction zone is a complex, spatially heterogeneous region that
exhibits a wide variety of slip behaviors, from aseismic slip to large megathrust earthquakes.
Over the last century, five earthquakes with magnitudes above 7.5 have occurred in the area.
The 1906 Mw 8.4-8.8 earthquake (Kanamori and McNally, 1982; Yoshimoto et al., 2017) is
the largest known earthquake in the region. It is thought to have ruptured a 200 to 500 km long
segment from central Ecuador to southern Colombia (Kelleher, 1972). During the following 70
years, 3 earthquakes of magnitude 7.7 — 8.2 each ruptured a distinct ~200 km portion of this
segment, starting with the southern segment in 1942, then the middle segment in 1958 and the
northern segment in 1979 (Beck and Ruff, 1984; Kanamori and McNally, 1982). These formed
a northward sequence that may only have released as little as a fifth of the moment released by
the 1906 earthquake, suggesting that the latter broke through not only the three smaller
asperities together, but also some adjacent creeping portions of the megathrust (Beck and Ruff,
1984; Kanamori and McNally, 1982).

The April 16" 2016 Mw 7.8 Pedernales earthquake was the latest in the along-strike
megathrust sequence. It ruptured a highly coupled patch of the subduction interface (Chlieh et
al., 2014; Nocquet et al., 2014) corresponding to the approximate rupture area of the 1942
earthquake (Nocquet et al., 2017). Some studies have argued that the moment released by the
Pedernales earthquake represents the entirety of the strain accumulated since 1942, meaning
each megathrust earthquake that occurs in this area completely resets the fault loading (Ye et
al., 2016; Yoshimoto et al., 2017). Others have proposed that the moment released by the 2016
earthquake far exceeds the strain accumulated since 1942 (Nocquet et al., 2017), suggesting the
existence of an earthquake supercycle in the Ecuador-Colombia subduction zone. This would
explain the relative seismic quiescence before 1906 and the subsequent enhanced seismic
hazard, implying that the 1906 earthquake did not fully reset the strain accumulation along the
plate boundary (Nocquet et al., 2017).

In addition to megathrust earthquakes, there is a large variety of interacting slip behaviors
along the Ecuadorian margin. North of the 2016 rupture zone (Figure 58), the Punta Galera
region exhibits low to intermediate coupling that hosts frequent SSEs accompanied by repeating
earthquakes and seismic swarms (Vaca et al., 2018). This periodic unloading via aseismic slip
may cause the area to impede rupture propagation (Vaca et al., 2018). Other areas prone to slip
aseismically include La Plata island, where SSEs have been observed concurrently with seismic
swarms (Chlieh et al., 2014; Segovia et al., 2018; Vallée et al., 2013), the region downdip of
the rupture zone where an SSE was detected in 2015 (Rolandone et al., 2018), and upper plate
faults near Esmeraldas (Hoskins et al., 2021). Aseismic behavior was also found during the
postseismic period of the 2016 earthquake, with several regions experiencing afterslip, imaged
by GPS data (Rolandone et al., 2018). During the first month following the Pedernales
earthquake, two main patches of afterslip emerged updip of the coseismic rupture zone in the
north and south, about 100 km apart (Rolandone et al., 2018) (Figure 58). Both patches remain
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static in space for the first month, growing in amplitude but not in area (Rolandone et al., 2018;
Tsang et al., 2019). The northern patch is situated in a low interseismic coupling area (5 to 40%)
while the southern patch is centered on a high interseismic coupling region (50 to 90%) (Figure
58), yet in both cases the amplitudes, dimensions and behaviors are similar, with large and rapid
early slip (Rolandone et al., 2018).
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Figure 58 : Seismotectonic features in the study region. Interseismic coupling (Nocquet et al., 2014) is shown in brown color

scale. SSEs shown in pink: 2013 SSE offshore Punta Galera (PG) (Vaca et al., 2018), 2013 SSEs around La Plata Island (LPI)

(Segovia et al., 2018), 2015 deep SSE (Rolandone et al., 2018). The presence of a 2016 SSE near Esmeraldas (E) is suspected
but not yet modelled (Hoskins et al., 2021). White stars and white lines show the epicenters and approximate rupture areas
of past megathrust earthquakes (Kanamori and McNally, 1982; Mendoza and Dewey, 1984). The yellow star and yellow line
show the epicenter and the 1 m contour of the rupture zone of the 2016 Pedernales earthquake (Nocquet et al., 2017). The
purple lines show the 20 cm edges of the 1-month Pedernales afterslip (Rolandone et al., 2018). Plate convergence between

the Nazca plate and the North Andean Sliver is from Chlieh et al., (2014).

The afterslip was accompanied by aftershocks, further highlighting the seismic-aseismic
interaction already visible during the interseismic period. During the month following the
mainshock, the aftershocks’ spatio-temporal evolution mirrored that of the afterslip,

e L
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demonstrating that aftershock expansion was controlled primarily by afterslip (Agurto-Detzel
et al., 2019). The link between seismicity and subducting oceanic relief was also highlighted
(Agurto-Detzel et al., 2019; Soto-Cordero et al., 2020). The aseismic Carnegie Ridge, a 2 km
high, 280 km wide, and 14-15 km thick volcanic feature, subducting between 0° and 2.5°S
(Gailler et al., 2007; Michaud et al., 2009; Sallares et al., 2005), segments the region, and
prevents rupture propagation towards the south (Collot et al., 2004), while subducting
seamounts also influence the distribution of seismicity (Agurto-Detzel et al., 2019; Collot et al.,
2017; Marcaillou et al., 2016; Segovia et al., 2018; Soto-Cordero et al., 2020). Seismic imaging
studies have also suggested that upper plate structures further segment the margin and play an
additional role in preventing rupture south of 0.5°S (Koch et al., 2020; Lynner et al., 2020).

In this unique context, we explore the link between afterslip and repeating seismicity. We
first extract repeaters from an existing earthquake catalog (Agurto-Detzel et al., 2019), relocate
them, and enhance our detection through template matching. Repeaters are then compared with
an existing afterslip model, in order to discuss the spatiotemporal relationship between them.
We note that repeating earthquakes seem related to afterslip gradient rather than to afterslip
itself. We therefore hypothesize that repeaters are influenced by the stress transferred from the
afterslip.

4.3 Materials and Methods

To extract repeating earthquakes occurring during the postseismic phase of the Pedernales
earthquake, we use both the permanent seismic network in place in Ecuador (Alvarado et al.,
2018), and the one-year temporary deployment of land and ocean bottom seismic (OBS)
stations deployed in the aftermath of the Pedernales earthquake (Agurto-Detzel et al., 2019;
Meltzer et al., 2019). We examine 14 months of postseismic data, as well as 12 months of
interseismic data. We start with the one-year long catalog produced by Agurto-detzel et al.
(2019) using both automatic and manual picks. We calculate cross-correlations between all
catalog earthquakes within the region, using them to obtain preliminary repeating earthquake
families. These are later expanded through template-matching. We then relocate these
earthquakes, first using manual picking to get robust preliminary locations, and then using the
double-difference algorithm HypoDD to get finer relocations (Waldhauser and Ellsworth,
2000) and to calculate magnitudes. We then obtain a final classification of repeaters. A
flowchart summarizing the processing steps can be found in the supplementary materials
(Figure SC.1).

Between April 16" 2016 and April 30" 2017, 4762 earthquakes were catalogued in the
study region. The first month of data was only recorded by the permanent seismic network,
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while the temporarily deployed land stations were active from mid-May 2016 through mid-May
2017, and the OBS stations were active from the end of May to November 2016. This mismatch
in coverage between permanent and temporary stations means our seismic data does not
uniformly cover the month with the most earthquakes (Figure SC.2). In an effort to get a
homogeneous, unbiased seismic coverage, we use a subset of 7 permanent and 10 temporary
stations for repeater classification, ensuring at least 3 stations are simultaneously active at all
times (Figure SC.2).

We perform time domain cross correlation on the vertical seismic component in a window
starting 2 seconds before the theoretical P arrival and encompassing both the P and S waves,
for all events and for all stations within a 140 km radius of the target earthquakes. The window
length is fixed at 30 seconds for each station to ensure that all earthquakes’ S waves are included
in the correlation. Only one GSN station, OTAYV, is used for earthquakes at all distances, with
a window length of 57 seconds. While OTAV is farther away from the correlated earthquakes,
it recorded high quality, low noise data during the entire period of interest. A different filter is
used for each station based on the frequency band with the highest S/N ratio, in an effort to
homogenize the various stations’ detection capabilities. The parameters used to compute
correlation coefficients are shown in Table S1.

We initially set a lower correlation threshold of 0.9 to find preliminary repeating families.
This condition is required to be met at 2 stations if 5 or more stations are recording, or at 1
station if 4 or fewer stations are recording, to classify events as preliminary repeaters. This
initial pass sorted 888 of the 4762 catalog earthquakes into 364 families. Waveforms from each
family are then stacked to form a single representative template. Template-matching is then
performed from the April 16" 2015 to the June 30" 2017 using the Fast-Matched Filter (FMF)
code (Beauce et al., 2017), using a correlation threshold of 0.9 and adding 432 new repeaters
to our families. The use of stacks and the low correlation coefficient ensure that the catalog of
repeaters is as complete as possible. We also search for new earthquakes in the year before the
mainshock by lowering the detection threshold to ten times the daily average correlation
between templates and the continuous data. New earthquakes are correlated together to find
interseismic families, resulting in 3 new doublets.

All preliminary families are then relocated. Manual picking is first used to improve family
locations with the NonLinLoc algorithm (Lomax et al., 2000), using the same 1-D velocity
model as Agurto-Detzel et al., (2019). At least one repeater in every family is relocated, and its
coordinates are used to set family locations. If several repeaters are relocated within a family,
the average location is used. Cross correlations of P and S waves are later used to perform a
higher precision relative relocation of the whole catalog using double-difference travel times
and the HypoDD software (Waldhauser and Ellsworth, 2000). The region is separated into 4
subregions for relocation, and 63 stations are used, with 12 stations used on average to relocate
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each earthquake pair. 2483 events are relocated out of 5617, including 1119 preliminary
repeaters. We show examples of relocated repeaters within families in Figure SC.3. With these
new locations, local magnitudes (M_) are calculated for all earthquakes, from which seismic
moments are derived (see details in Appendix B:Text S1).

Lastly, we calculate correlation coefficients again on the preliminary repeaters to enforce
a stricter classification for our definitive families. The threshold correlation coefficient used to
classify events as repeaters is 0.95, high enough to confirm the rupture of one single source and
low enough to avoid missing events during periods with poor coverage (Uchida, 2019 and
references therein). Earthquakes are sorted into families if they correlate above 0.95 at one third
of available stations. We only retain families with 4 or more repeaters which span more than
15 days. These additional criteria are applied because very short-lived families (with under 15
days between the first and last repeater), and a significant portion of families with 2 or 3 events,
appear to be near simultaneous events, which may be the result of nearby asperities rupturing
separately, rather than one single asperity rupturing repeatedly (Lengliné and Marsan, 2009).
We are confident in larger families because they are based upon more cross-correlation
similarity measurements. Thus, excluding doublets, triplets, and very short-lived families, we
find a total of 376 repeaters grouped into 62 families. In the interseismic period, we only
identified 8 repeaters each belonging to different repeating families. Examples of family
waveforms are shown in Figure 59 for the PDNS station.
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Figure 59 : Normalized waveform plots of four different families recorded at the PDNS station. Grey lines are individual

repeaters’ waveforms, while red lines are the stacks of all individual repeater waveforms available within a family.
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Although other studies sometimes use a spatial parameter to classify repeaters, like source
overlap or hypocentral distance (Uchida, 2019 and references within), we have elected to base
our classification solely on correlation coefficients. This is in part because 61 out of 376
repeating earthquakes could not be relocated with HypoDD, due to the small number of stations
available in the first month. It is also because the location uncertainty was too large to accurately
determine whether two earthquakes shared the same source. We estimated the relative
relocation average error attributable to noise in the data by introducing a random error in our
original travel time data and repeating the inversion 100 times for all 2483 relocated events.
That error was found to be around 750 m on average. To that we must add the errors that stem
from the unevenness of the network, since most of the stations used do not cover the entire
period, and since all the stations used for cross-correlation differential times are on land. We
performed 50 iterations with all 2483 relocated events during which we randomly take out one
station for each earthquake pair. Doing so yielded an average error of about 580 m. Since the
relative location errors were an order of magnitude higher than the repeaters’ source areas, it
was not possible to use hypocentral distance as a classification criterion without missing a
significant number of repeaters.

4.4 Results

4.4.1 Location and evolution of repeaters

The proportion of repeaters among aftershocks through time is shown in Figure 60. The
catalog used as the basis for this study (Agurto-Detzel et al., 2019) stopped on day 381 after the
mainshock (April 30" 2017). Any later earthquake was found exclusively with template
matching, making the proportion of repeaters past day 381 biased. The proportion of repeaters
shows that the increased number of stations past the first month did not lead to a sharp increase
in detections, which ensures that our detection capacities remain relatively constant. Although
some of the earlier aftershocks are clearly missing due to the decreased detection capabilities
right after the mainshock, the proportion of repeaters seems to remain unaffected (Figure 60).
Large aftershocks affect the number of repeaters and other aftershocks, but not necessarily their
relative proportions, as in the first ~100 days following the Pedernales earthquake the
proportion of repeaters remains relatively constant at around 0.1. This suggests that the
processes driving both aftershocks and repeaters are strongly linked in the region during that
time.
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Proportion of repeaters among total earthquakes
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Figure 60 : Number of repeaters through time. A: proportion of repeaters detected among aftershocks per day. Note that
the catalog originally stops after 1 year, so any event after that was detected through template-matching in an attempt to
find new repeaters. Thus the proportion shown after 381 days (grey zone) is biased. The red dashed lines show the dates and
magnitudes of large aftershocks (M>5.5). B: total number of earthquakes (in black) and repeaters (in green) per day. C: total

number of stations used to detect repeating earthquakes.

As expected after a large earthquake, the recurrence times of repeating earthquakes drop,
then gradually increase after the mainshock (Figure SC.4). At least 50 families of repeaters
show a consistent gradual increase of recurrence time. Some families show perturbations and
small decreases in recurrence time after large aftershocks with magnitudes above 6, like in May
and July 2016. These perturbations tend to be accompanied by small increases in magnitude.
Most families follow an Omori-type law, like what has been documented in other parts of the
world (Schaff et al., 1998), with recurrence times decaying faster as we get closer to the afterslip
center. This is especially apparent near the northern afterslip patch. Due to the lack of
interseismic recurrence times, we cannot determine how recurrence times at the end of our study
compare to interseismic ones. However, stress perturbations from the mainshock seem to still
be present, because recurrence times at the end of our study are still increasing. This is
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consistent with geodetic studies that suggest that postseismic slip is still happening in Ecuador
in 2020 (Rolandone et al., 2020).
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Figure 61 : Seismicity in the study region. a) Seismicity in map view. Relocated earthquakes (dark gray, 2483 events), non-
relocated earthquakes (light gray, 3134 events) and repeaters (pink triangles, 62 families) are shown. Stations used for the
classification of repeaters are shown as yellow squares. 1m contours of the rupture zone are shown in black (Nocquet et al.,
2017). Blue circles show the two largest M6.9 and M6.7 aftershocks that occurred on May 18th 2016. The 200 mm limit of
the afterslip is shown in purple (Rolandone et al., 2018). b) Seismicity in 30 km wide cross sections. The black line is the slab
1 plate interface (Hayes et al., 2012). The blue highlight corresponds to the portion of the interface that experienced more
than 1 m of coseismic slip during the 2016 Pedernales earthquake (Nocquet et al., 2017). The coastline is depicted using
inverted light blue triangles.

Relocated aftershocks and repeaters are shown in map and cross section view in Figure 61.
Absolute aftershock relocations have a lateral uncertainty of 1.7 £ 1.3 km and a depth
uncertainty of 4.3 + 3.7 km on average. There are more significant errors in depth within 25 km
of the trench, especially towards the south, where many events appear to be aligned on the 20
km depth discontinuity of the 1D velocity model. The lateral uncertainty in this region is 2.4 +
1.1 km, while the depth uncertainty is 7.3 £ 4.2 km. A combination of poorer station coverage
near the trench, especially in the first month, and a 1-D model ill-fitted for the complex velocity
structure in the area likely accounts for these large errors. Earthquakes closer to the dense land
network have better constrained locations, with a lateral error of about 1.5 + 1.1 km and a depth
error of about 3.3 £ 2.9 km. These events typically cluster close to the plate interface.
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Figure 62 : Locations and evolution of six selected repeating earthquake families (red on the map). On the map, all families
are shown as black dots, and 200 mm contours of the afterslip are shown in purple (Rolandone et al., 2018). For each
selected family, postseismic repeaters’ magnitudes (black squares) and recurrence times (red diamonds) are shown as a
function of time.

In map view, repeater distribution appears to be similar to that of aftershocks. Most families
are located in larger clusters, with only a few families being isolated elsewhere. This is
consistent with suggestions that the Pedernales aftershocks are driven in large part by afterslip
(Agurto-Detzel et al., 2019), similarly to repeaters. In fact, repeaters primarily occur updip of
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the mainshock rupture, where most of the afterslip occurs (Rolandone et al., 2018; Tsang et al.,
2019). With a few exceptions north-east of the coseismic rupture, both repeaters and aftershocks
are contained within three trench-perpendicular seismicity streaks that stretch between the
coseismic rupture zone and the trench. These are permanent features in the area, visible in both
the interseismic and postseismic periods (Agurto-Detzel et al., 2019; Font et al., 2013). This
area between the rupture zone and the trench is subject to only small coseismic Coulomb stress
changes from the mainshock (Figure SC.5a). Repeaters in particular mostly experience small
stress increases. About 10% of repeaters and 20% of non-repeaters in the first month experience
more than 10 bars of coseismic stress increase from the mainshock (Figure SC.5b). Overall, the
median stress increase experienced by repeaters is 3.5 bars, enough for coseismic stress changes
to induce short-term triggering for some repeaters (K. H. Chen et al., 2013). However, the
pattern of repeaters’ and earthquakes’ distribution is very different from the distribution of
coseismic stress changes (Figure SC.5a).

Three main regions contain repeaters: the northern afterslip patch (A-A’ and B-B’, Figure
61), the southern afterslip patch (C-C”), and the area north-east of the main coseismic rupture
zone (near blue circles, Figure 61). Repeaters are present around the northern patch of afterslip
throughout the whole period (Figure 62). This includes observations near the trench. This area
experienced SSEs during the interseismic period, though their slip amplitude was about ten
times lower than that of the 2016 afterslip (Vaca et al., 2018). While the 2013 SSEs did cause
possible repeaters (Vaca et al., 2018), neither they nor the repeaters we detected in the year
before the mainshock, occurred closer than 40 km from the trench (Figure SC.6).

Similarly, most repeaters in the south occur around the slip maximum of the southern patch
of afterslip. Unlike in the north, this patch sits on a highly coupled region (Figure 58). While
the repeaters in the cluster closest to the center of the patch are more numerous, and their
magnitudes are generally higher, overall repeaters behave similarly in the northern and southern
afterslip patches. One difference is that families near the trench in the south mostly stop after
~200 days, while trenchward families in the north remain active until the end of the study
period. In the cluster closest to the southern slip maximum, however, families are numerous
and repeaters occur for at least ~300 days (Figure 62). This cluster was also active before the
mainshock, as two families were activated there during the year preceding the mainshock.

Finally, the region north-east of the rupture contains a few repeaters, along with many
aftershocks. Itis likely that these repeaters, along with the other earthquakes, are caused directly
by the M6.9 and M6.7 aftershocks on May 18" 2016, as they are only activated after the first
month. Repeating families in this region, in addition to being sparse, stop after less than 200
days. This may reflect the short duration of the aseismic slip that occurred in the area, although
we cannot know as no afterslip model exists past the first month.
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Several regions have a high density of aftershocks but no repeaters. There is a high density
of aftershocks between the two coseismic slip maxima, as well as at the southern end of the
rupture zone, but no repeaters occur there. Within the coseismic rupture zone, it is likely that
aseismic slip is prevented by the nearly total stress release during the mainshock. Even
aftershocks within the rupture area may not occur at the plate interface, although this cannot be
confirmed given the depth uncertainties and the lack of focal mechanisms (Agurto-Detzel et al.,
2019; Soto-Cordero et al., 2020). The other clusters without repeaters are located north of the
rupture, at -79.90°W (Figure 61a). Aftershocks north of 0.8°N mostly occur in December of
2016, starting on December 2", in the overlying plate (Soto-Cordero et al., 2020) and are not
likely to be directly linked to afterslip. These events do not seem to directly relate to the
aftermath of a large earthquake, although three earthquakes above magnitude 5 occur in that
region between December 12" and December 20", during the peak of seismic activity. They
may be related to a swarm occurring in the Esmeraldas sequence 30 km to the east, itself
happening on a crustal fault and probably in concurrence with aseismic slip, which starts on
November 28" (Hoskins et al., 2021). Meanwhile, aftershocks in the cluster between 0.6°N and
0.8°N are primarily associated with the large M6.9 and M6.7 aftershocks of May 18" 2016 and
the M6 and M6.2 earthquakes on July 11™" 2016.

4.4.2 Repeaters and afterslip

Repeaters identified in this study seem strongly associated with the two main afterslip
patches. We aim at quantifying that relationship by using the GPS-derived 30-days afterslip
model developed by Rolandone et al. (2018). Since no geodetic afterslip model currently exists
past the first month, we primarily focus on families that are active within that time period. To
calculate slip from repeaters, we use the equation developed by Nadeau and Johnson (1998),
henceforth referred to as the NJ equation:

log(d) = 0.17 log(M,)) — 2.36

Here the seismic moment Mo is in dyne-cm and the slip d is in cm. Although the equation
is an empirical relation based on geodetic data from Parkfield, California, it has been used
successfully in several subduction settings, including Japan (lgarashi, 2020; Matsubara et al.,
2005; Nomura et al., 2017; Uchida et al., 2016; Uchida, Nakajima, et al., 2009; Uchida, Yui, et
al., 2009; Uchida and Matsuzawa, 2013) and Chile (H. Huang et al., 2017; Kato et al., 2016;
Meng et al., 2015). The model has been criticized in different studies as being physically
implausible (Beeler et al., 2001; Sammis and Rice, 2001), as it assumes that no aseismic slip
occurs on the asperities and that stress drop is a function of magnitude, therefore predicting
unrealistic stress drops for small earthquakes (Beeler et al., 2001; Sammis and Rice, 2001). A
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competing model developed by Beeler et al., (2001) would not materially alter our estimates,
since it tends to give similar results to the NJ equation (lgarashi et al., 2003; Mavrommatis et
al., 2015). We therefore feel confident in using the NJ equation here.

Slip
0 100 200 300 400 500 600 700 800

e —

b)

0.25

—l Total area
[ Non-repeaters
0.20F [ Repeaters

0.05f

0.005 100 200 300 400 500 600

Total slip (mm)

-81.0° -80.5 -80.0°

Figure 63 : Positioning of repeaters with regards to the afterslip, and comparison between repeaters’ estimated slip and the
GPS model of afterslip from Rolandone et al., (2018). a) Total aseismic slip after 1 month (Rolandone et al., 2018). Outlined
patches represent slip calculated from repeating families with 2 or more events in the first month, using the NJ equation. For
easier comparison both among families and with the geodetic model, NJ slip from each family was extrapolated to one
month, using the ratio of slip calculated using the NJ equation to slip modeled by GPS between the first and last repeater of
the month. Each cell averages slip from families within a 2 km radius. b) Percentage of first month repeaters and non-
repeaters located in areas experiencing a given amount of afterslip (sampled over 5 km?), as estimated from the GPS model
(Rolandone et al., 2018). The total slip is the amount of afterslip experienced between the mainshock and the time of a given
earthquake at that location, according to the GPS model. Non-repeaters are shown in red and repeaters are shown in blue.

The grey bars show the percentage of the total study area experiencing a given amount of afterslip.

The resulting slip estimates are shown in space and time in Figure 63a and Figure 64. From
the geodetic model of afterslip (Rolandone et al., 2018), we estimate the amount of slip that
occurred between the first and last repeater of the month within a family. Some agreement is
found in the spatial distribution of slip from repeaters and GPS (Figure 63a), as well as with its
temporal evolution (Figure 64). The shape of the curves showing the evolution of slip with time
for GPS and repeaters are similar, in both the northern and the southern slip regions. Absolute
estimates of the average slip differ by a factor of 0.5 to 0.95 from geodetic estimates, which is
in the same range of uncertainties as in other studies (lgarashi et al., 2003; Uchida, Yui, et al.,
2009). There is also a good temporal agreement between smaller-scale surges in GPS-derived
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slip and in repeater-derived slip, around days 5, 10 and 15, although these perturbations appear
slightly later in the GPS data. However, upon closer inspection of individual families, the
relationship between GPS and repeater-derived slip breaks down. First, there is a lot of spatial
heterogeneity in the slip calculated (Figure 63a). This is true even when considering long-term
slip (Figure SC.7). More explicitly, GPS and repeater-derived slip of individual families do not
appear to have a strong relationship (Figure 65a), even when considering families only from
one region. We confirm this by plotting the average moment of individual families against their
average experienced slip as modelled from GPS data (Figure 65b). We find a large scatter and
a poor correlation, despite a similar overall trend to the repeaters at Parkfield (Figure 65b).
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Figure 64 : Average cumulative afterslip experienced in the first month by repeating families within 50 km of the northern

(red) and southern (blue) patch, and over the whole area (black). Full lines represent the average calculated slip experienced
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by families. The dotted lines show the average slip from the geodetic model at the locations of the families (sampled over 5

km?). Red and blue circles represent earthquakes with MI>5.5 occurring in the north and south respectively.

The complexity of the slip/repeaters relationship is reinforced by the absence of repeaters
in areas with maximum afterslip as well as in areas with no slip (Figure 63). The distribution of
non-repeaters follows the slip distribution, at least for slip values larger than 100 mm, which
are better resolved. Repeaters are more concentrated in areas of moderately large slip, between
100 and 450 mm. They are however absent from areas which experienced more than 500 mm
of slip. In map view, it is apparent that repeaters mostly surround the two afterslip maxima
(Figure 63a). This is true in the southern as well as the northern slip regions, although the
different coupling values may imply different asperity densities and productivity of seismicity.
This reinforces the idea that something beyond simply the amount of slip is influencing the
repeaters and their distribution. Since repeaters appear to be mostly on the edges of the main
patches of afterslip, afterslip gradient is a likely candidate mechanism.
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Figure 65 : Comparison of slip derived from repeaters and GPS a) Aseismic slip experienced by a family between the first and
the last repeater of the first month, estimated from the geodetic model versus estimated using the NJ equation. Only
families with 2 or more events in the first month, and more than a day between the first and the last event of the month, are
used. Families within 50 km of the northern and southern afterslip patch are shown in red and blue respectively. b)
Comparison of average family seismic moment and average slip experienced. The green line is the linear relationship

predicted by the NJ equation. The red line is the least squares fit through the data.
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4.4.3 Repeaters and afterslip gradient
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Figure 66 : Afterslip spatial gradient experienced by repeaters. a) Map of first month repeating families (in grey) and the
spatial gradient of the cumulative one month afterslip from Rolandone et al. (2018). b) Percentage of first month repeaters
and non-repeaters located in areas experiencing a given amount of afterslip gradient (sampled over 5 km?). The slip gradient
is the amount of afterslip gradient experienced between the mainshock and the time of a given earthquake at that location,
according to the GPS model. Non-repeaters are shown in red and repeaters are shown in blue. The grey bars show the

percentage of the study area experiencing a given amount of afterslip gradient.

Repeaters seem to concentrate in areas with large afterslip gradients, and the gradient
associated with repeaters is higher than for the aftershock population (Figure 66). More
generally, it seems non-repeaters are present at all gradient values, while repeaters occur only
where gradient is moderate to high. To better illustrate this, and since the afterslip patches are
roughly concentric circles, we plot the distribution of earthquakes and repeaters against distance
from the center of the slip patch at the end of the month (Figure 67C and D). We see that the
distribution of repeaters has a stronger correlation than non-repeaters with the afterslip gradient,
in the south especially. In both the north and south, there are almost no earthquakes at the center
of the patch where the slip is highest. Were the amount of slip to most strongly influence the
location of repeaters or non-repeaters, their numbers would be highest at the center and decay
with distance, but that is not the case. Instead, in the north and south the number of repeaters
peaks at 25 and 15 km away from the center of the patch respectively, which is nearer to where
the afterslip gradient peaks. Since the two main patches of afterslip remain relatively stationary
throughout the month, their edges remain fixed in space (Figure SC.8). As a result, afterslip
gradient, which is largest at these edges (Figure 66a), grows consistently throughout the month,
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while its spatial extent remains near constant. This implies that the location of repeaters with
regards to slip is constant over the whole month. Overall, this suggests that aseismic slip
gradient may be a major control on the distribution of repeaters.
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geodetic afterslip with distance. The panels below (B) show the average afterslip gradient as a function of distance. Half of
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all radial profiles fall within the shaded area. The third panels (C) show the distribution of all repeaters (blue) and non-
repeaters (black) with regards to distance. The bottom panels show only repeaters from families with median magnitudes

above 3 and minimum magnitudes above 2.7 (blue), and non-repeaters with magnitudes above 3 (black).

4.5 Discussion

We have found repeating families in the aftershock sequence of the Pedernales earthquake,
which qualitatively appear to be associated with afterslip, both spatially and temporally. These
repeaters are mainly located primarily at the edges of the two main afterslip patches, where
afterslip gradient is highest, rather than at their center, where slip is highest. Slip gradient seems
to be an important factor controlling repeaters. We will now explore this relationship in detail.

4.5.1 Influence of uncertainties on the results

Before interpreting our results, it is important to assess their robustness by evaluating the
impact of uncertainties. While gaps in station coverage (Figure SC.2b) have been shown to be
in large part mitigated, errors in repeater detection and classification are a potential issue. We
mitigate errors by using a high correlation threshold. This likely means that some repeaters are
missing from the dataset, but it ensures we have high confidence in the families that we do
interpret. Our dataset is additionally limited by the repeaters’ magnitudes. While the total
catalog local magnitudes are mostly between 1.5 and 3.5, repeaters’ local magnitudes are
concentrated between 2.2 and 3.4 (Figure SC.9a), suggesting that repeating families with
magnitudes lower than 2.2 are likely incomplete or undetected. This could affect the spatial
distribution of repeaters in areas where the average magnitude is low, like northeast of the
mainshock rupture and within the mainshock area. The latter 2 regions, however, have a
magnitude of completeness of 2 and 1.5 respectively (Figure SC.9b), so it is less likely that
repeating families were missed there. A lack of completeness within a family could lower its
slip estimate, and may explain low values when compared to GPS-derived slip. On the other
hand, some non-repeaters may have been missclassified as repeaters due to an inadequate upper
threshold of the filter used for correlation. This may be an issue for small-magnitude
earthquakes with corner frequencies significantly above the filter’s upper frequency boundary
(Uchida, 2019 and references within). However, even when examining families with median
magnitudes larger than 3 and minimum magnitudes larger than 2.7 (Figure SC.10), there still is
no visible relationship between slip estimations from GPS and repeaters. The placement of
repeaters with regards to slip and gradient also remains similar (Figure 67)
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Since we compare the distribution of repeaters to that of non-repeaters, any repeater that
has been falsely identified as a non-repeater might also impact on our analysis. To avoid this
issue, we exclude from the group of non-repeaters every earthquake that has a correlation
coefficient above 0.9 with another earthquake. The threshold of 0.9 is chosen as it is used by
some studies to classify repeaters (e.g. Uchida, 2019 and references within), and thus the nature
of these earthquakes as repeaters or non-repeaters is uncertain. Thus we ensure that the repeaters
group and the non-repeaters group are truly distinct.

The different sensitivities of GPS and repeaters necessarily impact our comparisons with
GPS models. The GPS slip model is smooth by necessity, while the repeaters’ slip estimates
are not. A highly heterogeneous slip at the interface would be smoothed when recorded at the
surface and therefore be poorly resolvable by GPS models, but would explain the high degree
of heterogeneity of the repeaters’ slip estimates. However, if families did concentrate in small
heterogeneous areas of higher-than-average slip unresolvable by the GPS, we would probably
expect repeaters to overestimate of the overall slip, which is seemingly not the case here.

GPS models themselves have uncertainties to take into account. We consider the center of
the southern patch of afterslip to be well constrained, as a different afterslip model shows it to
remain within 5 km (Figure SC.11) (Tsang et al., 2019). In the north, the center of the afterslip
deviates by 10 km, but the landward edge of the patch remains in place, leaving the trenchward
side as the most uncertain (Figure SC.11).

Another source of error is the uncertainty of earthquake locations. Although lateral
earthquake location errors are small on average, they have to be combined with errors in the
geodetic model of afterslip, especially near the trench, in order to ensure our observations
regarding the relationship of repeaters to slip and to slip gradient is correct. For example, the
underestimation of slip from an earthquake cluster close to the center of an afterslip patch
compared to one given by the GPS model (Figure 63a), could be explained by the cluster being
wrongly located too close to the afterslip patch center. In fact, most of the repeaters within the
high slip areas tend to have low estimations of slip compared to the GPS, while the families
further from the patch tend to have slip estimations that are higher than the GPS (Figure 63a).
If we were to assume that our repeaters’ slip estimations are correct, and this discrepancy is due
entirely to location errors, then if anything, this confirms that repeaters should be more
concentrated on the edges and less in regions of high slip. Alternatively, the regularization
parameters used to derive the GPS model could have led to an overconcentration of slip at the
center of the two slip patches (Rolandone et al., 2018). A more spread out slip may explain
some of the regional discrepancies between the GPS and family slip, although it would still not
explain why repeaters remain located on the edge of the afterslip. To account for location and
geodetic model errors and smoothing, we give each family an error for GPS slip that
corresponds to the standard deviation of the GPS slip within a 15 km radius of the family’s
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location (Figure 65a). Even when taking the average of both NJ slip and GPS over a 30 km
region, the agreement between the two is still poor (Figure SC.12), suggesting that location
errors are neither the reason for the lack of repeaters near the center of the afterslip, nor the
cause of the discrepancy between repeaters and GPS slip.

4.5.2 What controls repeaters occurrence?

We have shown a significant correlation between the location of repeaters and the gradient
of the afterslip. Additionally, we have found that the relationship of geodetic slip estimates to
repeaters is not linear in the region, even taking uncertainties into account. These findings hint
at afterslip gradient being an important factor controlling repeaters. We will now discuss how
feasible that statement is, in light of studies in other regions.

A few factors are widely recognized as influencing the locations of repeaters. The most
important factor is the presence of aseismic slip (Waldhauser and Schaff, 2008). This means
repeating earthquakes are typically outside, or around, historic large earthquake rupture zones
and highly coupled regions (Chaussard et al., 2015; Igarashi et al., 2003; Ryder and Birgmann,
2008; Templeton et al., 2009; Uchida et al., 2003; Uchida, Yui, et al., 2009), although on
occasion they have been found inside past (Uchida and Matsuzawa, 2013) or future rupture
zones (Uchida and Matsuzawa, 2011). In Ecuador, repeaters are indeed found in slipping areas
outside of the rupture zone, although interseismic coupling appears to have only a limited
bearing on the locations of repeaters, which seemingly occur at all values of coupling (Figure
SC.13). Another common observation that fits with our data is the location of repeaters within
areas containing dense microseismicity (Kato and Igarashi, 2012; Ryder and Blrgmann, 2008).
Repeaters can only occur on asperities that are seismogenic, meaning that frictional features
always remain the primary factor controlling their distribution. As such, repeaters cannot occur
in completely aseismic areas, any more than they can occur in locked areas.

To our knowledge, there are no studies examining specifically the locations of repeaters
with regards to afterslip gradient. However, repeaters occurring primarily away from the
aseismic slip center is not a unique observation. Along the San Andreas fault (California),
earthquakes, including repeaters, tend to align along horizontal streaks (Lengliné and Marsan,
2009; Rubin et al., 1999). These streaks have been proposed to be boundaries between seismic
and aseismic slip (Sammis and Rice, 2001), although they are more generally thought to have
a geological origin (Rubin et al., 1999). Joint geodetic and seismological studies show that
repeaters appear to be absent from areas that slip the most, preferring instead areas of
intermediate slip (Chaussard et al., 2015; Templeton et al., 2009). As a result, studies using
only repeaters can underestimate the total slip, since they do not sample the slip maximum
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(Templeton et al., 2009). While the NJ relationship was derived first in Parkfield, its application
iIs not straightforward in the whole of California. There is always some small-scale
heterogeneity, so that in some cases the Mo-Tr relationship only weakly follows the NJ trend
(Lengliné and Marsan, 2009). When comparing INSAR models to repeaters slip, slip profiles
tend to agree, but are different in detail (Ryder and Burgmann, 2008), with sometimes large
scattering in the calculated Vs InSAR rates (Chaussard et al., 2015). In some cases, particularly
for short-term, faster creep, the parameters of the NJ equation need to be changed to better
reflect the data (Khoshmanesh et al., 2015), suggesting that the relationship of Mo to slip is not
the same everywhere at every time.

The most studied subduction zone with regards to repeating earthquakes is northeastern
Japan. During interseismic times, repeaters appear to be located in slow and fast creeping areas
within the seismogenic zone (lgarashi et al., 2003), with a good agreement between GPS
measurements and repeaters’ slip (Nomura et al., 2017), and relatively small scatter (Igarashi
et al., 2003). After the 2011 Tohoku earthquake, however, the density of repeaters appears to
have been low within patches of significant afterslip, according to several afterslip models
(linuma et al., 2016; Silverii et al., 2014; Uchida and Matsuzawa, 2013).

It is perhaps best to compare our study to repeating earthquakes occurring after a large
earthquake, to determine whether they do tend to organize around the afterslip maxima or not.
On the one hand, the aftermath of the 2015 Mw8.4 Illapel earthquake clearly shows repeaters
occurring largely within the area of maximum afterslip, and the slip estimates from repeaters
agree well with the GPS models (H. Huang et al., 2017). In this case, however, the afterslip was
low in amplitude, staying below 50 cm, and large in extent (H. Huang et al., 2017; Shrivastava
et al., 2016), meaning there likely was not a large regional slip gradient anywhere. On the other
hand, the 2012 Mw?7.6 Nicoya earthquake offers a clear case of repeaters being located on the
afterslip edge. Costa Rican repeaters exist largely between the two main patches of afterslip
(Chaves et al., 2020; Hobbs et al., 2017; Yao et al., 2017), despite the fact that some non-
repeating earthquakes occur closer to the two slip centers (Yao et al., 2017). Like in Ecuador,
the two patches of afterslip in Costa Rica both have a high amplitude, here up to 1 m, and a
small spatial extent, less than 50 km, meaning the slip gradient would be very high (Figure
SC.14). There is also a poorer agreement between the slip derived from repeaters using the NJ
equation and the slip from the GPS model, further highlighting the similarities between Costa
Rica and Ecuador (Figure SC.14).

It therefore seems that cases similar to ours exist elsewhere, and that the behavior of
repeaters with regards to slip and gradient may be dictated by the amplitude of the spatial
gradient. The question remains of the extent to which slip gradient influences repeater behavior.
There are two main explanations that we can propose. The first is that gradient is simply the
indicator of a change in the mechanical properties of the fault, which are themselves responsible
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for the occurrence of repeaters. The second is that gradient, or the stress that accompanies it, is
directly controlling repeaters.

The first possibility is that the high gradient results from aseismic slip is being stopped by
a large locked asperity, with repeaters nucleating at its edge. This idea was proposed by Sammis
and Rice (2001) as a way to explain the relationship between repeating earthquakes’ recurrence
times and seismic moments as proposed by Nadeau and Johnson (1998) without requiring
uncommonly high stress drops for repeating earthquakes. This model implies that slip on a
repeating asperity is not directly related to overall aseismic slip. It is instead being controlled
largely by the presence of the large asperity. Similarly, Anooshehpoor and Brune (2001) model
repeaters as asperities within creeping patches inside of larger asperities, invoking slip velocity
shielding to explain the scaling of repeaters moment to the overall measured aseismic slip. Both
models, however, necessitate the concentration of repeaters along the boundary between large
asperities and creeping regions, which is not true for most of our repeaters (Figure SC.13).

A similarly high gradient could be observed if, rather than being stopped by a single large
asperity, aseismic slip was slowed down by a multitude of smaller, concentrated asperities. This
may still result in slip velocity shielding between asperities of different sizes, explaining
heterogeneities between families and a complex relationship of repeaters to slip. In particular,
it would explain why, in some regions, nearby repeating aftershocks have very different
behaviors but still, when averaged, follow Omori’s law and the NJ scaling relationship
(Lengliné and Marsan, 2009). However, in our case, slip averaged over a region still does not
match with slip derived from geodetic models, putting into question the direct relationship of
slip to repeaters (Figure SC.12).

More generally, the absence of repeaters close to the afterslip maxima could be explained
by that region being completely aseismic and therefore unable to produce any earthquakes. In
that case, the high spatial gradient could be a passive indicator of a rheology change that allows
for the presence of earthquakes and repeaters. Like with the previous possibility, this offers no
explanation as to why the fit of geodetically-derived and repeater-derived is so poor. More
importantly, it raises the question of why repeaters would be present in areas where the afterslip
is moderate but the interseismic coupling is close to 0% (Figure SC.13), yet absent from areas
where the interseismic coupling and the afterslip are both higher. The transition of repeater-
prone to completely aseismic regions would need to be more closely investigated for this to be
answered conclusively.

It is also possible that stress transferred from the afterslip, which is directly related to the
gradient, is a driving force behind repeaters in the region. While stress is released within the
afterslip patches, it induces local stress concentrations at its edges (Andrews, 1976; Rice, 1993,;
Scholz, 2019; Wynants-Morel et al., 2020). Since the edges of the afterslip patch, along with
the areas experiencing the largest slip gradient, remain static throughout the whole period, a
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recurrent loading of asperities through continuous stress increase at the edge is possible. We
know that stress increase from SSEs can trigger seismic swarms at their edges, as has been
shown in Hawaii (Segall et al., 2006) and in New Zealand (Bartlow et al., 2014). No study has
currently looked at the applicability of that model for repeaters, but it may be worth
investigating in detail. This link between gradient and repeaters has important implications for
the estimation of slip using repeaters. Although the presence of repeaters itself remains an
indication of aseismic slip occurring in its vicinity, the fact that repeaters occur preferentially
at the edges of the slip, and not at its peak, necessarily makes it difficult to accurately quantify
the total slip. Additionally, if stress from the afterslip does indeed drive repeaters, then getting
an accurate estimation of slip from the latter would likely be challenging.

4.6 Conclusion

We have conducted a systematic search for repeating earthquakes in 14 months of
postseismic data of the Mw7.8 2016 Pedernales earthquake in Ecuador, as well as 12 months
of interseismic data. Repeating earthquake families were found in the vicinity of the two main
patches of afterslip in the 14 months following the mainshock. We show that there appears to
be a spatial relationship between the location of repeaters and the spatial gradient of the
afterslip. Repeating earthquakes seem to concentrate primarily on the edges of the afterslip,
where slip gradient is high, rather than at its center, where slip is high. While structural controls
undoubtedly remain the most important factor leading to the presence of repeaters, our results
suggest that stress accumulation on the edges of the afterslip may be a driving force behind
repeater activity.
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Chapter 5: Results from source
property calculations

This chapter shows the stress drops, seismic moments and corner frequencies of repeating
earthquakes and regular aftershocks determined using spectral ratios. It was written and
formatted as a scientific article and is intended for publication in 2022.

Stress drops carry information on the state of stress on a fault, and thus by recovering stress
drops we hope to better understand some of the complexity of the megathrust. One of our
primary results in this chapter is indeed an anomaly in stress drops near the trench, which we
interpret as a region of high pore-fluid pressure, or possibly of distinct frictional properties.
Additionally, studying the source properties of repeating earthquakes in particular can provide
insight into processes like fault healing and the time evolution of friction on a fault. We find
that in most of the study region, the stress drops and corner frequencies of repeating earthquakes
have very different evolutions, with even neighboring families behaving differently in time.
However, near the trench, stress drops are initially high and all decrease over the postseismic
period. We link this behavior to a likely increase in pore fluid pressure over that time.
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Spatio-temporal evolution of small
earthquakes’ source properties in
the aftermath of the 2016
Pedernales earthquake

5.1 Abstract

Subduction zones are highly heterogeneous regions capable of hosting large earthquakes.
To better constrain the processes at depth, we analyze the source properties of 1514 aftershocks
of the April 16th, 2016 Mw 7.8 Pedernales earthquake (Ecuador) using spectral ratios. We are
able to retrieve accurate seismic moments, stress drops, and P and S corner frequencies for 597
aftershocks, including 187 events belonging to families of repeating earthquakes. We find that,
for the studied magnitude range (Mw 2-4), stress drops appear to increase as a function of
seismic moment. They are also found to depend on their distance to the trench. This is in part
explained by the increase in depth, and therefore normal stress, away from the trench. However,
even accounting for the shallow depths of earthquakes, stress drops appear to be anomalously
low near the trench, which is best explained either by a high pore fluid pressure or by different
frictional properties in that region. We are also able to examine the temporal evolution of source
properties thanks to the presence of repeating earthquakes. We find that the variations of source
properties within repeating earthquake families are not uniform, and are highly spatially
variable over most of the study area. This is not the case near the trench, however, where stress
drops systematically decrease over time. We suggest that this reflects an increase in pore fluid
pressure near the trench over the postseismic period.

5.2 Introduction

Subduction zones are home to some of the largest and most damaging earthquakes on
Earth. These regions often present a complex slip behavior, as areas of slow aseismic slip can
neighbor earthquake rupture. This slip behavior is mostly controlled by the geometry, the
structural heterogeneity and the stress state of the megathrust. To know whether a large and
damaging earthquake can occur on a given portion of a fault, we therefore need to characterize
the fault properties and processes acting upon it in detail. Retrieving the source properties of
small to moderate earthquakes can allow us to gain key insights into the large-scale mechanical
properties of an active fault. In particular, stress drop (Ac) indicates the difference in stress
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levels between the start and end of an earthquake, and can therefore be an indicator of the initial
stress heterogeneities on the fault, as well as its shear strength.

On average, stress drop is thought to be constant across scales (Abercrombie, 1995; Aki,
1967; Allmann and Shearer, 2009). However, in detail, variations in stress drops have been
observed and linked to a variety of factors. Some studies have found an increase in stress drops
with magnitudes on regional scales (Bindi et al., 2020), and other studies have found that stress
drops increase with magnitude but plateau at high magnitudes (Drouet et al., 2011). This
remains a controversial point, as observed trends may result from errors in stress drop
calculations (Abercrombie, 2021). Tectonic setting can also affect stress drops, as intraplate
earthquakes in stable regions typically have higher stress drops than interplate earthquakes
(Viegas et al., 2010). Similarly, faulting type seems to influence stress drops, as some studies
show strike-slip earthquakes tend to have higher stress drops (Allmann and Shearer, 2009),
although other studies find that thrust faulting earthquakes have higher stress drops than strike-
slip ones at depth (Hardebeck and Aron, 2009).

Some authors have found a degree of correlation between stress drops of microearthquakes
and the coseismic slip areas of large earthquakes: stress drops were sometimes found to be high
around past rupture zones and low within them (Yamada et al., 2021), although that correlation
is ambiguous (Allmann and Shearer, 2007; Shearer et al., 2006). Similarly, Hardebeck and Aron
(2009) found that stress drops of earthquakes in and around locked zones were higher on
average than those on creeping portions of the Hayward fault (California) at similar depths,
suggesting a link to coupling. Stress drops have also sometimes been found to increase with
depth in the crust as a consequence of the increase in vertical stress (Boyd et al., 2017;
Hardebeck and Aron, 2009; Huang et al., 2017), including in subduction zones (Oth, 2013;
Uchide et al., 2014). Stress drops depending primarily on applied shear stress is consistent with
both their increase with depth and their relationship to fault locking and faulting type
(Hardebeck and Aron, 2009). Finally, pore fluid pressure can decrease stress drops by reducing
the effective normal stress (Goertz-Allmann et al., 2011).

Variations of stress drops with time have also been observed, especially after large
earthquakes. However, there is no unique behavior expected after a mainshock, as both
increases and decreases in stress drop have been observed (X. Chen and Shearer, 2013). Shear
stress changes induced by the mainshock may account for some of the observed changes in
stress drop after a large earthquake (Allmann and Shearer, 2007).
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When studying temporal variations in source properties, repeating earthquakes are ideal
tools, as they are thought to represent the repeated rupture of a single asperity due to loading
from surrounding aseismic slip (Ellsworth, 1995). They can therefore be used as proxy to study
the temporal evolution of the frictional properties of the fault (Vidale et al., 1994). Large
earthquakes greatly impact repeating earthquakes, causing a significant decrease followed by
an increase in recurrence times, as well as a change in seismic moment that can be positive or
negative, and sometimes the emergence of new repeating families (K. H. Chen et al., 2010; T.
Chen and Lapusta, 2009; Hatakeyama et al., 2017; Peng et al., 2005). Some rupture processes
of repeating earthquakes are remarkably similar, maintaining a consistent rupture direction and
velocity and occasionally a consistent stress drop (Abercrombie et al., 2012). In other cases,
repeating earthquake stress drops have decreased and gradually recovered after a large
earthquake (Abercrombie, 2014; Chaves et al., 2020). This has been explained by the decrease
in healing time after a large earthquake leading to a decrease in its static coefficient of friction
(Abercrombie, 2014; Chaves et al., 2020; Scholz, 1998).

In this paper, we aim to use both repeating and non-repeating aftershocks to understand the
spatial and temporal variability of source properties in the aftermath of a large megathrust
earthquake. Our study focuses on the postseismic period of the Mw7.8 2016 Pedernales
earthquake in Ecuador (Figure 68). The Pedernales earthquake occurred in a region of varying
interseismic coupling that hosts both large earthquakes and slow slip events. It was the fifth
event above magnitude 7.5 that occurred in the region since 1900. The first and largest was the
Mw 8.4-8.8 1906 event (Kanamori and McNally, 1982; Yoshimoto et al., 2017), which ruptured
a 200-500 km-long portion of the Ecuador-Colombia subduction zone (Kelleher, 1972). Three
other Mw 7.7-8.2 earthquakes occurred in the 20th century, all within the 1906 rupture zone.
The 1942 earthquake ruptured its southern portion, the 1958 earthquake ruptured its middle
portion and the 1979 earthquake ruptured its northern portion. The Pedernales earthquake broke
the highly coupled southern segment, similar to the 1942 earthquake (Chlieh et al., 2014;
Nocquet et al., 2014, 2017). It may have released all of the strain stored since 1942 (Ye et al.,
2016; Yoshimoto et al., 2017), or may have released more strain than what was accumulated
since 1942, thus hinting at the existence of an earthquake supercycle and explaining the
apparent quiescence of the Ecuador-Colombia subduction zone before 1906 (Nocquet et al.,
2017).

Aseismic slip controls a large portion of the seismicity in the region, as was highlighted in
the aftermath of the Pedernales earthquake. In the month following the mainshock, the
aftershock expansion and moment release were controlled primarily by the afterslip (Agurto-
Detzel et al., 2019). The seismicity was arranged into three streaks going from the rupture zone
to the trench, which are permanent features of the background seismicity (Font et al., 2013).
These streaks contained a large number of repeating earthquakes, which occurred primarily at
the edge of the two afterslip patches (Chalumeau et al., 2021). These patterns of seismicity are
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likely controlled primarily by the subducting features on the Nazca plate, although variations
in upper plate composition and structure has also been found to possibly control megathrust
rupture extent (Koch et al., 2020; Lynner et al., 2020). The subducting Atacames seamounts
likely participate in reducing the interseismic coupling and may act as barriers preventing large
ruptures from propagating up-dip (Marcaillou et al., 2016). Meanwhile, to the south, the
Carnegie Ridge, a 2 km high, 280 km wide, and 14 - 19 km thick volcanic feature, subducting
between 0° and 2.5°S, likely limits rupture propagation in this direction (Collot et al., 2004;
Gailler et al., 2007; Graindorge et al., 2004; Michaud et al., 2009; Sallarés et al., 2005).

In this context, we explore not only what features control the spatial distribution of
microearthquakes’ stress drops, but also the evolution of their source properties in the aftermath
of a large subduction earthquake. Through this, we hope to better understand the evolution of
the frictional properties of the megathrust, and the recovery process after the mainshock. For
this purpose, we use the spectral ratios method to recover seismic moments, corner frequencies
and stress drops of both repeaters and regular aftershocks of the Pedernales earthquake. We
find that stress drops increase with moment magnitude. Furthermore, we note that earthquakes
near the trench have on average lower and decreasing stress drops. Elsewhere, stress drops
remain highly heterogeneous, with no clear pattern of evolution.

5.3 Data and Methods

We examine 14 months of postseismic data of the Pedernales earthquake, using both the
permanent Ecuadorian seismic network (Alvarado et al., 2018), as well as the temporary seismic
stations deployed for one year after the Pedernales earthquake (Agurto-Detzel et al., 2019;
Meltzer et al., 2019). We use the aftershock catalogue published by Agurto-Detzel et al. (2019)
using both automatic and manual detections and located with a 1D model (Figure 69). Within
this catalogue, 2925 events were partially relocated with both NonLinLoc (Lomax et al., 2000)
and HypoDD (Waldhauser and Ellsworth, 2000) by Chalumeau et al. (2021). 1514 of these
events are sorted into 55 clusters of 7 or more earthquakes with a maximum distance of 9 km,
corresponding to twice the average absolute location error for our relocated earthquakes
(Chalumeau et al., 2021). We use these earthquakes for our inversion. As for repeating
earthquakes, we use the catalogue of 376 repeaters sorted into 62 families of 4 to 15 events
detected by Chalumeau et al. (2021) (Figure 68 and Figure 69). This catalogue was constructed
using cross-correlation with a threshold of 0.95, and was completed using template-matching
to ensure the completeness of families.
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repeaters as a function of time.

To infer source properties, we use the spectral ratios method, also known as the multiple
empirical Green’s function (meGf) method, developed by Ide and Beroza (2003) and based on
an approach by Hough (1997), to obtain seismic moments and corner frequencies. This method
works as follows. A seismogram can be written as S(t) = E(t) * G(t) * I(t) where E is earthquake
source, G 1s propagation (Green’s function) and I is instrument response, which we know.

According to the Boatwright spectral model (Boatwright, 1980), the source displacement

1
spectrum is given by: E(f) = ( )v, where Q is the low-frequency asymptote, f,. the

8
1+(f/fr™
corner frequency and y and n are two constants assumed to be y = 2 and n = 2. Meanwhile, G

is unknown. However, for two closely located events, the path from event to station, and

therefore G, should be the same. So by taking a ratio of the two events at the same station in
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the frequency domain, we can remove propagation effects and be left with only the source
information:

S1(f) _ Mo, (1 + (f/fcz)yn)%
S2(f) Mop 1+ (f/fe)™

(1)

Often, this method is used to recover the source properties of one large event using one or

several much smaller events as empirical Green’s functions. However, this requires not only a

large number of small events, but also large magnitude differences between collocated events,

which we do not have in many places. We instead elect to invert the ratios of all suitable

earthquake pairs within a cluster, regardless of magnitude difference, as was done by Lengliné
et al. (2014) and Agurto-detzel et al. (2017).

We use 30 stations with sampling rates of 100 Hz, 125 Hz, or 200 Hz. These stations (Figure
SD.1) are chosen based on their quality, their azimuthal coverage and their availability.
However, even with these precautions, the first and last months, which fall outside the
temporary deployment (Meltzer et al., 2019), have significantly fewer stations available, which

makes events during that time less well constrained. At all times however, at least 7 stations are

present.
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Figure 70 : Examples of spectra and spectral ratios. A: S velocity spectra of repeating earthquakes in family 75 at SEVS
station. Faded lines are areas of the spectrum that are excluded from spectral ratio modelling as S/N < 4. B: Spectral ratios
used to calculate source properties for the S phase of event 20 in cluster 1 with SEVS station. Full black lines are the real

spectral ratios and dashed red lines are the modelled spectral ratios. The dotted grey line is the event’s corner frequency.

We separate the P and S waves throughout the whole process, as stations are far enough that
the two phases are usually distinct. Within a single cluster and for a given station, we keep the
lengths of P and S time windows constant as 0.6 * (TS — Tp)average and 1.2 * (TS — Tp)average
respectively, starting 0.1 s before the P and S arrivals. To avoid contamination from one phase
to another, and to account for errors in theoretical arrivals, we discard any window smaller than
2 s, and any cluster-station pair with (TS — Tp)average Smaller than 2.5 s. Using these time
windows, we calculate P spectra on the vertical component and S spectra on the horizontal ones
using the multitaper code developed by Prieto et al. (2009). An example of S wave spectra for
a repeating earthquake family is shown in Figure 70. Noise spectra are also calculated using the
same window lengths but ending 2 s before the P arrival. These spectra are smoothed and
resampled in log space to ensure that higher frequencies do not weigh more than lower ones in

the inversion.

Before the inversion, we use the displacement spectra of each earthquake to calculate
preliminary seismic moments. We fit this general model to the part of the spectrum where S/N

>= 3, using the equation:

Qe -nft/Q

D(f) = -
(L+ (F/frm)Y

(2)

Where t is the phase travel time and Q is the frequency-independent quality factor, left free

in the inversion but around 700 on average for the P wave and 900 for the S wave over the

ampc3rQ
U

2009) where p is density, c is phase velocity, r is the event-station distance and U is the radiation

whole region. Using the modelled Q, we calculate seismic moment as M, = (Shearer,

pattern, which depends on the focal mechanism but can be averaged to 0.52 for P waves and
0.63 for S waves (Boore and Boatwright, 1984). These values of M, are later used as starting
values for the inversion, with corresponding starting corner frequencies calculated by assuming

a 2 MPa stress drop.
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Before calculating spectral ratios, correlation coefficients are computed between events
within a cluster. An event pair is used in the final inversion at a given station if it has a
correlation coefficient above 0.8 at more than a third of stations where correlations can be
calculated and at the station examined. Having high correlation coefficients like this ensures
that the events are collocated, which in turn is necessary to obtain accurate results
(Abercrombie, 2015).

In order to avoid introducing errors, we elect not to convert our data to displacement when
calculating spectral ratios. The spectral ratios are only computed over the part of the spectrum
where S/N >= 4, on the condition that log(fmax) — log(fmin) >=0.7.

Before inverting for all corner frequencies and seismic moments, each individual spectral
ratio is modelled, and those that are poorly fit by equation 1 or that yield unrealistic results are
discarded (fc below 0.1 or above 100 or Mo below 10° or above 10%°). We also discard spectral
ratios when both corner frequencies fall well outside the frequency range of the data.

Finally, we invert all remaining spectral ratios for a cluster at a single station together. In
order to constrain the absolute values of seismic moment, we use the logarithmic mean of the
preliminary seismic moments, which is kept constant during the inversion. We run the inversion
several times with different starting Mo and fc, and keep the results with the smallest numerical
error. If the inversion cannot converge, we remove problematic events. We show an example
of inverted spectral ratios for one event in Figure 70. We take an event’s seismic moment and
corner frequency to be the median between available stations. From seismic moments, we

calculate moment magnitudes using the equation by Hanks and Kanamori (1979):
My, =2/3 (log10(M,) —9.1)

(3)
We also calculate static stress drops as:

7 fe
Ao = —(Z53M
7= 16 G Mo

(4)

From Eshelby (1957) and Brune (1970). Here v, is the S wave velocity, given as 2900 m/s,
the average S wave velocity at our earthquakes’ depth (Agurto-Detzel et al., 2019). k is a
constant which differs between P and S and depends on rupture velocity (Kaneko and Shearer,

2014). As discussed later, we set kp as 0.33 and ks as 0.26. This model assumes that the rupture
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is circular, and therefore that any change in fc is due to a change in size of the rupture. The

event stress drop is taken to be the logarithmic mean of the P and S stress drop.
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median upper and lower frequency limits between which corner frequencies can be resolved.

121



Chapter 5: Results from source property calculations

We calculate uncertainties by performing a jackknife test on our data (Agurto-detzel et al.,
2017; Prieto et al., 2007). For each cluster and each station, we run 100 inversions where we
resample the spectral ratio data, removing 20% of data points within spectral ratios. We estimate
the error as the standard deviation of the logarithms of seismic moments, corner frequencies,
and stress drops obtained. For this study, we only keep events which have errors below 10°°
for stress drop, 10%2 for fcP, 10%2 for fcS and 0.2 for Mw.

Since every ratio has its own frequency range of analysis, there are no frequency limits
common to all earthquakes beyond which corner frequencies cannot be resolved. However, we
determine that corner frequencies that exceed half of the maximum frequency at which a ratio
is calculated are underestimated, and therefore discarded (Text SD.1 and Figure SD.5). We do
however keep the estimation of magnitude from these earthquakes, since it relies on low-

frequency signal.

Finally, we ensure that the use of earthquakes from different times after the mainshock,
hence with possible medium velocity and attenuation variations, does not significantly bias our
results (Text SD.2 + Figure SD.12).

5.4 Results

5.4.1 Source properties within the general

population of earthquakes

Out of 1514 aftershocks examined, we recover the source properties of 850 events using P
waves, and 861 events using S waves, of which 597 events have acceptable errors on both P
and S source properties. Due to the uneven station coverage, first month events are more likely
to be missing. Corner frequency, moment magnitude and stress drop distributions are shown in
Figure 71. About 90% of corner frequencies are within 3 to 15 Hz for the P wave and 3 to 12
Hz for the S wave, with median values of 8 and 6 Hz respectively.
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Figure 72 : P/S corner frequency ratio as a function of Mw (top) and stress drop (bottom). Light blue represents repeaters

and dark blue represents non-repeaters. The red line is the median.

The median P/S corner frequency ratio is 1.27 (Figure SD.3). This ratio appears to be
constant with corner frequency, stress drop and magnitude (Figure 72). Since f. = kvg/L
(Brune, 1970), where k is a constant linked to the rupture process, the P/S corner frequency
ratio must be equal to ke/ks. According to Kaneko and Shearer (2014), ke, ks and kp/ks are
affected by the rupture velocity and the geometry of the rupture (Kaneko and Shearer, 2015).
Since rupture geometries are likely very diverse at such a large scale, the average kp/ks ratio
probably reflects the average velocity of rupture. A ratio of 1.27 corresponds to a rupture
velocity of about 0.75vy, so we set kp as 0.33 and ks as 0.26 (Kaneko and Shearer, 2014) to
compute the stress drops ( 4 ). Other studies have found similar v,./vs based on P/S corner
frequency ratios in subduction zones (Yamada et al., 2021). Note however that this ratio is an
average in space and time, and therefore the scattering can be explained by varying rupture
velocities and geometries among events.

Our moment magnitudes vary between 2.2 and 3.6 with a median of 2.7, while stress drops
are mostly log-normally distributed and vary between 0.2 and 12 MPa with a median of 1.9
MPa (Figure 71D-E). This is within the expected range for a subduction zone (Abercrombie et
al., 2017; Oth et al., 2010; Yoshida et al., 2017). Overall, while repeaters tend to have higher
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magnitudes than non-repeaters, they generally seem to have the same magnitude-stress drop
distribution as non-repeaters at this scale. For both repeaters and non-repeaters, we see an
increase of stress drop with moment magnitude (Figure 71C). This could be a result of selection
bias, since corner frequencies above half of the high frequency bandwidth limit were discarded,
or it could reflect a real change in source properties with magnitude. In Figure 71A-C, shaded
areas represent frequencies below the median lower frequency limit and above half of the
median upper frequency limit. These areas are lacking events, as earthquakes falling within
them are more likely to have unresolvable corner frequencies.

If there is an increase of stress drops with magnitude beyond our sampling bias, then it
must be possible for the 917 events that were discarded during the inversion to fully compensate
the observed trend, assuming stress drops to be log-normally distributed at every magnitude
range (Allmann and Shearer, 2009). While the distribution of stress drops in the lower
magnitude range appears truncated (Figure SD.6), there are too few discarded events to explain
our observed increase of stress drops with magnitude while assuming that the average stress
drop remains above 9 MPa (as it is for events with magnitudes above 3.5).

Our corner frequency estimates may also be biased. When modelling spectral ratios, if one
of the corner frequencies is too close to the edge of the bandwidth, allowing that corner
frequency as a free parameter may contaminate the corner frequency estimation of the other
event (Shearer et al., 2019). We ensure this is not the cause of our trend by inverting for the
spectral ratios of low-corner frequency events, while assuming a corner frequency
corresponding to a stress drop of 2 MPa for all the high frequency events. Doing so does not
remove the trend, meaning the increase in stress drops with magnitudes is likely real (Figure
SD.7).
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Figure 73 : Distribution of stress drops as a function of magnitude. A: Events colored by time. The timing of repeaters does
not influence the stress drop Vs magnitude trend. B: Events colored by distance to the trench. The grey shaded areas show

for a given magnitude the median upper and lower frequency limits between which corner frequencies can be resolved.
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Thus since stress drop most probably increases with magnitude for our catalogue, we
investigate the cause of this increase. Both location and timing could affect magnitudes and
stress drops, and could therefore be creating this trend. However, when coloring earthquakes
with respect to time (Figure 73A), we see that early and late earthquakes have the same trend
and have similar stress drops in the high magnitudes, although there are fewer low-magnitude
earthquakes in the first month of aftershocks due to fewer stations being available, making the
detection threshold higher. Therefore, timing is unlikely to explain the magnitude vs stress drop
trend. Event location, particularly depth, is another candidate to explain this relationship.
Because depth itself is poorly resolved, particularly near the trench, we consider distance from
the trench as a general proxy for depth, assuming earthquake hypocenters are close to the plate
interface. We see that distance to the trench has an impact on the Mw versus stress drop
relationship (Figure 73B). Events 20 km or under from the trench stand apart, with lower stress
drops and a steeper trend. Events in the 20-60 km group have the same trend but lower stress
drops compared to events in the >60 km group. However, for all three groups, we see that stress
drops increase with magnitudes. Therefore, although distance to the trench influences stress
drop, it cannot explain why stress drops increase with magnitude.

The dependence of stress drops on magnitudes, combined to the spatially variable
magnitude of completeness, means that the dependence of stress drops on depth is complex to
see in map view (Figure 74A). However, we do see that stress drops are clearly lower near the
trench, especially in the south where stress drops increase from the trench to the transition
between the rupture zone and the southern afterslip patch. On average, the median stress drop
is observed to increase with depth (Figure 74C). This increase with depth is not linked to an
increase of magnitudes (Figure 74B), in part because the magnitude of completeness near the
trench is much lower. A slight variation of stress drop is also observed with the coupling (Figure
74D). However, as the coupling is globally increasing away from the trench, this variation is
likely attributable to depth. Away from the trench, stress drops do not show large anomalies or
any significant variations with the afterslip areas. Stress drops might be slightly lower within
the rupture zone, although it is likely that events in that area occur distributed within the
seismogenic volume, making comparisons to interplate earthquakes difficult (Agurto-Detzel et
al., 2019). What we mainly see is significant spatial variability in stress drops, even among very
close events, meaning that local heterogeneities likely control stress drops. Such spatial
variability has already been documented in other regions, including subduction zones
(Abercrombie et al., 2017; Baltay et al., 2013).
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Figure 74 : Spatial distribution of stress drop. A shows a map of all stress drops calculated, with colors representing their
logarithm. B shows the magnitude of events with full source properties as a function of distance to the trench. C shows
stress drop as a function of distance from the trench, with the orange lines showing the expected shear strength based on
earthquake depth, and the depth of the interface (Hayes et al., 2012). D shows the relationship of stress drops to coupling. In
B, C and D, the red line is the median.

Thus, stress drops appear highly heterogeneous in space and show a dependency on depth
and magnitudes. In order to fully characterize the evolution of source properties with time, we
look at changes at a single location within repeating earthquake families.
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5.4.2 Source properties within families of

repeaters

Out of the 376 repeaters identified by Chalumeau et al. (2021), we recover source
properties from 187 events. We look for global trends in the evolution of source properties in
time by normalizing each family of repeaters by the source properties of its last fully recovered
event, which should be the closest to the background response (Figure 75). We also show source
properties as a function of recurrence times in Figure SD.11, but because in most cases
recurrence times increase with time (Chalumeau et al., 2021), there are no significant
differences between these two analyses. For all events, we normalize properties station by
station, to limit the impact of our evolving network on the results. Seismic moment appears
high right after the mainshock and decreases with time, while corner frequencies remain on
average constant but very scattered (Figure 75). Consequently, stress drops are also very
scattered but tend to decrease with time, like the moment magnitude. Overall, the large scatter
in these plots indicates that families exhibit many different behaviors.

Out of the 62 families of repeaters, 51 have at least 3 magnitudes and 3 stress drops
calculated, or have more than 5 magnitudes. We show their individual evolutions over time in
Figure SD.9. Overall, P and S corner frequencies usually change together and demonstrate a
wide variety of behavior. Corner frequencies increase with time in 5 families, decrease in 12,
and are stable in 13. Additionally, there are cases where the evolution of corner frequencies is
more complicated, as well as cases where the number of resolved corner frequencies within the
family is too low to have a reliable trend. Meanwhile, out of the 26 families with visible trends
in Mw with time, 6 have increasing Mw while 20 have decreasing Mw, confirming that there
is less variability in the changes of magnitudes with time. Consequently, the stress drops
increase with time for 3 families and decrease with time for 18 families with visible trends.
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Overall, families that are very close can have very different stress drops and different time
variations of stress drops. We do however see regional patterns in the time evolution of source
properties in the region near the trench (Figure SD.8). In this area, all 6 families with resolvable
stress drop changes see a decrease in stress drop throughout the whole period, and all 8 families
with distinct trends in moment magnitude also have decreasing moments. An example of S
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wave spectrum for one such family is shown as an example in Figure 70, where the difference
in moment is immediately evident. Many families in this region have corner frequencies that
are difficult to resolve. Nevertheless, provided that we assume that P and S corner frequencies
behave similarly, then corner frequencies are either stable or decrease in the region. This might
reflect a measurement bias due to an increase in attenuation over time. Such a change in
attenuation would need to account for changes in seismic moments as well as corner
frequencies. Using a similar method to Kelly et al. (2013) and assuming that all repeaters within
a family have the same corner frequency, then we have:

S1(f) . Moy + (L—L)nf

l =1
"SSP "My T O

(5)

Where t is the travel time and Q is the quality factor along the path to the station. For a
given family, we fit all spectral ratios below the lowest corner frequency with this equation,
first leaving the seismic moment to vary within a family, then assuming that it remains constant
(Figure SD.10). The data cannot be fit without variations in seismic moment, meaning that
attenuation alone cannot explain the variations in stress drop that we observe in the region.

5.5 Discussion

Having recovered 597 stress drops within our region, we find that they are influenced
primarily by magnitude and distance to the trench, with little influence from coupling or the
location of slow slip. Additionally, the evolution of source properties with time on single
asperities is heterogeneous, except near the trench, where stress drops are widely seen to
decrease.

5.5.1 Relationship of stress drops with

magnitude

On average, the stress drops of all aftershocks appear to increase with magnitude, as
observed in other parts of the world (Bindi et al., 2020). Lin and Lapusta (2018) suggest that
apparent scaling of stress drop with Mo could be due to heterogeneities on the fault. Large
strength variations would lead to some portions of a fault patch not slipping, meaning the
earthquake rupture would have a complex shape. Event duration, and therefore corner



Chapter 5: Results from source property calculations

frequency, is controlled by the rupture length, while event magnitude depends on the rupture
area. This implies that events of similar duration may have very different magnitudes, if their
shape is very different. Elongated ruptures in particular can have low magnitudes but similar
corner frequencies to circular ruptures if the rupture length is the same. In this way, assuming
a circular rupture leads to an underestimation of the stress drop. Therefore, in some cases an
apparent stress drop increase with magnitude could simply reflect a larger proportion of
complex rupture shapes for low magnitudes (Lin and Lapusta, 2018). Such elongated rupture
shapes would lead to lower P/S corner frequency ratios compared to what is expected from a
circular rupture (Lin and Lapusta, 2018). However, we find no dependence of the P/S corner
frequency ratio on either estimated stress drop or magnitude (Figure 72), leading us to conclude
that rupture shape or velocity variation is not the cause of our dependence of stress drop on
magnitude.

We saw in Figure 73 that the magnitude-stress drop relationship holds during different time
periods, implying that it is not caused by the temporal variations of these two parameters.
Therefore, the observed scaling implies that earthquakes are not self-similar within the range
of magnitudes studied here. Going back to Eshelby (1957):

7 M,

A =TeR

(6)

Where R is the radius of the rupture. Because we have M, = uDA (Aki, 1966), where u is
the shear modulus, D is the displacement and A is the area of the rupture, having larger stress
drops for larger magnitudes implies that the displacement increases faster than the size of the
asperity. This increase is shown in Figure 76A, where we see that coseismic displacement
seems to be proportional to M3, rather than the expected Mo,
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Looking specifically at repeating earthquakes in Figure 76B, we see that the relationship
of seismic moment to displacement is similar for repeaters and non-repeating aftershocks. This
is notable, as it is very different to the displacement predicted by the Nadeau and Johnson
(1998) model. They assume that all the displacement on a repeating earthquake asperity occurs
coseismically, and thus that coseismic displacement is proportional to Mo for repeating
earthquakes. This is however not verified in California, where the model was developed (Beeler
et al., 2001), and we see here that this model does not hold in our context either. In fact, the
GPS displacement occurring on asperities hosting repeating earthquakes seems to be almost
always larger than the coseismic displacement (Figure 76C), implying as Beeler et al. (2001)
suggested that a portion of the slip occurring on the asperity is aseismic. Additionally, the
smaller repeating earthquake asperities seem to host a higher proportion of aseismic slip than
the larger asperities, which is again compatible with the model of Beeler et al. (2001).
Therefore, the presence of a varying aseismic slip component in the asperity slip may explain
the dependency between stress drop and moment.

5.5.2 Lower stress drops near the trench

One striking observation regarding the spatial distribution of stress drops is their low values
near the trench, particularly in the south, despite the higher magnitude of completeness in the
region. This hints at a dependency of stress drops with depth in our study area. Depth in this
region is poorly constrained, and 3D tomography studies have located most earthquakes in this
region within the subducting plate (Le6n-rios et al., 2021). However, most focal mechanisms
that were previously calculated near the trench show thrust faulting (Agurto-Detzel et al., 2019).
Thus, for simplicity in the absence of depth constraints, we cautiously assume that earthquakes
in the region occur primarily near the interface. We therefore investigate the likely causes of an
increase in stress drop with depth.

Previous studies have often found a dependence of stress drop (Oth, 2013) or source
duration (Bilek, 2007; Bilek and Lay, 2002; Lay et al., 2012) on depth in subduction zones.
Because there is a tradeoff between rupture velocity variations and stress drop variations (Lay
and Bilek, 2007), our observation of low stress drops near the trench could reflect slow rupture
velocities. Bilek and Lay (2002) suggested that these slow rupture velocities could be explained
by the region being conditionally stable with asperities embedded in it. Slow earthquake
ruptures would then be due to a large portion of the rupture propagating into the conditionally
stable portion of the megathrust. However, while Tolga Sen et al. (2015) observed a decrease
in normalized source duration with depth for both interplate and intraplate earthquake of Mw
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4.0-6.5, they concluded that special frictional conditions near the trench were not required to
explain the data. Instead, a variation of rigidity combined with an increase of stress drop with
depth could well explain their observations.

We test whether the normal stress increase with depth in the Earth is enough to account for
most of our observed increase in stress drop with depth, as has been the case for other studies
(Huang et al., 2017). To test this, we show in Figure 74C the shear strength as a function of
depth. This curve is constructed by making the same assumptions as Huang et al. (2017): a
coefficient of friction of 0.6 and hydrostatic pore pressure. We show 2 separate curves: The
first curve corresponds to an estimate of the shear strength for reverse faults at the plate
interface, where we expect most repeaters to be. However, due to uncertainties in depth it is
possible for earthquakes near the trench to be associated with normal faulting in the slab. We
therefore show a second profile of shear strength for normal faulting at the average hypocentral
depth. We find that stress drops follow the increase of shear strength with depth of the interface
quite well between 20 and 60 km from the trench. Stress drops seem to represent around or
below 2.5% of the shear strength (Figure 74C), which is predictably lower than what is found
for intraplate earthquakes (Huang et al., 2017). It could mean that shear strength is
overestimated, due to a fluid pressure higher than the hydrostatic one or to a friction coefficient
lower than 0.6. After 60 km, stress drops are lower on average, likely because a lot of
earthquakes in this region occur in the rupture zone, both at the interface and within the
seismogenic volume (Agurto-Detzel et al., 2019). At this distance, repeating earthquakes,
which occur outside of the rupture zone and likely on the interface, have higher stress drops,
comparable to what we expect if stress drop increases with depth. Meanwhile, within 20 km of
the trench, stress drops span a wider range, but are on average too low to be explained by the
lower strength caused by the shallower depth. This means that either a higher pore fluid pressure
or a different coefficient of friction are necessary to explain the low values of stress drop near
the trench.

The thinned and highly fractured upper lithosphere imaged by Marcaillou et al. (2016)
where the Atacames seamounts enter subduction may help explain why the stress drops in that
region would be low. It may significantly alter the stiffness of the medium, and possibly the
friction. Marcaillou et al. (2016) also finds that the subduction channel between the subducted
seamounts is likely filled with overpressurized fluids, which may also contribute to the low
stress drops. However, as this is linked to the subduction of the Atacames seamounts, it cannot
explain why the stress drops are similarly low in the south, unless the oceanic relief associated
with the Carnegie Ridge has a similar effect.
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5.5.3 Postseismic changes in repeating

earthquake sources

We observe some patterns in the evolution of the source properties of repeating earthquakes
with time. For many of our families of repeating events, we find that the seismic moment decays
with time after the mainshock. This has been observed in several places (Chaves et al., 2020;
K. H. Chen et al., 2010; Uchida et al., 2015), although lower magnitudes after a mainshock
have been observed as well (K. H. Chen et al., 2010). These variations have been interpreted as
a balance between two processes (Chaves et al., 2020; K. H. Chen et al., 2010; Uchida et al.,
2015). On the one hand, recurrence times tend to be smaller after a mainshock, which decreases
the static coefficient of friction and therefore lowers the stress drops. On the other hand, the
increase in strain rate in the aftermath of the mainshock can cause transient embrittlement,
which increases rupture areas and therefore lowers corner frequencies. This can occur if the
nucleation length of the earthquake is initially of a similar size to the velocity-weakening patch,
and is therefore more likely for smaller magnitudes (K. H. Chen et al., 2010). According to this
model, if the area of slip grows sufficiently, it can compensate for the lower stress drops, and
the seismic moment of the repeater increases. Otherwise, the seismic moment will be lower due
to the decreased stress drop.

However, in our study area, high seismic moments after the mainshock are rarely
associated with a lower corner frequency. Most families have either constant or negative trends
of corner frequency with time, which means that, if the source size does change, it is unlikely
to be larger at the start rather than the end of the period. Therefore, transient embrittlement is
unlikely to affect most of our repeating sources and cannot account for the larger magnitudes
immediately after the mainshock. On the other hand, most families have larger stress drops
right after the mainshock, which then decrease with time. This refutes the idea that lower
recurrence times necessarily lead to a widespread decrease in fault strength, since our
recurrence times increase with time. At the scale of individual asperities, some transient
embrittlement or fault weakening may occur, but they cannot explain the general behavior of
families in our dataset. In fact, most regions have widespread heterogeneity with no link to large
scale properties, like slow slip or coupling, meaning that very local processes likely dictate the
response of repeaters to the mainshock, with the exception of the near-trench region.
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5.5.4 Decrease in stress drops with time near
the trench

As we have discussed, the near-trench region appears distinct from the rest of the study
area. Not only is it a region of lower stress drops, but we also observe throughout the
postseismic period a decrease in stress drops, seismic moments, and sometimes corner
frequencies with time within families of repeating earthquakes. We have established that neither
transient embrittlement nor fault weakening can explain such behavior, as recurrence times also
increase with time. This change could alternatively be related to the presence of fluids, as the
low vp and high vp/vs ratio in this region point to the presence of a large volume of fluids
(Leodn-rios et al., 2021). The change in stress drops might therefore be linked to an increase in
pore fluid pressure during the period. Lengliné et al. (2014) found that, in the context of fluid
injections, repeaters can have very similar corner frequencies but very different stress drops
likely linked to rapid changes in pore fluid pressure. Cauchie et al. (2020) made similar
observations in the same region at a different date, although in both cases there was no specific
trend of stress drops with time. Other studies looking at non-repeaters have found a dependence
of stress drops on pore fluid pressure in injection sites as well (Staszek et al., 2017).
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Figure 77: Schematic diagram of the evolution of pore fluid pressure near the trench during the postseismic period. A:
Interseismic period: Fluid pressure is high as fluids are trapped at the plate interface. B: Early postseismic period: Fluid
pressure is low as afterslip causes dilation and fluids escape the interface. C: Late postseismic period: Fluid pressure

increases again as the afterslip slows down.
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We propose that our observed stress drop decrease is due to an increase in pore fluid
pressure linked to fault-valve behavior (Husen and Kissling, 2001; Sibson, 1990), as we explain
in Figure 77. This would mean that before the mainshock, the subduction interface acted as a
low-permeability zone, leaving fluid pressure to build up. The afterslip, by dilatancy effects or
by breaking the seal, may have lowered pore fluid pressure. However, as afterslip decreased,
slab fractures and the subduction interface were gradually resealed by precipitate-hosting fluid
advection and diffusion, leading to a new increase in pore fluid pressure and a subsequent
decrease in frictional strength. This behavior has been documented in subduction zones after
both megathrust earthquakes (Husen and Kissling, 2001; Magee and Zoback, 1993) and SSEs
(Nakajima and Uchida, 2018; Warren-Smith et al., 2019), and is visible in the geological record
(Cerchiari et al., 2020). The decrease in stress drops that we are observing is therefore likely
the last stage of this process, associated with fluid-pressure build up. This idea might be further
supported by the fact that no repeating earthquake has been detected near the trench in the south
in the year before the mainshock, and only two occur in the second half of the study period
(Chalumeau et al., 2021). Meanwhile, down-dip of this region, two repeaters occur in the year
before the mainshock, and repeaters continue to occur throughout the subsequent 440 days
(Chalumeau et al., 2021). Additionally, the near-trench region saw little activity during the
interseismic period compared to the postseismic period, even from regular earthquakes (Font et
al., 2013; Soto-Cordero et al., 2020). It is therefore possible that most of the near-trench
seismicity, repeating and not, emerged as a result of low pressure linked to the afterslip activity,
and disappeared as afterslip slowed down and pressure increased again.

5.6 Conclusion

We computed the corner frequencies, seismic moments and stress drops of 597 small Mw
2-4 earthquakes along the Ecuadorian subduction zone in the aftermath of the Mw7.8 2016
Pedernales earthquake. Stress drops were found to increase with magnitude, as well as with
distance to the trench. When examining the variation of source properties within repeating
earthquakes, we find that in most of the region they are spatially variable with no clear pattern
of evolution, and likely influenced by local processes. Near the trench, however, earthquake
stress drops systematically decrease over time, likely reflecting changes in pore fluid pressure
associated with the decay of the afterslip. Thus our work allows us to image changes in friction
of the megathrust in space and time.
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Chapter 6: Discussion and
conclusion

Over the course of this study, I compiled a catalogue of repeating earthquakes between
2015 and 2017, which | relocated using manual picks and double difference time arrivals.
However, the location uncertainties led me to rely solely on cross-correlation to constitute
families of repeaters, which may affect the robustness of the classification (Uchida, 2019). |
mitigated this issue by using a high correlation coefficient of 0.95 and by removing families of
only 2 or 3 events, as well as short-lived families of burst-type repeaters. | found that repeating
earthquakes occur primarily in regions with abundant microseismicity. They do not, however,
occur in areas experiencing the largest amount of afterslip. Instead, repeaters are located
primarily at the edges of the afterslip regions, where the afterslip gradient is high. This differs
somewhat from the classical model of repeaters as isolated asperities embedded within creeping
regions and thus driven by the slip around (Uchida and Blirgmann, 2019). Additionally, using
the Nadeau and Johnson (1998) model to estimate the amount of aseismic slip occurring on the
megathrust proved to be ineffective. My results show large differences in slip between
neighboring families, and a poor correlation between the slip derived from the repeaters and
from the geodetic measurements.

| also computed some of the source properties of repeating earthquakes as well as regular
aftershocks, with several features worth noting. The first is the dependence of stress drop on
seismic moment and on distance from the trench in the region. Earthquakes near the trench have
particularly low stress drops, which may reflect a difference in frictional properties or pore fluid
pressure in the region. Additionally, when looking at the evolution of source properties with
time within families of repeating earthquakes, | found that the near-trench region is the only
one where a significant trend can be found. In this region, a decrease in stress drop can be found
over the year after the mainshock, in all of the families present with resolvable source
properties. This large-scale change may reflect an increase in pore fluid pressure as afterslip
decays and the fault gradually heals.

In the following section, I will address some outstanding points, and put the results from
the last two chapters together to better understand the processes and structure of the plate
interface.
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6.1 Correlation coefficient
dependence on inter-event distance

As previously stated, the lack of precision in earthquake locations forced me to base the
classification of repeaters solely on correlation coefficients, as is still widely done (Chaves et
al., 2020; Dominguez et al., 2016; Duverger et al., 2018; Yao et al., 2017). It is justified a
posteriori by the fact that, as seen in Figure 37 and Figure 38 from Chapter 3, high-correlation
earthquakes form a clear and distinct population from the rest of the catalogue, highlighting
that repeaters belong to a different class of events than the rest of the aftershocks. Like most
studies, | assumed that highly correlated events must be separated by less than a quarter of the
wavelength of the highest frequencies of the signal. However, it is worth questioning these
assumptions to ensure that my classification is robust. Thus in this section, | will investigate the
relationship of correlation with inter-event distance, and show how correlations are affected by
the number and distance of the stations used.

CC averaged over all stations

- - Distance = wavelength/4

CC = exp(-dist/S)
with S = wavelength
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Figure 78 : Correlation coefficient averaged over at least four stations as a function of inter-event distance (blue circles).
Only event pairs with an error in distance below 300 m are shown in the plot. The thick red line shows the median
correlation while the thin red lines show the 10th and 90th percentiles. The green line is the relation derived by Menke
(1999), with S being the wavelength associated with the upper corner frequency of the filter. Because events were filtered

between 1.5 and 6 Hz, and assuming a seismic velocity of about 3.7 km/s (Ledn-Rios et al., 2019), the wavelength is about
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600 meters. The dashed vertical black line shows the quarter of the wavelength, which corresponds to the minimum distance

resolvable by cross correlation (Geller and Mueller, 1980). The horizontal black line shows the 0.95 threshold.

In theory, correlation coefficient decays exponentially with distance. Menke (1999)
suggested that CC = e~%/s where d is distance and s is a frequency-dependent correlation
length, taken to be the wavelength of the dominant frequency. This is however only a first-order
approximation, as several studies have demonstrated with numerical modelling that the medium
heterogeneity, time window and source-receiver geometry also affect the way correlation
decays with distance (Baisch et al., 2008; Han et al., 2014). | explore this relationship using my
dataset. To do so, using my already-calculated correlations is problematic for several reasons.
The first is that | have used different filters for different stations, and so cannot combine them.
Additionally, my average inter-event distance errors are on the order of 500 m to 1 km, which
is higher than the S wavelength at 9Hz, the upper boundary of the lowest filter used for
correlations. This means that the decay of correlation with inter-event distance is likely to be
difficult to resolve for data filtered up to 9 or 10 Hz. The second issue is that source complexity
affects correlations above the corner frequency (8 and 6 Hz for P and S waves on average),
even for collocated events with similar focal mechanisms, thus making the correlation-distance
link less clear (Nakahara, 2004; Uchida, 2019). To remedy this, | correlate a sample of well-
relocated event pairs with high signal/noise ratio filtered between 1.5 and 6 Hz, to determine
how correlation coefficient in general is affected by distance between earthquakes and event-
station distance. The relationship of correlation with inter-event distance, shown in Figure 78,
is close to the one predicted by Menke (1999). This confirms that when averaging correlation
coefficients over a large number of stations, and when filtering signal below the corner
frequency, correlation is indeed primarily dependent on inter-event distance and on the upper
boundary of the filter. However, while this is true for the median correlation coefficient,
significant variability exists. In particular, some pairs have very high correlations but large
inter-event distance, showing the limitation of the method. In addition, some closely located
events are poorly correlated, likely due to differences in focal mechanisms. This is not the case
for events within 150 m of each other, which overwhelmingly have high correlations, perhaps
indicating that velocity structure and focal mechanisms do not vary much over this length scale.

| also examine the relationship between correlation and event-station distance (Figure 79).
| find that, for events with inter-event distances smaller than the quarter of the upper wavelength
of the filter, the event-station distance has little impact on the correlation coefficient, beyond
the likely introduction of noise. However, for events with larger separations, correlation
coefficients tend to be larger when the station is close, and are generally more variable. This
might be explained by the fact that inter-event vertical separation is better resolved when the
station is far, particularly for a deep source (Gao et al., 2021). However, the fact that collocated
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events’ correlation coefficients are not dependent on station-event distance is important, since
this study’s stations and events tend to be far apart.
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Figure 79 : Correlation coefficients as a function of station-event distance. Four subgroups of event pairs are considered:
those separated by less than a quarter of the dominant wavelength (150 m) in blue, those separated by one to two
wavelength (600-1200 m) in red, those separated by two to four wavelengths (1200-2500 m) in green, and those separated
by four to eight wavelengths (2500-4900 m) in yellow. The median variation of correlation coefficient with station-event

distance for these four groups is shown as thick blue, brown, green and orange lines respectively.

I am therefore confident that correlation coefficient is a good proxy for distance, although
significant variations exist between stations. These variations are not linked to the epicentral
distance when both the average correlation coefficient and the signal to noise ratio are high.
Overall, | can be confident that correlation coefficients are enough to find robust families of
earthquakes.
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6.2 Relationship between
repeaters’ displacements and large-
scale slip

With confidence in the results, and having calculated source properties of a lot of repeaters,
I can revisit briefly the relationship between the slip experienced by repeaters and the large-
scale displacement measured by GPS. | showed in Chapter 4 that the Nadeau and Johnson
equation (Nadeau and Johnson, 1998) did not accurately predict the GPS slip that occurred on
an asperity. However, since at the time | had no seismic moment for repeating events at the
time, I had used the equation from Agurto-Detzel et al. (2019) to estimate them, which as seen
in Chapter 5 was actually inappropriate for this dataset. Thus, it may be that the bad fit of the
Nadeau and Johnson curve was in part linked to this miscalculation of seismic moments.
However, when | calculate again the fit using the new M_-My, relation, | find that it is no better
suited to the data (Figure 80). The Nadeau and Johnson equation overestimates slip for families
far from the afterslip centers in particular, which might reflect an issue with the geodetic model,
or with the use of the Nadeau and Johnson equation in the first place. This poor fit is not unique
to this dataset, as some other studies of aftershock sequences in subduction zones also yield
similarly poor and heterogeneous estimates (Yao et al., 2017).
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Figure 80 : A: Aseismic slip experienced by a family between the first and the last repeater of the first month, estimated from
the geodetic model (Rolandone et al., 2018) versus estimated using the Nadeau and Johnson equation. This time, | use
seismic moments calculated directly from spectral ratios when available. Otherwise, | convert local to moment magnitudes
using the formula derived in Appendix C: My, = 0.6 X M; + 1.1. Only families with 2 or more events in the first month, and
more than a day between the first and the last event of the month, are used. Families within 50 km of the northern and

southern afterslip patch are shown in red and blue respectively. B: Comparison of average family seismic moment and
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average slip measured geodetically (Rolandone et al., 2018). The green line is the linear relationship predicted by the

Nadeau and Johnson equation. The red line is the least squares fit through the data.

One possible explanation is that the Nadeau and Johnson equation was elaborated during
the interseismic period in California, when the variability between repeaters occurring at
different times is small. However, repeating aftershocks’ source properties are rarely constant
with time during the postseismic period (Chapter 5). Additionally, the assumption made by the
Nadeau and Johnson (1998) model of small earthquakes stress drops being larger than large
earthquakes stress drops is not correct here. Thus to better understand the relationship of
repeaters to afterslip, | consider whether the coseismic displacement of repeaters, calculated
using available stress drops, is linked to the large scale slip derived through geodesy.
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Figure 81 : Average coseismic slip experienced by a repeater within a family versus average afterslip estimated geodetically
(Rolandone et al., 2018). Only events with well-resolved source properties are used to calculate the averages. The red line

shows the best fit trend, while the blue line shows the 1:1 line.

| show in Figure 81 that the measured geodetic slip increases weakly with the amount of
coseismic displacement occurring on an asperity, although the sum of repeaters’ displacements
is generally lower than the slip modelled with GPS. This is also true in other regions like Costa
Rica, where Yao et al. (2017) find the coseismic slip of repeaters to be significantly smaller
than the calculated afterslip, assuming a 3 MPa stress drop. It can be explained by the presence
of aseismic slip on repeating earthquake asperities, a feature which was theorized by Beeler et
al. (2001) and has since been modelled numerically (T. Chen and Lapusta, 2009).

The Beeler model also states that the amount of slip accommodated aseismically should
decrease as the seismic moment of the family increases, which appears to be true here.
However, when trying to fit the data to the Beeler model, | find that the ratio of coseismic to
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total displacement (estimated from GPS) on an asperity cannot be accurately modelled (Figure
82). Once again, the ratio of seismic to aseismic slip that | observe is significantly more variable
than what the Beeler model predicts, and for a few families the coseismic displacement appears
to be larger than the geodetically measured slip on the fault, although this is likely due to
uncertainties in the calculation of both geodetic and coseismic slip.
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Figure 82 : Average ratio of coseismic slip to geodetically-measured displacement experienced by families, as a function of
average seismic moment. Only events with well-resolved source properties are used to calculate the averages. The red and
green curve show two different fits of the data using the Beeler model. The green line uses a stiffness that varies as a
function of My*/3, as is generally assumed, and uses a stress drop of 1.9 MPa, which is the average stress drop of the
catalogue. The red line uses a stiffness that varies as a function of My%17, which was determined based on the stress drops

and coseismic displacements available in the whole catalogue.

Thus the large scatter and lack of agreement between the data and models linking repeaters
and aseismic slip appears real, and requires explanation. One way to test whether geodetic and
repeaters measurements are compatible would be to invert these two datasets jointly, as was
done in a few other places (Mavrommatis et al., 2015). Because geodetic models of slip tend to
smooth the experienced slip and only represent large-scale tendencies, while repeaters represent
slip on a hundred-meter scale asperity, the discrepancy in slip measurements may be explained
by the structural and frictional complexity of the megathrust and the aseismic slip occurring on
it.
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6.3 Influence of subducting
structures and small-scale
heterogeneities on repeaters slip

When considering whether repeaters can be used as proxies for large-scale slip, | assumed
the megathrust to be a single plane on which repeaters occur. However, this is a simplification.

Two aspects of subduction zone structure in particular would help explain why repeaters
slip is so heterogeneous and so difficult to link to larger-scale slip. The first is that, until now,
I have neglected the possibility of off-fault damage. While repeaters, when well located, appear
to be aligned along the megathrust, some may still be occurring at the intersection between the
megathrust and intraplate faults. Repeaters may particularly occur in the overriding plate near
subducted relief like the subducted Atacames seamounts (Marcaillou et al., 2016), which are
associated with faulting in the upper plate. The occurrence of repeaters in upper plate faults
associated with seamounts is documented at the Hikurangi subduction zone (Hughes et al.,
2021; Shaddox and Schwartz, 2019), and can help explain discrepancies between overall
displacement measured by GPS and repeater slip. This possibility should be examined further
by calculating focal mechanisms for repeaters, although they cannot fully confirm whether slip
occurs along the megathrust or on a conjugate rupture. We could examine in more detail where
repeaters occur relative to the seamount, and how aseismic slip is triggered during seamount
subduction.

Additionally, it is worth considering that the megathrust itself is a complex structure, which
could explain discrepancies between repeaters and large-scale faults. In another context,
Williams et al. (2019) found that the mismatch between repeaters’ and geodetic fault
displacement near Parkfield, California could be explained by fault complexity. In their model,
repeaters occur on small parallel fault strands existing within the fault zone which each
contribute to the large-scale deformation, thus explaining why the coseismic displacement of
repeaters is always inferior to the long-term large-scale displacement.

The study region, of course, is a subduction zone rather than a continental transform fault.
However, the idea that fault zone complexity could lead to the displacement of repeaters being
smaller than the large-scale deformation is applicable, and may explain why there is a lot of
heterogeneity in the slip. In a subduction zone, deformation at the megathrust occurs within a
meters to kilometers thick shear zone rather than a simple plane of contact, as evidenced by
geology (Fagereng and Sibson, 2010). This subduction channel is composed of sheared
sediments saturated with fluids and fragments of oceanic crust and the overriding plate, forming
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a mix of competent and incompetent material that gives the subduction zone mechanical
properties different from those of a simple plane (Fagereng and Sibson, 2010). This leads to a
heterogeneous strain rate, shear strength, viscosity and faulting style in the channel, and
produces three end-member behaviors (Fagereng and Sibson, 2010). On one end, when high-
competence material is dominant in the mix, shearing is localized along discontinuities and
nucleation of large earthquakes is possible. On another end, when low competence material is
dominant, deformation is distributed and faults can creep or slip slowly. When both competent
and incompetent material are present, then both discrete and distributed deformation can occur.

Indirect evidence of this mix of lithology exists for active subduction zones using seismic
imaging. In Hikurangi, the pre-trench sediments were drilled, and the shallow subduction was
imaged in an area prone to slow slip (Barnes et al., 2020). By doing so authors were able to
image this geometric complexity, and to infer the rheological heterogeneity likely found at the
plate interface at multiple scales. Meanwhile, in Costa Rica, Kirkpatrick et al. (2020) were able
to image in 3D both the geometrical roughness and the heterogeneous mechanical properties
on the megathrust, hinting at this heterogeneous structure. They also found in their region that
earthquakes with small rupture zone have highly variable, often small stress drops compared to
earthquakes with larger rupture zones, which have larger and less variable stress drops. They
explain this as small earthquakes being more sensitive to stress heterogeneities as they rupture
only one asperity. While I cannot make definitive conclusions due to the limitations of the
dataset, this might mean that the spatial variability found in stress drops at the Ecuadorian
margin could also reflect the roughness and heterogeneity of the megathrust.

Having established the heterogeneous nature of the subduction channel, | can explain its
importance for estimations of slip based on repeating earthquakes. We currently do not know
how localized deformation truly is within the subduction channel. Repeating micro-earthquakes
in particular may actually occur within competent lenses of material, surrounded by slowly
deforming incompetent material (Collettini et al., 2011). This means that they may not reflect
all of the deformation occurring at the plate interface. The ratio of seismic to aseismic slip may
depend not only on the size of the competent lens on which the repeating earthquake occurs,
but also on its orientation, its position relative to other competent material, or the thickness of
the deforming zone. While this is currently outside the scope of this present work, exploring
this possibility further would help bridge the gap between geological observations of
subduction zones in the field and seismological observations of micro-earthquakes. Doing so
would require accurate focal mechanisms, but would ideally be paired with high-resolution 3D
imaging extending to regions where repeating microseismicity is abundant.
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6.4 Differences between up-dip
and down-dip repeaters

Beyond the small-scale heterogeneity found among repeaters, | have also demonstrated a
large-scale difference in behavior between events close to the trench and events further away.
Like regular earthquakes, repeaters near the trench have anomalously low stress drops.
Additionally, repeating earthquake stress drops near the trench decrease over time, unlike the
stress drops of deeper repeaters, which have much more variable evolutions. Both of these
observations may be controlled by fluid pressure in the region. In this section, | will further
detail the observable differences between shallow and deep repeaters.

The spatio-temporal characteristics of repeating earthquakes differ depending on their
distance to the trench. The largest earthquake clusters are between 20 and 60 km from the
trench. In that region, families exist close together in those tight clusters. By comparison,
families near the trench are more spread out, and aftershocks in general are less clustered. The
timing of repeaters is also different near the trench. To illustrate this, | have separated the region
into three subregions: one further than 60km from the trench, one from 20 to 60 km from the
trench and one from 0 to 20 km from the trench. | show earthquakes in these subregions in
Figure 83, Figure 84, and Figure 85.

Only five repeating earthquake families exist further than 60 km (Figure 83), spread out in
space with seemingly no interaction among themselves. They start either right after the
mainshock, or right after one of the large aftershocks in the region, and they tend to be short-
lived, as only one repeater occurs more than 200 days after the mainshock. The late starting
date of some families suggest that they occurred in regions unlocked by the large aftershocks,
and the early end to most of the families further implies that the region was quickly locked
again, only experiencing aseismic slip for a short time. There is only one repeater which occurs
at the end of the period, during the suspected June 2017 SSE in the north (Chalumeau et al.,
2021 and personnal communications). However, in the absence of a slip model for this SSE, |
cannot say if it affected the deeper region, or was confined to the northern afterslip area that
had previously hosted SSEs (Vaca et al., 2018).
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Repeaters > 60 km from the trench
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Figure 83 : Occurrence of repeating earthquakes as a function time in the region further than 60 km away from the trench.
The full black line (top panel) shows the cumulative number of repeaters with time. The vertical red and grey lines show the
earthquakes with local magnitudes above 5 happening within and further than 5 km away from the region, respectively,
with their local magnitudes given in the top panel (circles). Red stars (bottom panel) show the latitude of earthquakes within
5 km of the region. Repeating earthquakes are shown as colored circles (bottom panel). The grey shaded area corresponds
to the approximate time of the slow slip event occurring at the end of the period (Chalumeau et al., 2021 and personnal
communications). Its spatial extent is currently undetermined, so the shading extends to all latitudes. The panel on the right
shows the average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
al., 2018).

By contrast, repeaters between 20 and 60 km from the trench occur throughout the period
(Figure 84), and a few also occur before the mainshock. While repeaters are sometimes
triggered by nearby larger earthquakes, this is not seen consistently, and the effect is often small.
Conversely, some earthquakes of magnitude 5-5.5 are seemingly preceded by an increase in
repeating activity, like near day 45 or near day 270, which may indicate preseismic slip. Once
again, after day 400 a large number of families are activated due to the slow slip. Overall, the
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picture is one of repeating seismicity that interacts with itself and with larger earthquakes,
However, the cumulative number of repeaters still has a logarithmic shape until the end of the
period, with only small bursts to disrupt the decline in seismicity rate.

Repeaters 20-60 km from the trench
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Figure 84 : Occurrence of repeating earthquakes as a function time in the region between 20 and 60 km from the trench. The
black line (top panel) shows the total cumulative number of repeaters with time, with the dashed blue and red lines showing
the cumulative number of repeaters in the north and south respectively. The vertical red and grey lines show the
earthquakes with local magnitudes above 5 happening within and further than 5 km away from the region, respectively,
with their local magnitudes given in the top panel (circles). Red stars (bottom panel) show the latitude of earthquakes within
5 km of the region. Repeating earthquakes are shown as colored circles (bottom panel). The grey shaded area corresponds
to the approximate time of the slow slip event occurring at the end of the period (Chalumeau et al., 2021 and personnal
communications). Its spatial extent is currently undetermined, so the shading extends to all latitudes. The panel on the right
shows the average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
al., 2018).
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Within 20 km of the trench, repeaters are much more clustered in time, despite their larger
spatial separations (Figure 85). There are two distinct episodes of significantly increased
repeating seismicity around day 80 and day 185. In the former case, an event of magnitude > 5
occurs, but cannot fully explain the increase in repeating seismicity, which starts before that
earthquake. There is therefore a likely increase in slip rate, although it seems completely
confined to the near-trench region. The second increase in seismicity around day 185 is not
associated with any moderate or large event, regional or otherwise. Notably, it is linked to the
activity of many trench repeaters in the south, but also the activation of 3 out of the 4 families
of trench repeaters in the north, which potentially implies an interaction over at least 70
kilometers. This might be explained by an increase in aseismic slip in the near-trench region,
but, again, no corresponding increase in activity occurs further than 20 km from the trench.
After this episode, most trench repeaters become inactive until the SSE after day 400 in the
north. Similarly, it seems that no repeater occurs near the trench in the year before the
mainshock, although the detection capacities during that time are poor. As discussed briefly in
Chapter 5, the fact that repeating earthquake activity nearly stops in the second half of the period
could be explained by a high fluid pressure gradually shutting down families. The activation of
repeating families during the 2017 SSE could be an indication of a temporary change in fluid
pressure in the region again.

This shows that there are significant differences between the shallow and deeper regions
of the subduction zone, and that those regions can be activated independently (day 185) or
together (day 400 onward) during likely slow slip events. These differences, revealed by
repeating earthquakes, are likely linked to frictional properties or pore-fluid pressure. Based on
the work by Ledn-rios et al. (2021), the region 20-30 km from the trench has an elevated vp/vs
ratio, indicating that the region is highly hydrated. This is similar to other regions like southern
Chile, where a high vp/vs ratio is observed near the trench along with a lack of background
seismicity at the plate interface (Haberland et al., 2009; Hicks et al., 2014). Such a difference
between shallow and deep portions of the megathrust can also be seen in Central Chile, where
Frank et al. (2017) was able to quantify the evolution of rheology with depth using the 2015
Illapel aftershock catalogue. They find a change in rheology with depth, which can correspond
to a decrease of a-b with depth or to anomalously high pore pressure at shallow depths.

It would be interesting to quantify the amount and movement of pore fluids at shallow
depths, in order to better understand the differences of behavior at different depths. Part of this
may be done through geophysical imaging techniques, but seismology could also help further
this question. If the near-trench region is saturated with fluids, then unconventional signals like
non-volcanic tremors and very low frequency earthquakes should be observed, as they are in
other subduction zones (Baba et al., 2021; Nakano et al., 2018). Detecting and tracking them
could therefore be a useful tool to track fluid movements and better understand the role of fluids
in the seismic cycle.
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Figure 85 : Occurrence of repeating earthquakes as a function time in the region closer than 20 km from the trench The
black line (top panel) shows the total cumulative number of repeaters with time, with the dashed blue and red lines showing
the cumulative number of repeaters in the north and south respectively. The vertical red and grey lines show the
earthquakes with local magnitudes above 5 happening within and further than 5 km away from the region, respectively,
with their local magnitudes given in the top panel (circles). Red stars (bottom panel) show the latitude of earthquakes within
5 km of the region. Repeating earthquakes are shown as colored circles (bottom panel). The grey shaded area corresponds
to the approximate time of the slow slip event occurring at the end of the period (Chalumeau et al., 2021 and personnal
communications). Its spatial extent is currently undetermined, so the shading extends to all latitudes. The panel on the right
shows the average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
al., 2018).
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6.5 Conclusion and future
prospects

Studying seismicity, particularly repeating earthquakes, in the aftermath of the Pedernales
earthquake allowed us to learn more about the subduction process in Ecuador. Repeating
earthquakes were found to exist primarily around the main afterslip regions, thus possibly
highlighting frictionally heterogeneous regions acting as barriers to the propagation of aseismic
slip, or otherwise indicating an accumulation of stress at the edges of the afterslip. The
heterogeneity of slip measured by repeating earthquakes, along with their poor agreement with
large-scale geodetic models, hint at the complexity of slip on the megathrust, likely caused by
small-scale structural features. | am additionally able to see a larger-scale segmentation in depth
between different regions within the coseismic zone. In particular, the behaviors and stress
drops of repeaters and aftershocks reveal that the near-trench region is likely fluid-filled and
subject to changes in pore pressure. It also seems to experience confined episodes of transient
slip.

These findings should be investigated further, ideally with the help of geodetic modelling
and geophysical imaging along with seismological studies. The question of how seismic and
aseismic behavior changes over the whole seismic cycle is particularly important, and requires
that this analysis be performed over a longer timeframe. Obtaining focal mechanisms for
repeating earthquakes especially would also improve our understanding of megathrust structure
and the location of aseismic slip on or off the fault. Finally, the role of fluids at different depth
in the subduction is still to be elucidated, likely using other seismic signals along with
geophysical imaging.
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Figure 1 : Schematic cross section of a subduction zone and its water cycle by Riipke et al. (2004). Numbers
represent the main stages of water release within a subduction. I: shallow (< 20 km) fluid release from the
subduction of sediments. Il: Intermediate-depth (20-100 km) fluid release from the sediments and oceanic crust,
which may lead to cold upwelling along the subduction channel. Ill: Deep (> 100 km) fluid release from the
oceanic crust and serpentinized oceanic lithosphere, triggering melting in the overlying mantle. Black dashed
lines are schematic tEMPEIGLUIE CONTOUIS. .........ccc.veeeeeeeeeesitieeeeeeeeeeeeeeestteeessseeeestaaeessssaeastsesesssssssesisssaaasssenanans 4
Figure 2 : Schematic drawings of an accretionary (A) and erosional (B) subduction margin, by Clift and
VANNUCCRT (2004). ...ttt e ettt e e et e e ettt e e e et e e e e tts e e e tsaaaeastssaaaasssaaeaasssaeassasaeastsasensssaseassanans 5
Figure 3 : Cartoon showing the expected horizontal deformation of the forearc in an oblique subduction context
by Hoffmann-Rothe et al. (2006). A: No strain partitioning occurs as the leading edge of the overriding plate is
dragged along its coupled portion in the direction of the subduction. B: Strain partitioning occurs as a forearc
sliver moves parallel to the trench independently from the rest of the overriding plate. ............cccccovveevvvveeecnnnen.. 6
Figure 4 :Block-slider model and slip behavior from Scholz (1998). The top panel is a diagram of a sliding block,
pulled by a string of stiffness k. The shear and normal stresses acting on the block are expressed as T and a. The
bottom panel shows a schematic diagram of the evolution of friction as a function of the displacement of the
BIOCK. ..ottt ettt et ettt ettt et et e s e e e et 8
Figure 5 : Duration Vs seismic moment of different types of earthquakes and slip, by Ide et al. (2007). LFEs,

VLFEs and SSEs shown in this figure occur in the Nankai trouh, while ETS occur in the Cascadia subduction zone.

Figure 6 : Examples of seismic and geodetic signals by Peng and Gomberg (2010). A: Tremor seismic signal. B:
Very Low Frequency Earthquake seismic signal. C: Low Frequency Earthquake seismic signal. D: Regular
earthquake seismic signal. E and F: Slow Slip Event geodetic signal. G: Earthquake coseismic slip and afterslip
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Figure 7 : Schematic cartoon of a subduction zone by Lay and Schwartz (2004). .............ccceeeeveeeeeciveeeiceaassrennn. 15
Figure 8 : Schematic segmentation of subduction zones in depth from Bilek and Lay (2018). It should be noted
that in some cases large earthquakes can extend under the mantle wedge, below the Moho of the overriding
plate (Dessa €t Al., 2009). .........eeeeeeeeeeeeee ettt e e e et e e e et e ettt e ea ittt e et aeaattaaanarraeeannes 16
Figure 9 : Examples of repeating earthquakes in Parkfield, California, in the context of a strike-slip fault, by
(Uchida and Biirgmann, 2019). A: schematic diagram of the fault surface, with creeping portions and asperities
where repeaters occur. B: Waveforms of one family or repeating earthquakes. C: Overlapping peak slip areas of
J=oTdo L a g Te =L L1 e TV o] =X S 18
Figure 10 : Cartoon representation of the mechanism driving repeating earthquakes. Asperities are embedded in

a creeping fault and accumulate strain with time. At regular intervals, the asperity fails and releases this strain.
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A relationship can be found between the creep of the fault, and the slip of repeating earthquakes embedded in
it, allowing repeaters to act as creep-meters (Nadeau and JOhNson, 1998)..........ccceecvueecveeesieeeciisesiieeiiesesveessnnans 19
Figure 11 : Breakup of the Farallon plate into the Nazca, Cocos and Pacific plates, modified from Meschede and
Barckhausen (2000). The dotted yellow line on the left is the outline of the present subduction zone. Green and
dashed red lines are the active and abandoned mid-ocean ridges respectively. The outline of the Cocos, Malpelo
and Carnegie ridges are shown in dark blue in the final figure, while the Galapagos hotspot is shown as an
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Figure 12 : Kinematic field in the Ecuador-Peruvian subduction zone from (Nocquet et al., 2014). NAS = North
Andean Sliver; SOAM = South American plate; CCPP = Chingual-Cosanga-Pallatanga-Pund fault....................... 23
Figure 13 : Simplified map of the different regions of the upper plate, by Bablon (2018). The striped Pacific coast
is part of the forearc, and contains a low coastal range. The orange Western Cordillera (WC), yellow
Interandean Valley (IV) and green Eastern Cordillera (EC) correspond to the volcanic arc. The dotted Amazonian
DASIN §S PAIt Of tNE DOUCK-QIC.......oeeeeeveeeeeee ettt e e ettt e e ettt e e et a e et aaeastsaeesssaaaetseaasastseseessssssssssenann 24
Figure 14 : Interseismic coupling (slip deficit) and modes of slip along the Ecuadorian margin, modified from
Tsang et al. (2019). The blue star shows the epicenter of the 2016 Mw?7.8 earthquake, and its coseismic slip
distribution is shown in red (Nocquet et al., 2017). The distribution of the interseismic slip deficit is shown in
grey (Nocquet et al., 2014). The Nazca/North Andean Sliver convergence rate is 4.7cm/yr (Nocquet et al., 2014).
The rupture zones of the 1906, 1942, 1958, 1979 and 1998 earthquakes are shown in black, pink, brown, green
and purple (Beck and Ruff, 1984; Kanamori and McNally, 1982; Segovia, 2001; Swenson and Beck, 1996).
Swarm and slow slip areas are outlined in light blue (compiled by Rolandone et al., 2018), and magnitudes
indicated correspond to the moments of SSEs or largest seismic swarm. Slab depth contours from Slab 1.0 are
shown in grey (Hayes et al., 2012). Purple circles are GPS SEALIONS. .........ccueccuveeveeeirresceeeiieesiseesiseesiseesiseessseessens 26
Figure 15 : Geodynamic setting and main structural features possibly affecting the seismic behavior of the
Ecuadorian subduction zone. Plate convergence (black arrows) is from Nocquet et al. (2014). Fault traces (in

red) are from Alvarado et al. (2016), J.-Y. Collot et al. (2004) and Eguez et al. (2003). The fast shear wave
anomaly (in blue) was detected by Lynner et al. (2020). The subducted Atacames seamounts (black triangles)
were detected by Marcaillou et al. (2016) using seismic imaging. The subducted oceanic relief beneath La Plata
Island was outlined by J.-Y. Collot et al. (2017), also using seismic imaging. Depth contours from the slab 1
model are shown every 10 km (Hayes et al., 2012). Purple squares are geographic points of reference. CCPP =
Chingual-Cosanga-Pallatanga-Pund fault; EF = Esmeraldas fault; OBH = Outer basement high; E = Esmeraldas;
PG = Punta Galera; P = Pedernales; CP = Cabo Pasado; B = Bahia; M = Manta; LPI = La Plata Island; NAS = North
Andean Sliver; SA = SOUth AMEIICAN PIALE. ..........oooeeeeeeeeeeeeeee ettt e et e et a e st e e s e e e s etea e s asseaesansteaesanees 27
Figure 16 : Locations of all the seismic lines and cross sections shown in this chapter. ............c.cccccevvvvveeeeeennnn. 28
Figure 17 : A : Wide angle tomography velocity model by Gailler et al. (2007) along the SIS-4 seismic line on the
southern flank of the Carnegie Ridge (Figure 16). The continuous black line is the Moho, determined by inverting
PmP arrivals. The white circles are ocean bottom seismometers, and the black circles are the top of the oceanic
crust derived from coincident Multi-Channel Seismic (MCS) data converted to depth. B: Interpretative cross-

section of the margin from J.-Y. Collot et al. (2017) based on wide angle tomography data of the SIS-4 line and
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MCS data of the SIS-5 line. Red line shows the top of the oceanic crust. The interseismic coupling and its
uncertainty (red bars) are shown at the top (Chlieh et al., 2014). The yellow layer shows sediments, and the
vertical black arrows show the current subsidence and uplift of the margin as a result of the subduction of
oceanic relief. The green LVZ is the downgoing plate low-velocity zone. Yellow circles show the relocated 1994-
2007 seismicity within the inner wedge (Font et al., 2013), while blue crosses show the microseismicity triggered
by the 2010 SSE (VAIIEE €t Ql., 2013). ......eeeeeeeeeeeeeeeeeeet ettt e ettt e e et a e et e e e sttt e e e saea e e tsaaesatseseessssaassaseeann 30
Figure 18 : Interpretative cross-section of the margin in the region where the Atacames seamounts enter
subduction from Marcaillou et al. (2016), based on Multi-Channel Seismic (MCS) imaging. This section is based
on two seismic lines, SIS-54, which images the oceanic plate up to the leading edge of the western peak (Figure
16), and SIS-55, which images the southern flank of the eastern peak. The likely epicenter of the 1942
earthquake is shown as a star (SwWenson and BECK, 1996)...........ccueeeueeieeeiieeiieeeieesieesiseseesisaeessaessesesssasssesens 31
Figure 19 : Prestack depth migrated Multi-Channel Seismic (MCS) line SIS12, located at the southern edge of the
Carnegie Ridge (Figure 16), from Sage et al. (2006). Black arrows indicate the top of the margin basement. The
full red line indicates the base of the upper plate, while the dashed red line defines the top of a highly reflective
zone likely Gffected DY fIUIGS. ..........coo.eeeveeeeeeeeee ettt ettt ettt ettt e saaeenane s 32
Figure 20 : Seismic imaging along the Multi-Channel Seismic (MCS) SIS-44 line in the north of Ecuador from J.
Collot et al. (2008) (Figure 16). The top panel (A) shows the prestack depth-migrated (PSDM) line. The bottom
panel (B) shows the velocity model and line drawing overlain over the PSDM image. SF1 and SF2 are splay
faults. The focal mechanism shown is for the 1958 megathrust event (Swenson and Beck, 1996). The white
dashed lines are isotherms projected from the thermal model calculated by Marcaillou et al. (2006) on the
neighboring line SIS-42. The white circles along the seafloor are ocean bottom seismometers. ...........ccceeue.ee. 34
Figure 21 : Map of the main accreted terranes and geological units in continental Ecuador, modified from
Jaillard et al. (2009). Rough outlines of the main sedimentary basins are shown in red (Hernandez Salazar,
2020). .ttt ettt et h e a ettt ettt at e e ut e e he e ae ettt e a s e e bt e bt e bt et e e aneeatenaeenaeenaeenns 35
Figure 22 : Cross sections in continental Ecuador (Figure 16) of the interpreted shear-wave velocity model from
Lynner et al. (2020). The extent of the 2016 Pedernales earthquake rupture zone is shown as a red line (Nocquet
etal.,, 2017), and the deep SSE zone is shown in pink (Rolandone et al., 2018). The grey dotted line shows the
location of the slab in the Font et al. (2013) starting model. Black dots are aftershocks from the 2016
Pedernales earthquake (Meltzer et al., 2019). FFA = Fast Forearc Anomaly; CTSZ = Chimbo—Toachi Shear Zone;
PJF = Pujili fault system; CR = CArnegie RitIge. ...........cccuereeecueeeeeiiieeeeeieeeseiee e ssee e e sttt e eeeteaeessseaasssaeassassnasssnneeas 36
Figure 23: Map of intermediate-depth earthquake focal mechanisms (50 < Z < 300 km) from 1976 to 2013 in
Ecuador and Peru, by Yepes et al. (2016). Focal mechanisms are taken from the Harvard CMT Catalogue
(Dziewonski et al., 1981). Focal mechanisms for the four largest events are shown on the side. Offshore blue
lines show magnetic isochrones, with associated crustal ages in million years. (a) Sketch showing the shape of
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Figure 24 : Background seismicity in and around the Pedernales region between 1994 and 2007, modified from
Font et al. (2013). The white star and line show the epicenter and outline of the 2016 Pedernales earthquake

(Nocquet et al., 2017). Three alignments are visible: To the north, one clear trench-perpendicular alignment
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near Punta Galera, in the middle, a cluster near Jama-Cabo Pasado, and in the south, a trench-parallel
alignment near La Plata Island (here named Manta-Puerto Lopez segment). These three clusters are shown in
cross-section as well. All earthquakes were relocated in a 3D velocity model by Font et al. (2013). ................... 39
Figure 25 : Temporal evolution of the normalized cumulative seismicity in and around the Pedernales region
between 1993 and 2017. Gap 1 corresponds to the seismicity between the Punta Galera and Jama-Cabo Pasado
alignments, and gap 2 is the seismicity between the Jama-Cabo Pasado and Manta-Puerto Lopez region.
Dashed vertical lines (and numbers) represent increases in seismicity in at least one region. Number 13 is the
Pedernales earthquake. All data shown was detected and relocated by the Ecuadorian national network
RENSIG, figure bY SEGOVIA (2016)........cccueeeeeeeeeeeeieieeeeieeeeeitea e e teeeesteaeesaaaeeststaaeassaaesasseasasssesasasssssessssssssssseean 40
Figure 26 : Map of aftershocks and afterslip from the 2016 Pedernales earthquake, modified from Agurto-detzel
et al. (2019). Small aftershocks (Ml ~2.5 - 5) are shown as blue circles, and aftershocks with Ml > 5 are shown as
red stars (Agurto-Detzel et al., 2019). The epicenter of the Pedernales earthquake is shown as the yellow star,
while the 1 m contours of the rupture zone are shown in white (Nocquet et al., 2017). Contours of the afterslip
are shown in pink (ROIGNAONE €t Ql., 2018). ......ccc.eeeeeeeeeieeeeeeeeee et e e et ee e e ettt e et a e e st aeestseeesasssaaesassaas 44
Figure 27 : Spatio-temporal evolution of aftershocks, and relationship from the afterslip, modified from Agurto-
detzel et al. (2019). A-C: Cumulative number of aftershocks (in red) and cumulative afterslip (in green) as a
function of time in the three main afterslip regions. D: Aftershock along-strike distance from the epicenter as a
function of time. Red lines show the semi-logarithmic expansion of the aftershock region with time. ............... 45
Figure 28 : Map of all stations available at various times during the study period. A: Stations available in the
year before April 16" 2016. B: Stations available between April 16" 2016 and June 30" 2016. C: Stations
available between April 16™ 2016 and May 16 2016. The temporary deployment of seismic stations started on
May 9" 2016. D: Map of stations used in this study. The color shows the number of days each station was
available during the study period, between the 16" of April 2015 and the 30" of June 2017. .............cccuueuu... 49
Figure 29 : Number of active stations as a function of time. The vertical black line is the time of the mainshock.
The grey line shows the number of stations in the region shown in Figure 28 active on a given day. The red lines
show the number of stations used for relocation with hypoDD available on a given day. The blue lines show on a
given day the number of stations used for the classification of aftershocks into families of repeaters. The dotted
and dashed blue lines show the number of stations for the preliminary classifications in the south and north
respectively, while the full blue line shows the number of stations for the final classification over the whole
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Figure 30 : Top panel: average spectrum of the vertical component of AGOS station, for 30 s of earthquake
recordings (red) and for 30 s of noise ending 10 s before the P arrival (green). Bottom panel: average signal-to-
noise ratio as a function of frequency (blue). The green curve is the smoothed average..............co.ccevuveeeune.... 52
Figure 31 : Top panel: average spectrum of the vertical component of OTAV station, for 30 s of earthquake
recordings (red) and for 30 s of noise ending 10 s before the P arrival (green). Bottom panel: average signal-to-

noise ratio as a function of frequency (blue). The green curve is the smoothed average...............cccceeceuvvevnnen.. 53
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Figure 32 : Examples of seismic signals for P (B, D, E and F) and S (A and C) waves. Blue lines are the signal and
red lines are noise. On the left panel is the seismogram and on the right is the spectrum. A-C: Stations with
issues on one or more component. D-F: Good signal from these same Stations..............ccccueeevvveeeecivveeesiveessirennn. 54
Figure 33 : Histogram of magnitudes in the catalogue of Agurto-Detzel et al. (2019) for the study region. ....... 56
Figure 34 : Flowchart showing the main steps of the data processing done to obtain a catalogue of repeaters, by
CRAIUMEAU €1 Q. (2021). ..ottt e et e e st e e ettt e e et e e e et e e e e sseae e ssasaeantseaenssssassssssasassenannns 57
Figure 35 : Map of initial locations of aftershocks used in this study, initially in the catalogue of Agurto-Detzel et
al. (2019). Blue events are events from the northern region, and red events are events from the southern region.
The 1m contours of the 2016 Pedernales earthquake are shown in black (Nocquet et al., 2017). ....................... 58
Figure 36 : Map of stations used for the correlation coefficient calculations. Squares are stations used in the
final classification over the whole region. Triangles were used only for the initial classification in the north, and
inverted triangles were used only for the initial classification in the SOULh. ............c.ccceeveerveeeseiesiieieieieeee, 59
Figure 37 : Correlation coefficients calculated between aftershocks in the northern region. The top panel shows
every correlation coefficient calculated in the region, for all stations and all event pairs in the catalogue. The
bottom panel shows, for every event in the catalogue and for every station, the maximum correlation coefficient
ODtAINEA WIth GNOLREE @VENT........c..eeeeeeeeeeeeee ettt sttt ettt et neene e 60
Figure 38 : Correlation coefficients calculated between aftershocks in the southern region. The top panel shows
every correlation coefficient calculated in the region, for all stations and all event pairs in the catalogue. The
bottom panel shows, for every event in the catalogue and for every station, the maximum correlation coefficient
0btAINEd With GNOTREE @VENT.........cooeeeeeiiieeee ettt ettt st ettt e st e st e sanee e 61
Figure 39 : Example of waveforms of repeating earthquakes for one family. All available individual event
waveforms are shown in grey and the stack of all available waveforms is shown inred. .............cccccvevvuvveuenne. 62
Figure 40 : Relocation of the catalogue. A: Initial positions of all events used (open grey circles). The three lines
show the location of the three cross sections shown in Figure 41. B: Events relocated with NonLinLoc using
manually picked arrival times (red circles). The figure also shows events that were not relocated, but that
belong to clusters of earthquakes with correlation coefficients above 0.8. These events were assigned the
average location of the cluster’s relocated events. The initial locations of all displayed events are shown as open
grey circles. C: Events relocated with HypoDD (red circles). Again, the initial locations of all displayed events are
shown as open grey circles. D: Full catalogue after relocations and merging. Filled red circles are relocated
earthquakes and open grey circles are non-relocated earthQUAKES. ............cccooeeeueveeieeeeeeiiiiieieeeeeeciciireaaaeeeseans 66
Figure 41 : Relocation of the catalogue in depth. The black line is slab 1.0 (Hayes et al., 2012). The blue line is
the portion of the megathrust that slipped by more than 1 m during the mainshock. The blue inverted triangle is
the coastline. A: Initial positions of all events used (open grey circles). B: Events relocated with NonLinLoc using
manually picked arrival times (red circles). The figure also shows events that were not relocated, but that
belong to clusters of earthquakes with correlation coefficients above 0.8. These events were assigned the
average location of the cluster’s relocated events. The initial locations of all displayed events are shown as open

grey circles. C: Events relocated with HypoDD(red circles). Again, the initial locations of all displayed events are
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shown as open grey circles. D: Full catalogue after relocations and merging. Filled circles are relocated
earthquakes and open circles are non-relocated earthGUAKES. ..............cooeeueeeceeeieeriiieiieeeeee et 67
Figure 42 : Relocation in the south with or without the OBS. Black dots are the unrelocated catalogue, colored
circles are the relocated preliminary families of the SOUtRern region. ................cccceoveeeveenseeeseensieeeeseeeeeas 68
Figure 43 : Absolute relocation error calculated by NonLinLoc for events with manual picks. The top panel is the
total error, the bottom left panel is the horizontal error and the bottom right panel is the error in depth. Note
that these are errors calculated by the software itself, which do not take into account uncertainties of the
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Figure 44 : Map of stations used for relocation with HypoDD. Blue dots are events in the northern region
relocated by HypoDD. The southern region is divided into three subregions for the HypoDD relocation: the
orange dots are events in the upper subregion, the brown dots are events in the middle subregion and the red
dots are events in the southernmost subregion. Although they are divided for computational efficiency, all
subdivisions of the southern region use the same subset of stations. Yellow squares are stations used for the
relocation only in the southern region. Green squares are stations used for the relocation only in the northern
region. Pink squares are stations used for the relocation in bOth regions. ..........cccccccuveeeeveeeecviveeesiiiveessiineessiennnn 70
Figure 45 : Examples of HypoDD relocation within two families of repeating earthquakes. Repeaters are plotted
as circles, whose diameter is determined as D = 2 X (16Ad7M0)1/3. X represents the horizontal distance of
the earthquake from the center of the family in the E-W direction, y represents the horizontal distance of the
earthquake from the center of the family in the N-S direction, and z represents the horizontal distance of the
earthquake from the center of the family in depth. Red circles are events which are in contact with at least one
other repeater in the family, while black circles are isolated eVents. ...........ccccoeeeevcveeecvieeeeiiieeeecieeeecieeessieenn 71
Figure 46 : Map of HypoDD errors calculated from bootstrapping. On the left, the error linked to noise in the
arrival times, calculated by introducing random time delays to the station times. On the right, the error linked to
the unevenness of the network, calculated by randomly removing stations for each event pair......................... 72
Figure 47 : Velocity models used for comparison to the base model in the HypoDD relocation. The base model
(thick red line) is from Agurto-Detzel et al. (2019). The RENSIG model (blue) is the one developed by the Instituto
Geofisico of Ecuador based on Andean geology (Font et al., 2013). The Prevot model (green) is from Prevot et al.
(1996). The Leon-Rios model (orange) is from Ledn-Rios et al. (2019). ......ccccueeeeeueeeeiieeeesieeeeeieeeesiieaessiea e 73
Figure 48 : Map of variations in HypoDD locations obtained using different 1D velocity models. On the left is the
variation in absolute locations of earthquakes. On the right, the variation in locations of repeaters relative to
other repeaters Within @ SiNGIE fAMIUIY. ...........ooveeeeeeieeeee ettt e et e e e e e e e e ettt ea e e e eessstasaaaaaeassaes 74
Figure 49 : Histogram of distances between repeating earthquakes belonging to a single family, calculated after
relocation with HypoDD. The red line is the estimated median earthquake diameter of 250 meters, calculated as
D =2 x (16Ac7M0)1/3. For comparison, the median inter-event distance between two repeating
earthquakes within a family is also 250 meters, while the error is at least 750 meters. .........cccceeevvveeeecveessnnennn. 75
Figure 50 : Proportion of repeating earthquakes relocated with HypoDD as a function of time, with smoothing
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Figure 51 : Newly calculated Vs catalogue magnitude for relocated events in the north. The red line is the 1:1

Figure 52 : Newly calculated Vs catalogue magnitude for relocated events in the south. The red line is the 1:1
JINS. ettt ettt e e ettt ettt e bt e bt e e bt e et e e bt e e bt e e ne e e beesreeea 77
Figure 53 : Spectral ratio method. The spectra of two neighboring earthquakes are calculated at a given station,
and one is divided by the other. Doing so removes the path and station components of the seismic signal,
leaving a ratio of the source spectra. If the seismic sources are simple, then the ratio can be modelled, and the
corner frequencies retrieved, along with the ratio of seismic moments between the two events. ...................... 78
Figure 54 : Stations used for spectral ratios (blue squares). Grey dots are the earthquakes whose source
ProPErties Qre @XAMINEU. ...........euieeeeeeeieeeieeeeeeeceet e e e e e see et aeeeeests st aaeaeees s tsseeeaaeesssssssesaaeessssssssesssssssssssssessasass 79
Figure 55 : Examples of two individual spectral ratios, one that was included in the inversion (A) and one
rejected as its shape could not be modelled (B). The blue line is the spectral ratio over the full spectrum,
including regions where the signal/noise ratio is too low. The open black circles are the points at which the ratio
is modelled. The dashed red line is the best-fit model Of the ratio. ...........ccccceccueeeeevivieeeiiieeesiiee e eesiea e 80
Figure 56 : Normalized residual RMS as a function of how well the ratio is fit by the Boatwright model. Each
ratio is modelled independently with the Boatwright model, from which the residual RMS is obtained. The RMS
is normalized by the interval between the 90" percentile and the 10" percentile of the log of the ratio. The fit of
each ratio is then evaluated through visual inspection, with O=worst fit and 3=best fit. As can be seen, 0.15 is a
threshold below which most ratios are considered to fit the Boatwright model and above which most ratios are
considered not to fit the BOGIWIIGRAT MOUEI. .............cocuveiieeeiieeeieeeeeee e ee e e et e et e e e st aeeatseeeesassaaesseean 82
Figure 57 : Difference in local magnitude between earthquakes as a function of how well their spectral ratio is
fit by the Boatwright model. Each ratio is modelled independently with the Boatwright model, and its fit is
evaluated through visual inspection with O=worst fit and 3=best fit. This is compared to the difference in local
magnitude of the two events examined. It seems that the magnitude difference between two events does
influence how well their ratio can be fit by the Boatwright model. However, there is no clear threshold to
determine what minimum magnitude difference should be used, and some well-fit ratios have small magnitude
differences while some poorly fit ratios have large magnitude differences. ...........ccccocovvueeevveeeeeciveeesirreeenenn. 82
Figure 58 : Seismotectonic features in the study region. Interseismic coupling (Nocquet et al., 2014) is shown in
brown color scale. SSEs shown in pink: 2013 SSE offshore Punta Galera (PG) (Vaca et al., 2018), 2013 SSEs
around La Plata Island (LPI) (Segovia et al., 2018), 2015 deep SSE (Rolandone et al., 2018). The presence of a
2016 SSE near Esmeraldas (E) is suspected but not yet modelled (Hoskins et al., 2021). White stars and white
lines show the epicenters and approximate rupture areas of past megathrust earthquakes (Kanamori and
McNally, 1982; Mendoza and Dewey, 1984). The yellow star and yellow line show the epicenter and the 1 m
contour of the rupture zone of the 2016 Pedernales earthquake (Nocquet et al., 2017). The purple lines show the
20 cm edges of the 1-month Pedernales afterslip (Rolandone et al., 2018). Plate convergence between the

Nazca plate and the North Andean Sliver is from Chlieh et al., (2014). ........ooooeeeeeeeceieeeeeeeeeeeeeecveeecea e 89
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Figure 59 : Normalized waveform plots of four different families recorded at the PDNS station. Grey lines are
individual repeaters’ waveforms, while red lines are the stacks of all individual repeater waveforms available
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Figure 60 : Number of repeaters through time. A: proportion of repeaters detected among aftershocks per day.
Note that the catalog originally stops after 1 year, so any event after that was detected through template-
matching in an attempt to find new repeaters. Thus the proportion shown after 381 days (grey zone) is biased.
The red dashed lines show the dates and magnitudes of large aftershocks (M>5.5). B: total number of
earthquakes (in black) and repeaters (in green) per day. C: total number of stations used to detect repeating
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Figure 61 : Seismicity in the study region. a) Seismicity in map view. Relocated earthquakes (dark gray, 2483
events), non-relocated earthquakes (light gray, 3134 events) and repeaters (pink triangles, 62 families) are
shown. Stations used for the classification of repeaters are shown as yellow squares. 1m contours of the rupture
zone are shown in black (Nocquet et al., 2017). Blue circles show the two largest M6.9 and M6.7 aftershocks
that occurred on May 18th 2016. The 200 mm limit of the afterslip is shown in purple (Rolandone et al., 2018).
b) Seismicity in 30 km wide cross sections. The black line is the slab 1 plate interface (Hayes et al., 2012). The
blue highlight corresponds to the portion of the interface that experienced more than 1 m of coseismic slip
during the 2016 Pedernales earthquake (Nocquet et al., 2017). The coastline is depicted using inverted light blue
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Figure 62 : Locations and evolution of six selected repeating earthquake families (red on the map). On the map,
all families are shown as black dots, and 200 mm contours of the afterslip are shown in purple (Rolandone et al.,
2018). For each selected family, postseismic repeaters’ magnitudes (black squares) and recurrence times (red
diamonds) are SNOWN as @ fUNCEION Of TIME. .......cc.eeecvereeeeeesieeeieeeeeeee e s teeeee e s te e e ee e s tteeereaestaesasaassseasasesssseasareaens 96
Figure 63 : Positioning of repeaters with regards to the afterslip, and comparison between repeaters’ estimated
slip and the GPS model of afterslip from Rolandone et al., (2018). a) Total aseismic slip after 1 month
(Rolandone et al., 2018). Outlined patches represent slip calculated from repeating families with 2 or more
events in the first month, using the NJ equation. For easier comparison both among families and with the
geodetic model, NJ slip from each family was extrapolated to one month, using the ratio of slip calculated using
the NJ equation to slip modeled by GPS between the first and last repeater of the month. Each cell averages slip
from families within a 2 km radius. b) Percentage of first month repeaters and non-repeaters located in areas
experiencing a given amount of afterslip (sampled over 5 km?), as estimated from the GPS model (Rolandone et
al., 2018). The total slip is the amount of afterslip experienced between the mainshock and the time of a given
earthquake at that location, according to the GPS model. Non-repeaters are shown in red and repeaters are
shown in blue. The grey bars show the percentage of the total study area experiencing a given amount of
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Figure 64 : Average cumulative afterslip experienced in the first month by repeating families within 50 km of the
northern (red) and southern (blue) patch, and over the whole area (black). Full lines represent the average

calculated slip experienced by families. The dotted lines show the average slip from the geodetic model at the
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locations of the families (sampled over 5 km?). Red and blue circles represent earthquakes with MI>5.5
occurring in the north and SOUth reSPECLIVENY. .........ccueovueeeieiiiiieiieeeee et 100
Figure 65 : Comparison of slip derived from repeaters and GPS a) Aseismic slip experienced by a family between
the first and the last repeater of the first month, estimated from the geodetic model versus estimated using the
NJ equation. Only families with 2 or more events in the first month, and more than a day between the first and
the last event of the month, are used. Families within 50 km of the northern and southern afterslip patch are
shown in red and blue respectively. b) Comparison of average family seismic moment and average slip
experienced. The green line is the linear relationship predicted by the NJ equation. The red line is the least
SQUATES fit tRIOUGHN the QATA. ......oeeeeeeeeeeeeeeeee ettt e e et e e ettt e e et a e e st s e e sttt e essssaeessseeanansssaenanees 101
Figure 66 : Afterslip spatial gradient experienced by repeaters. a) Map of first month repeating families (in grey)
and the spatial gradient of the cumulative one month afterslip from Rolandone et al. (2018). b) Percentage of
first month repeaters and non-repeaters located in areas experiencing a given amount of afterslip gradient
(sampled over 5 km?). The slip gradient is the amount of afterslip gradient experienced between the mainshock
and the time of a given earthquake at that location, according to the GPS model. Non-repeaters are shown in
red and repeaters are shown in blue. The grey bars show the percentage of the study area experiencing a given
AMOUNT Of AftEISIIP GIAGIENT. ..ottt e e e et e e et e e et e e e et e e e e asteaeesasasaeatseaassstssaenanses 102
Figure 67 : Average afterslip, afterslip gradient and seismicity distribution with regards to distance from the
center of the northern (left) and southern (right) patch of afterslip at the end of the first month. The top panels
(A) show the evolution of geodetic afterslip with distance. The panels below (B) show the average afterslip
gradient as a function of distance. Half of all radial profiles fall within the shaded area. The third panels (C)
show the distribution of all repeaters (blue) and non-repeaters (black) with regards to distance. The bottom
panels show only repeaters from families with median magnitudes above 3 and minimum magnitudes above
2.7 (blue), and non-repeaters with magnitudes above 3 (DIACK). ...........coeecveeeeeeeeeeiieeeeeee e 103
Figure 68 : Seismotectonic features of the study region. The main bathymetric features of the incoming plate
are labeled, along with the plate convergence rate between the Nazca plate and the North Andean Sliver from
Chlieh et al. (2014). Stars show the epicenters of the Pedernales earthquake (in white) and previous megathrust
earthquakes (in green). The green circles show the rough outlines of past megathrust earthquakes (Kanamori
and McNally, 1982; Mendoza and Dewey, 1984) while the black line shows the geodetically derived rupture
zone of the 2016 Pedernales earthquake (Nocquet et al., 2017). The orange lines show the 20 cm edges of the
Pedernales afterslip during the first month (Rolandone et al., 2018). Yellow lines show the 20 mm edges of
geodetically observed slow slip events occurring prior to 2016 (Rolandone et al., 2018; Vaca et al., 2018)...... 114
Figure 69: Time and magnitude of earthquakes in the initial catalogue. In gray are aftershocks from the Agurto-
Detzel et al. (2019) catalogue, and in black are the repeaters from the Chalumeau et al. (2021) catalogue. The
red lines and circles are the large-magnitude earthquakes with local magnitudes above 5. A: Cumulative
number of aftershocks and repeaters as a function of time, normalized by the total number of aftershocks and
repeaters. B: Local magnitudes of aftershocks and repeaters as a function of time. .............ccccceeevvveeeccvveennne. 117
Figure 70 : Examples of spectra and spectral ratios. A: S velocity spectra of repeating earthquakes in family 75

at SEVS station. Faded lines are areas of the spectrum that are excluded from spectral ratio modelling as S/N <
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4. B: Spectral ratios used to calculate source properties for the S phase of event 20 in cluster 1 with SEVS station.
Full black lines are the real spectral ratios and dashed red lines are the modelled spectral ratios. The dotted grey
1iN€ iS the EVENL'S COINEI FrOQUEINCY. ....cc...vveeeeeeeeeeeeeeeeteeeetee e e tee e e e tte e e ettt e e e st a e e s tbeseesasssaesassaasasssesasasseaennses 119
Figure 71 : Panels A-C show source properties (corner frequencies inferred from P-waves and S-waves, stress
drop) as a function of moment magnitude. Panels D and E show the distribution of stress drops and magnitudes
respectively. Light blue represents repeaters and dark blue represents non-repeaters. The grey shaded areas
show for a given magnitude the median upper and lower frequency limits between which corner frequencies
CAN DE FESOIVEU. ...ttt et e et e e et s e et e st e et e et e e st e etneeseeenes 121
Figure 72 : P/S corner frequency ratio as a function of Mw (top) and stress drop (bottom). Light blue represents
repeaters and dark blue represents non-repeaters. The red line is the median...............ccccccocevveeecveeeeccveeennnnn, 123
Figure 73 : Distribution of stress drops as a function of magnitude. A: Events colored by time. The timing of
repeaters does not influence the stress drop Vs magnitude trend. B: Events colored by distance to the trench.
The grey shaded areas show for a given magnitude the median upper and lower frequency limits between which
COrNer freqUEeNCIES CAN DO FESOIVEM. ............cccuveeeeeiieeeeee et etee e ettt e e ettt e e et ae e e et e e e st aeessaaaeastsesaeesseaensses 124
Figure 74 : Spatial distribution of stress drop. A shows a map of all stress drops calculated, with colors
representing their logarithm. B shows the magnitude of events with full source properties as a function of
distance to the trench. C shows stress drop as a function of distance from the trench, with the orange lines
showing the expected shear strength based on earthquake depth, and the depth of the interface (Hayes et al.,
2012). D shows the relationship of stress drops to coupling. In B, C and D, the red line is the median. ............. 126
Figure 75 : Evolution of normalized source properties within families. Panel A shows normalized moment
magnitudes, panel B shows normalized stress drops, panels C and D show normalized P and S corner
frequencies, and panel E shows the normalized P/S corner frequency ratio. Each event within a family is
normalized by the last event of that family with all source properties determined. The red line is the median
computed using a sliding window 1 in log space. Triangles represent the first event after the mainshock within a
oL USRI 128
Figure 76: A: Coseismic displacement as a function of seismic moment, for all earthquakes. The red line shows
the best fit for the data, while le black line shows the theoretical increase of displacement with moment when
assuming a constant stress drop of 1.9 MPa. B: Average coseismic displacement as a function of average
moment within families of repeating earthquakes. The red line is the best fit. The orange line is the relationship
derived by Nadeau and Johnson (1998) using quasi-periodic repeaters on the creeping portion of the San
Andreas fault. C: Average geodetically measured slip (Rolandone et al., 2018) as a function of average coseismic
displacement for families of repeating earthquakes active during the first month. The red line is the best fit,
while the blue line shows the line where the GPS slip is equal to the coseismic slip. .........cccccceeevvcveeieeeeeeccnnnnnn, 131
Figure 77: Schematic diagram of the evolution of pore fluid pressure near the trench during the postseismic
period. A: Interseismic period: Fluid pressure is high as fluids are trapped at the plate interface. B: Early
postseismic period: Fluid pressure is low as afterslip causes dilation and fluids escape the interface. C: Late

postseismic period: Fluid pressure increases again as the afterslip sSlows down. ............cccccceeveeciiveeeeeeeecccneen, 135
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Figure 78 : Correlation coefficient averaged over at least four stations as a function of inter-event distance (blue
circles). Only event pairs with an error in distance below 300 m are shown in the plot. The thick red line shows
the median correlation while the thin red lines show the 10th and 90th percentiles. The green line is the relation
derived by Menke (1999), with S being the wavelength associated with the upper corner frequency of the filter.
Because events were filtered between 1.5 and 6 Hz, and assuming a seismic velocity of about 3.7 km/s (Ledn-
Rios et al., 2019), the wavelength is about 600 meters. The dashed vertical black line shows the quarter of the
wavelength, which corresponds to the minimum distance resolvable by cross correlation (Geller and Mueller,
1980). The horizontal black line shows the 0.95 threSROId. .............ccuveeeeecivecieesiieseest et se s eeiee s 138
Figure 79 : Correlation coefficients as a function of station-event distance. Four subgroups of event pairs are
considered: those separated by less than a quarter of the dominant wavelength (150 m) in blue, those
separated by one to two wavelength (600-1200 m) in red, those separated by two to four wavelengths (1200-
2500 m) in green, and those separated by four to eight wavelengths (2500-4900 m) in yellow. The median
variation of correlation coefficient with station-event distance for these four groups is shown as thick blue,
brown, green and 0range liNES rESPECLIVEIY. ............ueeeeueeeeeeeee e eeeee ettt e e et tee e e tetea e esaaaesstraaeessssaennses 140
Figure 80 : A: Aseismic slip experienced by a family between the first and the last repeater of the first month,
estimated from the geodetic model (Rolandone et al., 2018) versus estimated using the Nadeau and Johnson
equation. This time, | use seismic moments calculated directly from spectral ratios when available. Otherwise, |
convert local to moment magnitudes using the formula derived in Appendix C: MW = 0.6 X ML + 1.1. Only
families with 2 or more events in the first month, and more than a day between the first and the last event of
the month, are used. Families within 50 km of the northern and southern afterslip patch are shown in red and
blue respectively. B: Comparison of average family seismic moment and average slip measured geodetically
(Rolandone et al., 2018). The green line is the linear relationship predicted by the Nadeau and Johnson
equation. The red line is the least squares fit through the data. ..............cccoveeceeeeeecviieeeiiee e e e cceea e 141
Figure 81 : Average coseismic slip experienced by a repeater within a family versus average afterslip estimated
geodetically (Rolandone et al., 2018). Only events with well-resolved source properties are used to calculate the
averages. The red line shows the best fit trend, while the blue line shows the 1:1 line................ccccvveecvvvennn.e. 142
Figure 82 : Average ratio of coseismic slip to geodetically-measured displacement experienced by families, as a
function of average seismic moment. Only events with well-resolved source properties are used to calculate the
averages. The red and green curve show two different fits of the data using the Beeler model. The green line
uses a stiffness that varies as a function of Mo, as is generally assumed, and uses a stress drop of 1.9 MPa,
which is the average stress drop of the catalogue. The red line uses a stiffness that varies as a function of Mg’

which was determined based on the stress drops and coseismic displacements available in the whole catalogue.

Figure 83 : Occurrence of repeating earthquakes as a function time in the region further than 60 km away from
the trench. The full black line (top panel) shows the cumulative number of repeaters with time. The vertical red
and grey lines show the earthquakes with local magnitudes above 5 happening within and further than 5 km
away from the region, respectively, with their local magnitudes given in the top panel (circles). Red stars

(bottom panel) show the latitude of earthquakes within 5 km of the region. Repeating earthquakes are shown
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as colored circles (bottom panel). The grey shaded area corresponds to the approximate time of the slow slip
event occurring at the end of the period (Chalumeau et al., 2021 and personnal communications). Its spatial
extent is currently undetermined, so the shading extends to all latitudes. The panel on the right shows the
average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
L.y 2018). oottt ettt sttt ettt e en sttt err s eean 147
Figure 84 : Occurrence of repeating earthquakes as a function time in the region between 20 and 60 km from
the trench. The black line (top panel) shows the total cumulative number of repeaters with time, with the
dashed blue and red lines showing the cumulative number of repeaters in the north and south respectively. The
vertical red and grey lines show the earthquakes with local magnitudes above 5 happening within and further
than 5 km away from the region, respectively, with their local magnitudes given in the top panel (circles). Red
stars (bottom panel) show the latitude of earthquakes within 5 km of the region. Repeating earthquakes are
shown as colored circles (bottom panel). The grey shaded area corresponds to the approximate time of the slow
slip event occurring at the end of the period (Chalumeau et al., 2021 and personnal communications). Its spatial
extent is currently undetermined, so the shading extends to all latitudes. The panel on the right shows the
average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
ALy 2018). ettt ettt ettt ettt st e st e at et et e et eas e s e e nieens 148
Figure 85 : Occurrence of repeating earthquakes as a function time in the region closer than 20 km from the
trench The black line (top panel) shows the total cumulative number of repeaters with time, with the dashed
blue and red lines showing the cumulative number of repeaters in the north and south respectively. The vertical
red and grey lines show the earthquakes with local magnitudes above 5 happening within and further than 5

km away from the region, respectively, with their local magnitudes given in the top panel (circles). Red stars
(bottom panel) show the latitude of earthquakes within 5 km of the region. Repeating earthquakes are shown
as colored circles (bottom panel). The grey shaded area corresponds to the approximate time of the slow slip
event occurring at the end of the period (Chalumeau et al., 2021 and personnal communications). Its spatial
extent is currently undetermined, so the shading extends to all latitudes. The panel on the right shows the
average amount of afterslip that occurred in the region in the first month as a function of latitude (Rolandone et
ALy 2018). ettt ettt ettt et ekt b ettt et eeat e he e bt et et e e e e e nieens 150
Figure SB.1 : Maps of all network stations by Alvarado et al. (2018) (A-B, permanent networks) and Meltzer et
Ql. (2019) (C, tEMPOIAIY NELWOIKS) ....ooeeeeeeeeeeeeeeeee ettt e e e e et e e et e e sttt e e e s tteaesaaseaeesasasasessseaesssseaenanees 187
Figure SB.2 : Availability of stations used in this study as a function of time (red). Green bars show stations
which are available with notable issues: ELOY has a clock issue in 2017, CABP has no signal on its Z component
in its early period, and LGCB has frequent spikes on its N COMPONENT. ...........ccceeeeecieeeeecireesiieaesiiieeesierassnes 189
Figure SB.3 : Delay times between template matching detections made by ELOY and detections made by all
other stations. This shows the drift of the ELOY clock starting in January 2017. ...........cccceevueveeeeeeesiciireraaeeeaaians 190
Figure SC.1: Flowchart summarizing the different processing steps used to obtain relocated families of repeating
Lo Lo 10 Lo | (=X TS 197
Figure SC.2: Stations used. a) Distribution of stations used for repeating earthquake classification. Gray dots are

the total aftershock catalogue. Color of the station denotes the number of days they are active within the study
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period. Shape of the station denotes the earliest time they become active during the study period. b) Availability
of stations used for repeating earthquake classification. Red vertical line shows the occurrence of the mainshock
(ADFil 161, 2016) c..ovevvveisieieieieisiseiists et ettt sttt sttt ettt sttt et ettt s b et et e e s s bbbt s et e s e se s anans 198
Figure SC.3: Relative relocation of events in 4 families, using HypoDD. Red circles represent events with
overlapping rupture zones and black circles are isolated @VeNnts. ..............ccoceeeveerieeeseeniiieeieeeseeeee e 199
Figure SC.4: Evolution of recurrence time (Tr) with time after the mainshock. The families’ average recurrence
time decay is shown as a red line With @ SIOPE Of P=-0.88. ..........oeeeeueieeeeeeeeeiieeeeceeeeecteeeetcteeaessaeeeesseaeesreeens 200
Figure SC.5: Coseismic Coulomb failure stress changes induced by the mainshock at the subduction interface,
from Rolandone et al. (2018). a) Map of repeating families started within the first month (in black) and
relocated non-repeaters (in grey). The area within the rupture is masked and outlined in black. Large green
circles are aftershocks with local magnitudes above 6. b) Distribution of first month events with regards to the

coseismic stress changes induced by the mainshock. Only events outside of the mainshock rupture zone are

Figure SC.6: Interseismic repeating earthquakes detected in this study (pink triangles), and possible repeaters
(purple triangles) detected by Vaca et al., (2018) in 2013. The 20 mm contour of the 2013 slow slip event (Vaca
et al., 2018) is shown as a full black line. Interseismic coupling from Nocquet et al., (2014) is shown in red and
blue. The 1 m contour of the Pedernales rupture, and the 200 mm contours of the afterslip, are shown as
dashed and dotted liNeS rESPECLIVEIY. ...........cooueirueeeieiiieeeeeeeeet ettt sttt e 201
Figure SC.7: One-year slip calculated from repeaters. Only families that were active for 7 months or more are
used here. a) Map showing the slip calculated from repeaters in the 14 months after the mainshock (outlined
areas). b) Average cumulative afterslip experienced in 14 months by repeating families within 50 km of the
northern (red) and southern (blue) patch, and over the whole area (black). Red and blue circles represent
earthquakes with MI>5.5 occurring in the north and south respectively..............couuueeeeeeecviiveeseeeeiiiiivieeseeseiinns 202
Figure SC.8: Daily average slip as a function of distance from the center of the afterslip. One month afterslip by
L2 0] o Ta e Lo TR = ae | A 20 . R 203
Figure SC.9: Catalogue magnitudes. a) Frequency distribution of aftershock (red) and repeater (blue)
magnitudes. b) Map showing the magnitude of completeness of the whole catalogue over the whole time
period, including the new repeaters found through template-matching..............ccccovueeeecvveeeceeeeeciieeeeiieeeenen 204
Figure SC.10: GPS-derived slip compared to slip from families with median magnitudes above 3 and minimum
magnitudes above 2.7. a) Total aseismic slip after 1 month (Rolandone et al., 2018). Outlined patches represent
slip calculated from repeating families with 2 or more events in the first month, using the NJ equation. For
easier comparison both among families and with the geodetic model, NJ slip from each family was extrapolated
to one month, using the ratio of slip calculated using the NJ equation to slip modeled by GPS between the first
and last repeater of the month. Each cell averages slip from families within a 2 km radius. b) Aseismic slip
experienced by a family between the first and the last repeater of the first month, estimated from the geodetic
model versus estimated using the NJ equation. Only families with 2 or more events in the first month, and more
than a day between the first and the last event of the month, are used. Families within 50 km of the northern

and southern afterslip patch are shown in red and blue respectively. ..............ccouweecueeeeecireesiiieeeciieeesceseeenens 204
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Figure SC.11: Comparison of two one-month afterslip models: the Rolandone et al. (2018) afterslip model in red
and the Tsang et al., (2019) afterslip model in blue. Contour lines are every 200 mm. The coseismic rupture is
shown in grey. Pink triangles are repeating families. ...............ooeeveieeeeeeesciieeeeceeeesceee et e e etea e e steeeeestaea e s 205
Figure SC.12: Regional comparisons of GPS-derived and repeaters-derived slip a) Map of first month families
(pink triangles) with the 20 cm afterslip contours (purple lines). The six regions shown all have a 30 km diameter
and contain 3 or more families with 2 or more events in the first month. b) Comparison of aseismic slip
experienced in first month by the six regions shown in a), estimated from the geodetic model Vs estimated using
the Nadeau and Johnson equation. Only families with 2 or more events in the first month, and more than a day
between the first and the last event of the month, are used. Colors show the number of families used for the
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Figure SC.13: Location of repeaters and interseismic coupling a) Map of repeating families (pink triangles)
overlaying the interseismic coupling model (Nocquet et al., 2014). In purple are the 150 mm contours of the
one-month afterslip model (Rolandone et al., 2018). The coseismic rupture is shown in black. b) Percentage of
events in areas experiencing a given amount of interseismic coupling. Non-repeating earthquakes are shown in
red and repeating earthquakes are shown in blue. In grey is the percentage of the study area experiencing a
given amount of iNterseiSMiIC COUPIING. ...........uueeeiueeeeeiee e et e e et e e e tee e ettt e e e e et e e ettt e essaaaeastsaaeeasseaennses 206
Figure SC.14: Repeating earthquakes from Costa rica after the 2012 Nicoya earthquake (Yao et al., 2017), along
with the 3-month afterslip model (Yao et al., 2017). Families are colored by slip calculated with the NJ equation,
experienced between September 51 and December 315 2012. ..........ocueeeeeeeereeeeeeeeeeeeeeeeeesesereseeeesesesesens 207
Figure SD.1: Map of stations used. The top panel shows all stations used to calculate source properties, with
color showing the number of days they were available. The middle panel shows the stations that were available
at any point during the first month. The bottom panel shows the stations that were available at any point

Lo [T o Te B 1 1 1= Lo Ky g Lo 11 s DU UPPRN 212
Figure SD.2: Relationship of local magnitude to moment magnitude for all earthquakes. The red line is the least
squares fit to the data. Light blue dots are repeaters and dark blue dots are non-repeaters. .............cccveou..... 212
Figure SD.3: P Vs S corner frequencies averaged at the same stations. The red line represents the median P/S
COINEY FTEOQUEINCY FOTIO. .......vveeeeeeeeseeeeeeee e et e e et e e ettt e e ettt e e ettt e e e e tse s e e aasaa e e tsaaaeaatsaseesssasenasssaeatsaaanasssssenasses 213
Figure SD.4: Stress drop calculated as a function of time. The red line is the median stress drop. Light blue dots
are repeaters and dark blue dOts Gre NON-rEPEALENS. .........cccueeeeeueeeeeciieeeeeeeeeseeeeeeeeeessteaeesrtaaesssseaesssesassnees 214
Figure SD.5: Comparison of corner frequencies calculated using the full available bandwidth Vs corner
frequencies calculated using a limited bandwidth with a maximum possible frequency of 10 Hz. The dotted red
line is the median restricted corner frequency as a function of the full corner frequency, and the full red line is
the 10" percentile. The full blue line is the 1:1 line and the dotted lines represent plus or minus 25%. All corner
frequencies are compared at a single station. All earthquakes used in this calculation had a full corner frequency
lower than 50% of their upper freQUENCY lIMIt. ..........cc.ueveeeeeeeeeeeeeeeee ettt e et e et eeste e e st e e s ssaaaenanees 215
Figure SD.6: Distribution of stress drops at different magnitudes. We display the number of stress drops
recovered within the magnitude range, as well as the number of stress drops that could not be recovered during

the inversion. The red lines show the best fit for a normal distribution for each magnitude range. Green lines are
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normal distributions centered on 9.6 MPa with a standard deviation calculated around 9.6 MPa using all stress
drops from earthquakes with magnitudes within or above the observed magnitude range. If the stress drops
were constant with magnitude, and the apparent trend a result of missing high stress drop events, then the
number of missing events should be able to complement the current plotted events to make the distributions of
stress drops at all magnitude ranges approximate the green line. We show that, for low magnitude ranges,
there are too few discarded events to account for the difference between the real distribution of stress drops,
and a normal distribution centered on 9.6 MPa, represented by the green line. .............ccccccccveeeecveeeeecvveennnne, 217
Figure SD.7: Comparison between two inversions showing the potential bias introduced by allowing all corner
frequencies, even poorly resolved ones, to be free parameters when modelling spectral ratios. On the left, the
normal inversion, with all corner frequencies allowed to change freely. On the right, corner frequencies outside
the resolvable range for a given cluster are fixed with the assumption that the associated stress drop is 2 MPa.
We apply this condition to events which either have a previously calculated corner frequency above half of the
maximum frequency, or which, assuming a stress drop of 2 MPa, would have a corner frequency above half of

the maximum frequency given their magnitude. We only show stress drops from lower corner frequency events.

Figure SD.8: Map of all repeating earthquake families. Red circles are families where every events’ source
properties are recovered. Black circles are families where only some source properties are recovered. Grey
circles are families where no source properties are recovered. Numbers are the names of families presented in
Figure SD.9. The red box shows families near the trench with similarities in behavior. ...............cccccceevveenuennn.. 218
Figure SD.9: Evolution of source properties in families. Moment magnitudes are red squares, P corner
frequencies are green triangles, S corner frequencies are blue upside down triangles, and stress drops are black
squares. Magnitudes and corner frequencies are connected by a line if they are consecutive, and are separated
if an event is MiSSING DETWEEN TREM. ...............uueeeeieeeeeeeeeeee ettt e et tae e e et e e et a e estaaaestseaeeatseaeesses 227
Figure SD.10: Attenuation modeling for 4 different families of repeating earthquake. For each family, the top
panel shows the spectral ratios of earthquakes within the families under the minimum calculated corner
frequency (full line), and the modelled spectral ratios assuming a constant corner frequency (dashed line). The
bottom panel shows the spectral ratios again (full line), and the modelled spectral ratios assuming a constant
corner frequency and a constant seismic moment (dashed liNe). .............ccceeeeeveeeeeciieeeciseesiee e e e 229
Figure SD.11: Normalized source properties within families as a function of recurrence time. Each event within a
family is normalized by the last event of that family with all source properties determined. The red line is the
median computed using a sliding window 0.6 in log space. The recurrence time of first events within a family is
considered to be the time from the MAINSAOCK. ............c...oeeeeeeeeeeiieeeeie ettt eeea e a e s e e e stea e e 230
Figure SD.12: Comparison of source properties of a single event at a single station obtained only using ratios of

early events (X axis) VS 1Qte @VENTS (Y GXIS)........ueeeceeeeeeeeeeeeeeeeeeeeeeeee ettt e e ettt e e et e e e staaaesstsaaeestsaaenaees 231
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Figure SB.1 : Maps of all network stations by Alvarado et al. (2018) (A-B, permanent networks) and Meltzer et al. (2019) (C,
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Figure SB.2 : Availability of stations used in this study as a function of time (red). Green bars show stations which are

available with notable issues: ELOY has a clock issue in 2017, CABP has no signal on its Z component in its early period, and

LGCB has frequent spikes on its N component.
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Figure SB.3 : Delay times between template matching detections made by ELOY and detections made by all other stations.

This shows the drift of the ELOY clock starting in January 2017.

Tableau SB.1: Correlation coefficient computation stations

. . Used in
. Sampling | Frequency Used in Used in whole
Station | Channel North South .
rate (Hz) | band (Hz) e e region
classification | classification .
classification
AGOS EHZ 200 2to9 X X
BENA HHZ 100 1,5to9
CABP HHZ 125 2,5t010 X
CHIB HHZ 200 1,5to9 X
ECO3 HHZ 100 3to 10 X X
EC12 HHZ 100 2to9 X X
EC14 HHZ 100 2to9 X X
EC15 HHZ 100 1,5t09 X X
EC16 HHZ 100 2,5to0 10 X X
EC18 HHZ 100 1,5t09 X X
ELOY EHZ 200 1,5t09 X X
FLF1 HHZ 100 3,5to 10 X X
LGCB HHZ 125 1,5to9 X X X

190



Appendix B: Supplementary materials for Chapter 3

LOLA HHZ 100 2,5t010 X
LUCE HHZ 100 15t09 X
NOVI EHZ 200 2to9 X X
OTAV HHZ 100 15t09 X
PDNS ENZ 125 2,5t0 10 X X
PTGL HHZ 125 2,5t010 X
SEVS HHZ 100 1,5t09 X X
Tableau SB.2: HypoDD stations used in the north
T Activit . .
. T befpre T after P | before T af'Fer > F1 | F2 aftery Active A§t|ve
Station | P arrival . . arrival . before first
(s) arrival (s) | S arrival (s) (Hz) | (Hz) | mainshock mainshock | month
(s) (% days)
AATC 2 2 2,5 2,5 3 10 41 0,34 1
AGOS 3 2 3 3 2 10 92 0 0
AMA1 2 2 2,5 2,5 3 9 97 0,29 1
ASAM 3 2 2 3 4 11 19 0,37 1
AV18 2,5 2,5 3 3 3 8 97 0,05 1
AV21 3 2 2 3 3 9 93 0,05 1
BOCA 3 2 3 3 15| 9 38 0 0
BUCE 3 2 2 3 2 10 54 0 0
BV15 2,5 2,5 2,5 2,5 15| 8 97 0,05 1
CHL1 3 3 3 3 15| 8 100 0,29 1
CHL2 3 3 3 3 15| 8 61 0,29 1
CuIC 3 3 3 3 15| 8 58 0,29 1
ECO1 3 2 2 3 2 |95 74 0 0
ECO2 3 2 2 3 3 9 79 0 0
ECO3 2,25 2 2 3 2 10 80 0 0
ECO4 3 2 3 3 15| 8 81 0 0
ECO6 2,5 2 3 3 2 8 44 0 0
ECO8 3 3 3 3 15| 8 82 0 0
EC11 3 2 2 3 2 8 38 0 0
EC12 2,5 2 2 3 2 10 73 0 0
EC13 2,5 2 2 3 2 9 83 0 0
EC14 2,5 2 2 3 15| 9 84 0 0
EC15 2,5 2,25 2,25 2,5 15| 9 84 0 0
EC16 3 2 3 3 3 10 79 0 0
EC17 2,5 2,5 3 3 2 10 36 0 0
EC18 3 2 3 3 2 8 80 0 0
ELOY 3 3 3 3 2 8 94 0 0
FLF1 2,5 2,5 3 3 3 10 94 0,02 1
GGPC 3 3 3 3 2 10 99 0,02 1
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ILLI 3 3 3 3 2 100 0,05 1
LGCB 2,5 2 3 3 2 80 1 1
LOLA 2 2 2 3 2,5 | 10 63 0 0
NOVI 3 2 3 3 2 10 94 0 0
OTAV 3 3 3 3 1 79 1 1
PAC1 2,5 2,5 3 3 15| 8 98 0,05 1
PDNS 1,75 2,5 3 3 2,5 | 10 99 0,49 1
PTGL 2,25 2 2 3 2,5 | 10 62 0,54 1
QUIN 2,5 2,5 3 3 1,5 63 0 1
SLOR 3 3 3 3 2 97 0,29 1
TRIN 3 2 3 3 1,5 53 0 0
WILF 3 3 3 3 1 89 0 0

Tableau SB.3: HypoDD stations used in the south
T Activity
before | T after P | T before | T after S Active | Active
Station P arrival | Sarrival | arrival F11 F2 'f]fter before first
arrival (s) (s) (s) (Hz) | (Hz) m?mshock mainshock | month
(s) (% days)
AGOS 3 2 2 3 2 9 92 no no
BENA 3 2 2 3 15| 9 80 no no
EC16 3 2 2 3 2,51 10 79 no no
EC18 3 2 2 3 15| 9 80 no no
ELOY 3 2 2 3 1 9 94 no no

FLF1 3 2 2 3 3,5| 10 94 yes yes
LGCB 3 3 3 3 1,51 9 80 yes yes
NOVI 3 2 2 3 15| 9 94 no no
PDNS 3 2 2 3 2,5| 10 99 yes yes
SEVS 3 3 3 3 1,51 9 58 yes yes
ABH2 3 2 2 3 3 |10 18 yes yes

AMON 3 3 3 3 2 19,5 51 no yes
BIMJ 3 3 3 3 25| 10 78 no no
BV15 3 3 3 3 1,5| 8 97 yes yes
CABP 3 2 2 3 2,5| 10 95 yes yes
CHIB 3 2 2 3 1,51 8,5 58 no yes
CHIC 3 2 2 3 2 9 90 no no
CHL1 3 3 3 3 1,5 7 100 yes yes
CHL2 3 3 3 3 15| 9 61 yes yes
CORO 3 2 2 3 3 8 57 no no
ECO4 3 2,5 2,5 3 15| 9 81 no no
ECO8 3 2 2 3 1 9 82 no no
EC12 3 3 2 9 73 no no
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EC14 3 3 3 3 1,51 8,5 84 no no
EC15 3 3 3 3 15| 9 84 no no
EC17 3 2 2 3 2 |10 36 no no
GGPC 3 3 3 3 35| 11 99 yes yes
ILLI 3 3 3 3 1,51 9 100 yes yes
JAMA 3 2 2 3 35| 8 100 yes yes
LUCE 3 2,5 2,5 3 15| 8 80 no no
OTAV 3 3 3 3 1,51 9 79 yes yes
PORT 3 3 3 3 2 |10 94 yes yes
PPLP 3 3 3 3 2 |95 80 yes yes
PTGL 3 3 3 3 2,5 10 62 yes yes
SESM 3 2 2 3 15| 8 84 no no
TAMH 3 3 3 3 2 9 94 yes yes
TRIN 3 2 2 3 1,51 9 53 no no
WILF 3 3 3 3 1 7 89 no no
MAG1 3 2 2 3 2 8 100 yes yes
BUCE 3 2 2 3 2 |10 54 no no
BOCA 3 2 2 3 15| 8 38 no no
BOYA 3 2 2 3 15| 8 22 no no
CALD 3 3 3 3 2 |10 18 no no
ECO3 3 2 2 3 3 |10 80 no no
ECO6 3 2 2 3 2 8 44 no no
ECO7 3 3 3 3 1 165 67 no no
ECO9 3 3 3 3 15| 8 81 no no
EC11 3 3 3 3 2 | 10 38 no no
EC13 3 2 2 3 25| 8 83 no no
LOLA 3 2 2 3 2 |10 63 no no
MUTR 3 2 2 3 15| 8 11 no no
SNPL 3 3 3 3 15| 8 28 no no
Tableau SB.4: HypoDD iteration parameters
HypoDD iteration parameters North
Number Cutoff Max Cutoff Max
lteration of ccp CCS |[residual | distance | CTP CTS |residual | distance
. . pick pick | for CC |between| pick pick | for CT |between | Damping
group |"cerat|ons weight | weight | pairs | CC pairs | weight | weight | pairs | CT pairs
'n group (std) | (km) (std) | (km)
1 5 0,2 0,15 -9 -9 1 0,8 -9 6 10
2 5 0,2 0,15 -9 -9 1 0,8 4 6 10
3 5 1 0,8 -9 -9 0,25 0,2 4 6 10
4 15 1 0,8 6 6 0,25 0,2 4 6 20
5 5 1 0,8 6 6 0,1 0,06 3 6 30
HypoDD iteration parameters South
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Number Cutoff Max Cutoff Max
lteration of CCP | CCS |residual|distance | CTP CTS |residual | distance
. . pick pick | for CC |between| pick pick | for CT |between | Damping
group |iterations . : . . . . . .
in group weight | weight | pairs | CC pairs | weight | weight | pairs | CT pairs
(std) (km) (std) (km)
1 5 0,2 0,15 5 20 1 0,8 5 6 10
2 10 0,2 0,15 5 20 1 0,8 4 6 10
3 10 1 0,8 5 20 0,25 0,2 4 6 10
4 15 1 0,8 4 6 0,25 0,2 4 6 20
5 5 1 0,8 4 6 0,1 0,06 3 6 30
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Supporting Information for:
Repeating earthquakes at the edge of the afterslip of the 2016 Ecuadorian
M7.8 Pedernales earthquake
Caroline Chalumeau!, Hans Agurto-Detzel!, Louis De Barros?!, Philippe Charvis?,
Audrey Galve!, Andreas Rietbrock?, Alexandra Alvarado?®, Stephen Hernandez?,
Susan Beck®, Yvonne Font!, Mariah C. Hoskins®, Sergio Leon-Rios?, Anne
Meltzer®, Colton Lynner?, Frederique Rolandone®, Jean-Mathieu Nocquet!, Marc
Regnier!, Mario Ruiz?, Lillian Soto-Cordero®, Sandro Vaca®, Monica Segovia®

Contents of this file:

Text S1
Figures S1to S11

Table S1

Text S1.: Magnitude calculations:

Local magnitudes (ML) for all earthquakes are calculated from their maximum amplitudes
on the vertical component of 31 stations to get homogenized values for the whole catalogue.
The relationship used is the one used by SeisComP3, on which the initial aftershock catalogue
was picked:

M, = 10910(A) - 10910(140) + ¢

Where A is the amplitude in mm, C; is an empirical constant determined for each station,
and log,,(4y) is interpolated from:

log,9(A4y) = —1.3whend = 0km
log,0(4,) = —2.8whend = 60 km
logi10(4y) = —4.5when d = 400 km

The total catalogue has local magnitudes ranging from 0.9 to 7.3, with a median magnitude
of 2.4 (Figure S2a). The average error in magnitude is 0.3 £ 0.08. Meanwhile, repeaters’ local
magnitudes range between 1.5 and 4.6, with a median of 2.7. We use the relationship developed
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by Agurto-detzel et al. (2019) for this aftershock sequence to calculate moment magnitudes
from local magnitudes:

My, = 1.46 x M, — 2.59

We then calculate seismic moment (in N.m) using the relationship from Hanks and
Kanamori (1979) :

MO — 101.5><MW+9.1



1-year aftershock catalogue
(Agurto et al, 2019), 4767
events

Correlate all events in the
catalogue

Perform template-matching
with family stacks on pre
and postseismic data

Manually pick and locate
with NLL at least 1 event
per family

Relocate whole catalogue
and new events with
HypoDD

Calculate new magnitudes
for the whole catalogue

Correlate all events within
preliminary families
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earthquakes.

364 preliminary families
(888 events) with CC>0.9

369 preliminary families
(1320 events) with CC>0.9

733 eventsrelocated in 369
preliminary families

2483 events relocated
including 1119 preliminary
repeaters

Total catalogue with 5617
events

62 definitive families (376
events) with CC>0.95, N>3
and duration>15 days

Figure SC.1: Flowchart summarizing the different processing steps used to obtain relocated families of repeating
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Figure SC.2: Stations used. a) Distribution of stations used for repeating earthquake classification. Gray dots are the total

aftershock catalogue. Color of the station denotes the number of days they are active within the study period. Shape of the
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station denotes the earliest time they become active during the study period. b) Availability of stations used for repeating

earthquake classification. Red vertical line shows the occurrence of the mainshock (April 16, 2016)
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Figure SC.3: Relative relocation of events in 4 families, using HypoDD. Red circles represent events with overlapping rupture

zones and black circles are isolated events.
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Figure SC.4: Evolution of recurrence time (Tr) with time after the mainshock. The families’ average recurrence time decay is

shown as a red line with a slope of p=-0.88.
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Figure SC.5: Coseismic Coulomb failure stress changes induced by the mainshock at the subduction interface, from

Rolandone et al. (2018). a) Map of repeating families started within the first month (in black) and relocated non-repeaters
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(in grey). The area within the rupture is masked and outlined in black. Large green circles are aftershocks with local
magnitudes above 6. b) Distribution of first month events with regards to the coseismic stress changes induced by the

mainshock. Only events outside of the mainshock rupture zone are used.

Coupling
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Figure SC.6: Interseismic repeating earthquakes detected in this study (pink triangles), and possible repeaters (purple
triangles) detected by Vaca et al., (2018) in 2013. The 20 mm contour of the 2013 slow slip event (Vaca et al., 2018) is shown

as a full black line. Interseismic coupling from Nocquet et al., (2014) is shown in red and blue. The 1 m contour of the

Pedernales rupture, and the 200 mm contours of the afterslip, are shown as dashed and dotted lines respectively.
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a) S|lp b)
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Figure SC.7: One-year slip calculated from repeaters. Only families that were active for 7 months or more are used here. a)
Map showing the slip calculated from repeaters in the 14 months after the mainshock (outlined areas). b) Average
cumulative afterslip experienced in 14 months by repeating families within 50 km of the northern (red) and southern (blue)
patch, and over the whole area (black). Red and blue circles represent earthquakes with MI>5.5 occurring in the north and

south respectively.
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Figure SC.8: Daily average slip as a function of distance from the center of the afterslip. One month afterslip by Rolandone et
al. (2018).
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Figure SC.9: Catalogue magnitudes. a) Frequency distribution of aftershock (red) and repeater (blue) magnitudes. b) Map
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showing the magnitude of completeness of the whole catalogue over the whole time period, including the new repeaters

found through template-matching.
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Figure SC.10: GPS-derived slip compared to slip from families with median magnitudes above 3 and minimum magnitudes
above 2.7. a) Total aseismic slip after 1 month (Rolandone et al., 2018). Outlined patches represent slip calculated from
repeating families with 2 or more events in the first month, using the NJ equation. For easier comparison both among
families and with the geodetic model, NJ slip from each family was extrapolated to one month, using the ratio of slip
calculated using the NJ equation to slip modeled by GPS between the first and last repeater of the month. Each cell averages
slip from families within a 2 km radius. b) Aseismic slip experienced by a family between the first and the last repeater of the

first month, estimated from the geodetic model versus estimated using the NJ equation. Only families with 2 or more events
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in the first month, and more than a day between the first and the last event of the month, are used. Families within 50 km of

the northern and southern afterslip patch are shown in red and blue respectively.

| | I
-81.0 -80.5 -80.0
Figure SC.11: Comparison of two one-month afterslip models: the Rolandone et al. (2018) afterslip model in red and the

Tsang et al., (2019) afterslip model in blue. Contour lines are every 200 mm. The coseismic rupture is shown in grey. Pink

triangles are repeating families.
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Figure SC.12: Regional comparisons of GPS-derived and repeaters-derived slip a) Map of first month families (pink triangles)
with the 20 cm afterslip contours (purple lines). The six regions shown all have a 30 km diameter and contain 3 or more
families with 2 or more events in the first month. b) Comparison of aseismic slip experienced in first month by the six regions
shown in a), estimated from the geodetic model Vs estimated using the Nadeau and Johnson equation. Only families with 2
or more events in the first month, and more than a day between the first and the last event of the month, are used. Colors

show the number of families used for the average per region.
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Figure SC.13: Location of repeaters and interseismic coupling a) Map of repeating families (pink triangles) overlaying the

interseismic coupling model (Nocquet et al., 2014). In purple are the 150 mm contours of the one-month afterslip model

(Rolandone et al., 2018). The coseismic rupture is shown in black. b) Percentage of events in areas experiencing a given
amount of interseismic coupling. Non-repeating earthquakes are shown in red and repeating earthquakes are shown in blue.

In grey is the percentage of the study area experiencing a given amount of interseismic coupling.
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Afterslip
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Figure SC.14: Repeating earthquakes from Costa rica after the 2012 Nicoya earthquake (Yao et al., 2017), along with the 3-
month afterslip model (Yao et al., 2017). Families are colored by slip calculated with the NJ equation, experienced between
September 5t and December 315t 2012.

Tableau SC.1: Correlation coefficient computation parameters, used to sort repeaters into families

Time Time Maximum
. before P | after P | Frequency .
Station arrival | arrival band (Hz) dlstgnce from
station (km)
(s) (s)
AGOS 2 28 2t09 140
CABP 2 28 2,510 10 140
ECO03 2 28 3to 10 140
EC12 2 28 2t09 140
EC14 2 28 2to9 140
EC15 2 28 15t09 140
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EC16 2 28 2,510 10 140
EC18 2 28 15t09 140
ELOY 2 28 15t09 140
FLF1 2 28 3,510 10 140
LGCB 2 28 15t09 140
LUCE 2 28 15t09 140
NOVI 2 28 2109 140
OTAV 2 55 15t09 280
PDNS 2 28 2,5t010 140
PTGL 2 28 2,5t010 140
SEVS 2 28 15t09 140
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Text S1: Maximum resolvable corner frequency:

Corner frequencies can be underestimated when the bandwidth is limited and the maximum
frequency is too low. Previous studies have estimated that corner frequencies could not be
resolved if they exceeded a limit ranging from one third (Abercrombie, 2015) to two thirds
(Ruhl et al., 2017) of the high frequency bandwidth limit. Here we calculate the maximum
resolvable corner frequency for our dataset and workflow. At each station individually, we use
well-recorded events whose corner frequency is estimated to be lower than a third of the high
frequency bandwidth limit. We then calculate a new corner frequency with the maximum high
frequency bandwidth limit being fixed at 10 Hz (Figure SD.5). Above 5 Hz, over 10 % of corner
frequencies are underestimated by at least 25 %, while the median deviation goes from less than
2% to more than 5 %. We therefore estimate the maximum resolvable corner frequency to be
half of the upper frequency limit of the data.

Text S2: Stability of the method in the postseismic period:

The goal of the spectral ratio method is to remove the effect of attenuation by comparing
events that, due to their proximity, should experience the same path and site effects. However,
this relies on the assumption that attenuation changes through time can be neglected, which
isn’t necessarily true after a large earthquake. Before proceeding to further discussions, we
therefore want to ensure that our results are comparable when using earthquakes occurring at
different times during the postseismic period.

We test this assumption by separating all earthquakes between early events (before July 1%
2016) and late events (after July 1% 2016). At a given station, for every reference event, we
calculate 2 values of fc and MO: one using spectral ratios of other events only from the early
period, and the other using spectral ratios of other events only from the late period. To ensure
stability, we only use events that were paired with at least 4 other events in both time periods.
In our initial methodology, the absolute value of MO was calibrated by averaging all the starting
values of MO within the cluster, and setting it to remain constant during the inversion. However,
if we do the same here for the early and late groups, then the final difference in MO for the
reference event will reflect errors in the starting values of MO for the early events and the late
events. Therefore, we instead decided to calibrate seismic moments by keeping constant one
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event MO among early events and one among late events, and by separately obtaining the
magnitude difference between these two events using their ratio, in order to correct the
reference event magnitude difference.

We find that there are no systematic differences between the values of fc and Mw calculated
using only early events, and the values of fc and MO calculated using only late events (Figure
SD.12). We do see some scatter for corner frequencies, as expected given the low number of
pairs available, but no bias. We conclude that, if there are attenuation changes, they do not
invalidate the use of spectral ratios in our case, as results remain consistent whether we use
early or late aftershocks.
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Figure SD.1: Map of stations used. The top panel shows all stations used to calculate source properties, with color showing
the number of days they were available. The middle panel shows the stations that were available at any point during the

first month. The bottom panel shows the stations that were available at any point during the last month.
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Figure SD.2: Relationship of local magnitude to moment magnitude for all earthquakes. The red line is the least squares fit

to the data. Light blue dots are repeaters and dark blue dots are non-repeaters.
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— fcP = 1.27 * fcS
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Figure SD.3: P V/s S corner frequencies averaged at the same stations. The red line represents the median P/S corner

frequency ratio.
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Figure SD.4: Stress drop calculated as a function of time. The red line is the median stress drop. Light blue dots are repeaters

and dark blue dots are non-repeaters.
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Corner frequency (Hz), max fmax = 10 Hz

10!
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Figure SD.5: Comparison of corner frequencies calculated using the full available bandwidth Vs corner frequencies calculated

using a limited bandwidth with a maximum possible frequency of 10 Hz. The dotted red line is the median restricted corner

frequency as a function of the full corner frequency, and the full red line is the 10t percentile. The full blue line is the 1:1 line

and the dotted lines represent plus or minus 25%. All corner frequencies are compared at a single station. All earthquakes

used in this calculation had a full corner frequency lower than 50% of their upper frequency limit.
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Figure SD.6: Distribution of stress drops at different magnitudes. We display the number of stress drops recovered within the
magnitude range, as well as the number of stress drops that could not be recovered during the inversion. The red lines show
the best fit for a normal distribution for each magnitude range. Green lines are normal distributions centered on 9.6 MPa
with a standard deviation calculated around 9.6 MPa using all stress drops from earthquakes with magnitudes within or
above the observed magnitude range. If the stress drops were constant with magnitude, and the apparent trend a result of
missing high stress drop events, then the number of missing events should be able to complement the current plotted events
to make the distributions of stress drops at all magnitude ranges approximate the green line. We show that, for low
magnitude ranges, there are too few discarded events to account for the difference between the real distribution of stress

drops, and a normal distribution centered on 9.6 MPa, represented by the green line.
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Figure SD.7: Comparison between two inversions showing the potential bias introduced by allowing all corner frequencies,
even poorly resolved ones, to be free parameters when modelling spectral ratios. On the left, the normal inversion, with all
corner frequencies allowed to change freely. On the right, corner frequencies outside the resolvable range for a given cluster
are fixed with the assumption that the associated stress drop is 2 MPa. We apply this condition to events which either have
a previously calculated corner frequency above half of the maximum frequency, or which, assuming a stress drop of 2 MPa,
would have a corner frequency above half of the maximum frequency given their magnitude. We only show stress drops

from lower corner frequency events.

217



Appendix D: Supplementary materials for Chapter 5
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Figure SD.8: Map of all repeating earthquake families. Red circles are families where every events’ source properties are
recovered. Black circles are families where only some source properties are recovered. Grey circles are families where no

source properties are recovered. Numbers are the names of families presented in Figure SD.9. The red box shows families

near the trench with similarities in behavior.
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Figure SD.9: Evolution of source properties in families. Moment magnitudes are red squares, P corner frequencies are green

triangles, S corner frequencies are blue upside down triangles, and stress drops are black squares. Magnitudes and corner

frequencies are connected by a line if they are consecutive, and are separated if an event is missing between them.
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Figure SD.10: Attenuation modeling for 4 different families of repeating earthquake. For each family, the top panel shows

the spectral ratios of earthquakes within the families under the minimum calculated corner frequency (full line), and the

modelled spectral ratios assuming a constant corner frequency (dashed line). The bottom panel shows the spectral ratios

again (full line), and the modelled spectral ratios assuming a constant corner frequency and a constant seismic moment

(dashed line).
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Figure SD.11: Normalized source properties within families as a function of recurrence time. Each event within a family is

normalized by the last event of that family with all source properties determined. The red line is the median computed using

a sliding window 0.6 in log space. The recurrence time of first events within a family is considered to be the time from the

mainshock.
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