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Abstract

Based on the seismicity recorded by the permanent Ecuadorian seismic network and our large
emergency network installed shortly after the 2016 Mw 7.8 Pedernales earthquake, I derive a 3D
seismic velocity model for central coastal Ecuador based on local earthquake tomography (LET). I
manually analyzed seismic waveforms recorded on our combined amphibious network to determine
high quality arrival times of seismic phases. I inverted the seismic travel times simultaneously
for earthquake locations and three-dimensional (3D) velocity structure (Vp and Vp/V's) using a

staggered approach that increases complexity from 1D to finally obtaining a detailed 3D model.

While our 1D velocity model highlights the first-order structures of the studied margin through the
analysis of the relocated seismicity, station correction terms and regional moment tensors (RMT),
the resulting three-dimensional tomographic images show an area that is widely affected by the
subducting topography and small- to large-scale faults at the surface. The oceanic Nazca plate
i1s well imaged down to ~40 km depth by an eastward dipping high Vp velocity feature. I also
identify a low Vp (~5.5 km/s) region along strike in the marine forearc, which I interpret as a
thermal anomaly that might be caused either the rocks coming from the Galapagos Hot Spot or
by shallow serpentinization. The marine forearc region also shows differences to the North and to
the South of the Equator line, with a prominent seamount, imaged by a Vp ~5.0 km/s, coming
from the Atacames seamount chain in the northern region and, based on the elevated V p/V s ratios
(>1.84), a deeply fractured oceanic crust in the South caused by the subduction of the Carnegie
Ridge. The elevated Vp/V s ratios (>1.84) also suggests a large presence of fluids. In the oceanic
crust, this is associated to a combination of extensional faults formed prior to subducting and highs
in topography that contribute to fracturing within the downgoing plate. In contrast, elevated Vip/V's
ratios (>1.84) in the upper continental crust are expressions of a highly fractured marine forearc and

the presence of small- to large-scale faults that help fluids to circulate along the overriding plate.

The relocated seismicity shows several clusters, mostly organized along the plate interface, but
also occurring in both, oceanic and continental plates. Clustered aftershocks in the oceanic crust
are located on the flanks of a subducting seamount which promotes active faulting. On the other
hand, seismicity observed in the upper plate is related to the (re)activation of several crustal faults
following the 2016 Pedernales earthquake. The imaged three-dimensional seismic velocity
structures were associated with the seismotectonical and geological context of the Ecuadorian
margin to give insights about the main features controlling the occurrence of large megathrust
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earthquakes in the region.

I also explore the relation between the observed physical properties of the rocks along the slab
interface and the spatial distribution of the coseismic slip of the Pedernales earthquake. Our findings
suggest a strong correlation between domains with normal Vp/V s ratios (1.78-1.84) and the areas
where the rupture propagated. In contrast, the areas with elevated Vp/V's ratios (>1.84) can be
colocated with the up- and down-dip limits of the Pedernales earthquake and might have contributed
to stop the rupture. Furthermore, a grid search analysis shows that the 2016 event occurred in the
only area of the margin capable to host an earthquake with the observed magnitude.

Finally, this study contributes to a better understanding of the processes occurring in subduction
zones. Especially, I remark the importance of having a complete seismic velocity structure that
includes both Vp and Vp/V's ratios which complement with each other in order to give a full
interpretation for the features observed along the study margin. Furthermore, the analysis of the
seismic velocities of the rocks along the seismic interface, together with information derived from
geodetic studies and the rupture area grid search approach designed in this work, can provide
valuable data neccesary for the estimation of seismic hazard.
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Chapter 1

Introduction

The regions where two tectonic plates interact with each other, with the denser one moving under
the other, are known as subduction zones. These zones are responsible for triggering large
megathrust earthquakes with high tsunamigenic potential and therefore it is critical to understand
the involved structures, mechanisms and processes. Since the beginning of the 20" century when
the hypothesis of continental drift was proposed by Alfred Wegener (Wegener, 1912) and later
with the development of the theory of plate tectonics between 1950’s - 1970’s, several areas where
these lithospheres interact and are dragged into the Earth’s interior have been discovered (see
Figure 1.1). Besides having caused the largest earthquakes ever recorded (eg. Mw 9.5 Valdivia,
Chile 1960; Mw 9.2 Alaska, US 1964; Mw 9.2 Sumatra, Indonesia 2004), subduction zones also
cause deformation in the upper crust, volcanism and diverse types of seismicity (Pilger, 1984;
Cahill and Isacks, 1992). Its characteristics are shown in Figure 1.2. Prior subducting, the
incoming plate bends forming the outer rise area (A) with extensional faulting and shallow
seismicity. After crossing the trench axis, which identifies the beginning of the subduction, the
contact between the downgoing and upper plates creates a locked area (B), called seismogenic
zone, that eventually unlocks causing earthquakes with a broad range of magnitudes (M~1-9)
along the interface. As the sinking plate reaches greater depths, gravity pulls the slab down
triggering intraplate seismicity (C). On the other hand, due to the large stress caused by the
subduction process, the upper crust is deformed promoting shallow seismicity (D). Although the
main characteristics of subduction zones are the same along most active margins, there are
considerable differences influencing the nucleation of megathurust earthquakes that need to be
addressed. Following that, the high rate of seismicity along the South American subduction zone
place this region as an ideal natural laboratory to study the mechanisms of earthquakes and the
physical properties of the structures involved in an oceanic-continental convergent margin. In this
region, the relative motion between the downgoing Nazca oceanic plate and the overriding South
American continental plate is in average 6.0 - 6.5 mm/yr (Kendrick et al., 2003) and caused
several megathrust earthquakes during the last century, as shown in Figure 1.3.
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Figure 1.1: Distribution of active subduction zones and convergent margins (triangles) and spreading centers (tick)
around the world. Solid blue lines represents the fault trace at surface derived by Bird (2003) and edited by Heine
(2019).

As it is described by Bilek (2010), the diversity of earthquake magnitudes is related to the
heterogenities and complexities in both plates. Quoting the author “features such as seamounts,
ridges, fracture zones, and variable sediment supply enter the trench. In addition, there are various
upper plate features such as transverse faults and forearc basins observed along the South
American Plate”. All these features affect the nucleation and extension of large megathrust
earthquakes. In this context, on the 16" April, 2016, a Mw 7.8 earthquake occurred in central
coastal Ecuador close to the city of Pedernales. The Pedernales event affected an area of 200 km?
(Nocquet et al., 2017) killing more than 600 people ((Lanning et al., 2016)). Despite the
overwhelming losses, the Pedernales earthquake also gave us a big opportunity to characterize the

subduction zone along the Ecuadorian margin by analyzing its unfolding aftershock sequence.

1.1 Motivation

The main goal of this study is to characterize the velocity structure along the coastal central
Ecuadorian margin based on local earthquake tomography (LET) using data recorded by a dense
emergency network installed shortly after the 2016 Pedernales earthquake. Previous studies
regarding velocity structures in Ecuador have been conducted in small areas highlighting local
heterogenities, however there is still an absence of a regional scale velocity model showing the
three-dimensionality of the margin on a larger scale. By taking advantage of the unfolding
aftershock sequence recorded on the permanent Ecuadorian seismic network (Alvarado et al.,
2018) and the Pedernales rapid response deployment (Meltzer et al., 2019), together comprising

more than 60 inland stations and 10 ocean bottom seismometers (OBS), I focus on the following
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Figure 1.2: Schematic representation of a subduction zone. The oceanic plate with a density p; sinks below the
continental plate which has a density ps (p2<p;). Characters A-D identify the different areas where seismicity occurs
due to the interaction of the downgoing and upper plates. (A) outer rise region, (B) seismogenic zone where large
megathrust earthquakes occur, (C) intraplate earthquakes and (D) crustal seismicity. Imaged edited from Domdomegg
(2015) under the common creations license CC BY 4.0.

questions about the Ecuadorian margin:

1. What is the three-dimensional (3D) velocity structure at a regional scale of the area affected
by the 2016 Pedernales earthquake?

2. How are Vpand Vp/V s ratios related to the regional geology and the seismotectonic context?

3. What are the main structural and tectonic features controlling the seismic activity in the
region?

The next chapters summarize the steps conducted to obtain a novel three-dimensional seismic
velocity model (3DVM) for the Ecuadorian margin based on LET derived using a staggered
approach. Results and interpretations for each stage are shown in the following chapters of the

thesis and are confronted with the questions above in the final chapter.
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Bilek (2010) are shown in solid red lines. Convergence rate from Kendrick et al. (2003). Trench derived by Bird (2003)
and edited by Heine (2019).



1.2 Dissertation outline

The structure of this thesis comprises a theoretical frame for the inverse problem, given in chapter
2, including the hypocentre-velocity coupled problem, the moment tensor inverse problem and a
detailed description of the computational packages used to calculate their corresponding solutions.
The seismotectonic and geological setting for the Ecuadorian margin and the main characteristics of
the 2016 Pedernales earthquake are described in chapter 3. The rapid scientific response after the
mainshock, with the installation of a large emergency network and its subsequently data processing
methodology is described in chapter 4. The one-dimesional velocity structure derived with the
recorded dataset together with its seismotectonic implications are shown in chapter 5. Following,
chapter 6 describes the results and interpretations for the three-dimensional velocity model. A
detailed inspection of the physiscal properties along the slab interface and its implicances on the
2016 Pedernales rupture extent are included in chapter 7. Chapter 8 summarizes the main steps
followed in this work. The major findings are addressed in order to answer the questions proposed
in the motivation section. Finally, comments on a possible implementation of the 3DVM at the

seismological service in Ecuador (IGEPN) and future work in the Ecuadorian margin are given.






Chapter 2

Inverse problems in seismology

Since the end of the 60’s, based on studies from (Backus and Gilbert, 1967, 1968, 1969, 1970) and
due to the almost always indirect nature of the observations of the Earth’s interior, the generalized
inverse method has been widely used in Geophysics, and particularly in Seismology (Sambridge,
2006; Cafias and Ledesma, 1984). Usually, inversion techniques are used when a large dataset is
available. In that case, a linearized problem between the observables (e.g. seismograms records,
gravity measurements, etc.) and unknowns (e.g. velocity or density structure of the Earth) arises.

Keilis-Borok and Yanovskaja (1967) summarizes the inverse problem as follows:

* Given: a combination of observations and a priori information regarding the unknowns to

resolve.

* To be found: a set of parameters which are in agreement with the background formulation and

the given data.

In this chapter I give an overview of the inverse problems for the velocity-hypocenter couple and
for the moment tensor. Furthermore, the computational packages used in this thesis to solve the

unknowns of each problem are described.

2.1 The velocity-hypocenter coupled problem

To obtain reliable earthquake locations, it is imperative to have a seismic velocity model capable of
describing the study area in details. As we mentioned in the previous chapter, the seismic velocity
structure in Ecuador is still under discussion and no consensus has been reached. In this context, we
then need to determine both the velocity structure and the earthquake hypocenters, which is known
as the velocity-hypocenter coupled problem. To solve this problem, we must use the principles

of inverse theory which help us to derive the hypocenters and the velocity structure of the area of
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interest, using the observed arrival times. Following the seismic ray theory by Thurber (1983), we
can express the travel time (¢) of a body wave released from a certain source (i) and traveling to the

receiver (j) though a path (s) and slowness (u) as the follow:

station

ource

The observed time (7;;) can be then expressed as a function of the origin time ¢, , the travel time

t;; from the source z;, y;, z; to the station (x;, y;, z;) and the velocity v(s) along the path.
Tij = to + tij (x4, vir 2i, v(S), 5,5, 25) (2.2)

From equation 2.2 we only know the observed time and the station location. The remaining
parameters are unknowns that contribute to the problem. However, we can find a solution by
estimating the predicted travel times (Tp “) by using a trial origin and its respective rays travelling
from the source to the receiver through a reference velocity model. The difference between the
obtained (7}°) and the observed times (7;7*) will be the travel time residuals (AT;;). They
represent the differences between the predicted and observed hypocenters caused by the variations

in the seismic velocity structure of the rocks along the path.
__ robs pre
ATy =T5" - T (2.3)

To estimate the perturbations in the velocities and hypocenters and therefore reduce the travel time
residuals, we need to know how the observed times depend on all the parameters that are part of
the inversion problem. Although the arrival time of a seismic ray is a non-linear function of the
hypocenter and velocity parameters, we can follow a linear approach by applying a Taylor series
expansion in its first order (Thurber, 1983).

3

Oty = ot
AT,; = AT, + Z[ 0x;: Ayj] Z 02;; Au] (2.4)
k= 7 =1

where AT, and Axy; are the perturbations to the hypocentral parameters in time and space. A,
considers the variations of the L parameters of the velocity model. For a given observation, the
velocity partial derivatives in equation 2.4 represent the influence of each model parameter on that
specific datum. The system of equations that group the time partial derivatives is contained in
the Jacobi matrix G in equation 2.5. The vector with the model corrections in both velocities and

hypocenters is represented by m. Finally, travel time residuals are considered in vector d
d=Gm (2.5)

In the case where the number of observations is equal to the unknowns number, it is possible to
derive a single solution. However, in the majority of cases we have a larger number of observations
than unknowns and therefore we can estimate a reliable solution that fits best the observed data.
We can define the best model as the one which shows the smallest difference between the observed
and predicted data. This difference or misfit (E£) can be calculated as follows

E = d°% — ¢’ = d° — Gm (2.6)



To estimate a realistic solution, we aim for model parameters minimizing the misfit. In the most
common way this is achieve by forcing the derivative of the squared misfit with respect to the model

parameters to be equal to zero

OB 0

__dobs_G 220 27
8@; 8@, ( m) ( )
Equation 2.7 leads to the least squares solution (Lay and Wallace, 1995) in which m®* represents
the best solution of the estimated model corrections to minimize the error

m* = (GTG)'G"d (2.8)

Because of the irregular distribution of the data, there will be regions with less observations than
unknowns (e.g. regions in the marine forearc where it is difficult and expensive to have a large
number of seismic stations), creating a mixed determined problem (Husen et al., 1999). In other
words, some of the model parameters cannot be independently resolved and others are unable to be
resolved at all. To make the solution more stable and to avoid strong fluctuations in the model, a

damping factor is introduced. By adding this term, the damped least squares solution becomes
m* = (GTG +*1)7'G"d (2.9)

The damping parameter £2 gives more importance to the norm of the model corrections which,
in combination with the squared misfit, helps to minimize the damped least squares solution at
each iteration (Evans et al., 1994). Due to the inherently non-linear nature of the inverse problem
(Norton, 1988), the solution for the model corrections must be obtained by an iterative process
that minimize the mean-square-error between the observed and calculated data. This means that
after each run, the estimated model m®" and vectors d and G are updated. The equation 2.9 is
solved again until a stop criterion, such as predefined minimum in the residuals or a threshold in the
parameter changes, is reached. Finally, the solutions for the model corrections are incorporated into
the initial model and the absolute velocity structure and earthquake localizations are derived. This
methodology provides the theoretical foundation for the programs VELEST (Kissling et al., 1994),
for minimum 1D seismic velocity structure calculation and SIMULPS (Thurber, 1983; Thurber and
Atre, 1993; Eberhart-Phillips, 1990; Evans et al., 1994), for 3D seismic velocity model inversion,
which were used in this work to obtain the 1D, 2D and 3D structure for the Ecuadorian margin.

2.1.1 VELEST: package and parameters

To have a reliable 1D velocity structure for the study area is a critical step when the main goal is to
achieve a 3D velocity representation of the region. Because of the complexity of the problem and
its non-linearity, it is not recommended to derive a 3D model from scratch. Therefore, intermediate
steps are needed to gradually increase the complexity of the model from 1D, 2D and finally the
3D velocity model. The VELEST program calculate a minimum 1D velocity model based on

an iterative process where both P and S arrival times are included in a simultaneous inversion
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for hypocentral parameters and velocities. Beside the velocity model and hypocentral locations,
another output from the inversion are the station corrections. These terms are related to the site
effects in the station’s neighbourhood and can be used as a control mechanism when they are
compared with large-scale geological features. When a large dataset is well spread along a region
of interest, the minimum 1D model will considerably improve the initial velocity structure and the
earthquake locations. In general, to obtain a good minimum 1D velocity model, it is important to

fulfill certain conditions:

* Reference model: when available it has to be a general representation of the area. Also, depth

gradient must be positive.

 Station distribution: it is expected to have a homogeneous distribution of instruments to

ensure a good azimuthal coverage for the events (usually <180°) and seismic ray distribution.

* Dataset: a large amount of seismicity spread along the area of study is the ideal scenario.

Quality of the observed data should be good enough to allow reliable onset detections.

* Damping: different damping values should be tested in order to allow the optimal calculation

of the velocities and station correction terms.

* Vp/V s ratio: reference value for Vp/V's must be incorporated during the first stage. In the

later stages, it is possible to derive the actual value from observations.

* Reference station: to calculate the station corrections, it is necessary to define a station

which, ideally, is located in the centre of the network and has a large number of observations.

2.2 Three-dimensional seismic tomography

The first three-dimensional travel time inversions in seismology were presented in the 70s by
Keiiti Aki (Aki and Lee, 1976; Aki et al., 1977) and since then it has become a very popular tool
to examinate and reveal the heterogeneous nature of Earth’s interior. Calculation of a 3D velocity
model and accurate earthquake locations follow, in terms of the coupled hypocenter-velocity
problem, the damped least squares principles described for the minimum 1D model. Therefore, it
is possible to obtain a well constraint solution by using high quality travel time data which allow
us to invert for a larger number of unknowns as we increase the model paremeters that need to be
calculated. With the improvement of computational power and the acquisition of large volumes of
high-quality data, seismic tomography has seen great advances in terms of how to resolve inverse
problems with thousands of unknowns (e.g. Burdick et al. (2014)). However, it is necessary to

meet certain conditions to obtain meaningful solutions.

* High quality dataset: initial data needs to be carefully selected by considering events with
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a homogeneous coverage along the area of interest and initial locations which are close to
its true hypocenter. A way to achieve this conditions is to include earthquakes with a large
number of reliable observations for both, P- and S-phases, and a small gap (largest azimuthal
distance between two observations). Events relocated using a minimum 1D model ensure an

high quality dataset and subsequent processes will help to refine their true locations.

* Realistic model parameters: similar to the earthquake dataset, the initial velocity model
must be a good representation of the true model to ensure the iterative process to converge to
reliable solutions. Also, the model parametrization has to be fine enough to illuminate
structures present in the study region, but coarse enough to allow to incorporate model

corrections into the final output.

* Well defined damping values: the computation of stable solutions for inverse problems
usually involve a trade-off between the data variance (how good is the data fitted by the
solution) and the model variance (how good is the obtained model). The damping factor
relates both quantities and is selected empirically by analyzing the trade-off curve (L-curve
due to its characteristic shape). After testing several damping factors in a sequence of
reduced-step inversions, the optimal value is the one that best balances the data and model
variances. The trade-off analysis has to be done prior to each inversion (i.e. 1D Vp, 1D
Vp/Vs,...,3DVp, 3D Vp/Vs)

2.2.1 SIMULPS: program and parameters

SIMULPS was introduced in the 80s by Thurber (1983) as a tool to calculate a seismic tomography
based on local earthquake data. It is based on the travel time inversion strategy described by Aki
and Lee (1976) and due to constant improvements during the last three decades by Eberhart-Phillips
(1986); Um and Thurber (1987); Eberhart-Phillips (1990, 1993); Thurber and Atre (1993) it is
widely used for the calculation of LET. The program settings and input data are controlled by 4
main files described as follows:

MOD. This file refers to the characteristics of the model space, such as grid extension, initial
Vp and Vp/V's models and fixed or linked nodes. SIMULPS works with a 3D grid scheme in
which the velocities and ratios can vary along all directions by a B-spline interpolation performed
in the vicinity of the 8 closest grid points (Thurber, 1983), allowing a smooth transition rather
than sharp velocity contrast. The version used in this study allows flexible gridding (Thurber and
Eberhart-Phillips, 1999) by having poor-sampled nodes linked to those which are well covered.
This contributes to compensate the under-determination in certain areas with a reduced number of
observations. The organization and spacing of the nodes in the grid is given by the area of interest.

The x-y distribution aims to have as many ray paths as possible passing through its central region
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where the station network is located, while the vertical disposition is, in most of the cases, following

the layering of the reference model.

CNTL. The control file sets the main parameters for the inversion. In here, it is possible to define
the type (earthquakes, shots, blasts) and number of events to be used but also the number of
iterations, cutoff value, weights and the maximum variation, between the inital and final value, of
the velocities. Damping values for V'p, V' p/V s and station corrections can also be modified in this
file.

STNS. This file gives the number and the list of stations to be used, including their code, latitude,
longitude, elevation and station corrections terms (when available). It also sets the origin of the
3D grid, based on a left-handed reference system (i.e. x-axis positive to the West, y-axis positive
North, z-axis positive downward), by giving a latitude, longitude and a counterclockwise, North

referenced, rotation angle of the axises.

EQKS. File containing the list of events to be included in the inversion and their corresponding
arrival times.

Using the configuration defined by the files described above, SIMULPS performs a ray tracing
method that follows a two step approach. First, source and receivers are connected by circular arcs
with different radii that explore and sample the entire volume of interest. The travel time with the
shortest ray path is then selected as the first arrival (Thurber, 1983). Second step is to minimize
each segment of the selected ray path by applying a pseudo bending technique (Um and Thurber,
1987) that allows to find the fastest source-receiver travel time. The reduction in quality of the
S-wave travel times, mainly caused by the difficulty on the onset detection in the seismograms, can
cause artifacts in the solution of the P- to S-wave ratio (V' p/V's). To avoid this issue, SIMULPS
calculates directly the Vp/V's ratio by using t, and t,_, times (Thurber and Atre, 1993). The
expected P-phase arrival times are calculated using directly the initial V' p velocity model. On the
other hand, the predicted S-onsets come from the calculation over a S-wave velocity model built
from the combination of both initial Vp and Vp/V's models contained in MOD file. Later, and
assuming that the differences between the P and S ray paths is negectable, the S-P travel time

residuals can be calculated along the S-wave path as follow:

o(Vp/Vs)—1
Vp

obs re __
A — Apre = / ds (2.10)

S—wave

where At,, corresponds to the observed and predicetd S-P times and JO(Vp/V's) is the
perturbations at the Vp/V's model. Finally, the full system is inverted for Vp and Vp/V s together
with hypocentral locations and the resulting velocity at an arbitrary point of the grid will be an

average of the velocities of all the ray paths that crossed that point.
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2.2.2 Assessment of the model robustness

The studies that defined the framework for geophysical inverse problems (Gilbert and Backus,
1966; Backus and Gilbert, 1967, 1968, 1969, 1970) and seismic tomography (Aki and Lee, 1976;
Aki et al., 1977) discussed the importance of proving the reliability of the calculated models.
Furthermore, a review by Rawlinson et al. (2014) about the analysis of uncertainties mentioned
that the fact of simply producing a model that satisfies certain set of data is not meaningful, if the
results cannot be associate to error bounds that define a region of confidence. These bounds are
strongly related to the geometry of the area of interest, as well as the distribution of the data and
the available seismic stations. As the actual source and receiver locations are, in general,
organized with a certain degree of heterogenity, it is expected for the resulting model to have areas
better resolved than others, which are necessary to identify. Several methods are available to
account for well-constrained regions of a tomographic inversion. This chapter summarizes the
analysis of the Model Resolution Matrix (MRM) by exploring its diagonal elements (Toomey and
Foulger, 1989), as well as synthetic tests that examinates the resolution capability of a model by
using synthetic data.

Model Resolution Matrix (MRM)

The MRM provides insights on how well resolved the model parameters are at each grid node and
how much is the smearing, or level of dependancy, between the closest nodes in the inversion grid.
Following the description given by Thurber and Atre (1993) and the notes on this matter by Collings
(2012) and Rawlinson et al. (2014), the MRM R estimates the average between the estimated om
model and the true model dmy,.,. by

om = ROMrpye (2.11)
where R it is defined by

R

(GTet+ o 'GTe G = GG (2.12)

with the term in rounded brackets known as the generalized inverse G~¢ which contains the terms
that reflects the uncertainties associated with the data (C,;) and the initial model C,,, (Rawlinson
et al., 2010). More in detail, following Tarantola (1987), by including the covariance matrix C',
which is an indicator of how two model unknowns depend on each other, the resolution matrix R
can be re-writen as

R=1-CyC,! (2.13)

The diagonal elements of the C); matrix predicts the uncertainties associated to each parameter
(Rawlinson et al., 2014). Therefore, a valid estimation for well-resolved model parameters is given
by considering the resolution diagonal elements (RDE). In general, large RDE (close to 1) and

small off diagonal elements indicate good resolution. A visual way to investigate the MRM is
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by using the spread function (SF), which takes into account the ratio between off-diagonal and
diagonal elements of the MRM (Toomey and Foulger, 1989). It is defined by

SE(ry) = I, 7> Qp.g)R2, (2.14)
q=1

where 7, is the averaging vector of the p'" parameter, R, , is an element of the resolution matrix,
Q(p, q) is a weighting function for the distance between the p'* and ¢** nodes and m is the number
of parameters. The SF will be low, meaning a well-resolved grid node, when low smearing and
large RDE are present. However, there is no unique value that defines what is acceptable or not, as
the SF values will vary depending on the initial settings (e.g. grid spacing and damping) considered
for each inversion. Another item that can be explored by the MRM is the level of smearing at each
grid point. This value indicates the dependance of the solution at a certain node with respect to its
closest neighbours. Smearing is strongly related to the quantity of ray paths and can be visualized
by contouring each row of the MRM. By using an arbitrary value, usually around 70 - 75%, it is
possible to obtain a surface around the model parameter where the value of the averaging vector,
contained in the MRM, decays below the selected threshold. This visual quantification for the
smearing can be interpreted by analyzing the shape and extension of the surface, where small and
rounded contour lines indicate well-resolved nodes. Although the analysis of the MRM is widely
used for solution robustness estimation, it can show problems to identify model parametrization
artifacts and thus misleading the resolution assessment (e.g. Iyer and Hirahara (1993)). For this

reason, the MRM analysis must be necessarily complemented with other numerical tests.

Synthetic tests

The use of synthetic data is another approach to assess the quality of a solution. Because this
technique starts with an arbitrary model where the actual data is forward-modelled to create
synthetic travel times, it can provide information about the restoring capability of the data and the
model parametrization. Here, the criterion for well-resolved regions is based on the similarities
between the final model and the arbitrary model where the synthetic data was created (Lévéque
et al., 1993). A classic tool to explore this matter is the checkerboard test. This type of analysis
was firstly introduced by Aki and Lee (1976) and then improved by Spakman and Nolet (1988).
Here, synthetic travel times are calculated, using the observed dataset and station distribution, over
a known structure that it is usually an alternating pattern of positive and negative anomalies. Then,
the inversion method is applied to recover the original structure. Finally, by evaluating the
differences (dv) between the initial and final models it is possible to assess the resolution
capability of a certain dataset. Lévéque et al. (1993) highlight the problems of this technique to
restore large-size anomalies included in the arbitrary model, suggesting that a complete synthetic
test have to include tests on different sizes of velocity anomalies and changes in the grid node
configuration (coarser and smaller grids) and in the distribution of the sources and receivers. Other

technique based on synthetic data is the restoring resolution test (Zhao et al., 1992). Here, an
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arbitrary model is built based on the velocity structure derived by inverting the actual data.
Changes in the geometry and the sign of the velocity anomalies are incorporated to the model and
the forward modelling produces the synthetic travel times which are subsequently inverted over
the reference input model. The resulting model will show areas that are unable to be resolved by

the initial model.

2.3 The moment tensor inverse problem

Moment tensors give a general description of a seismic source based on generalized force couples.
Due to the simple formulation and flexibility to process different type of data, this method has
been widely applied to represent the focal mechanism of earthquakes based on the inversion of the
Earth free oscillations (Gilbert and Dziewonski, 1975), long periodic waves (Strelitz, 1980; Sipkin,
1982), surface waves (Dziewonski and Woodhouse, 1983; Sipkin, 1987; Sipkin and Needham,
1994) and also by using regional data (Dreger and Helmberger, 1993; Mao et al., 1994; Ichinose
et al., 1998). This section comprises the theory behind the calculations of regional moment tensors
(RMT) compiled from Stein and Wysession (2003), Dahm and Kriiger (2014) and personal notes
collected during my master and doctoral thesis. Also, main characteristics of the ISOLA package
(Sokos and Zahradnik, 2008; Sokos and Zahradnik, 2013), used in this study to derive RMT for the

aftershock sequence of the Pedernales earthquake, are given.

2.3.1 Seismic source representation

By considering a seismic source as a punctual representation, it is necessary to ensure the
conservation of momentum. Then, a pair of forces with equal magnitude, opposite direction acting
over a single point are needed. Other option is to represent the source by two pairs of forces acting
perperdicular to each other. In here, each pair have two force vectors with opposite direction
acting over single points separated by a small distance d (see Figure 7.3). This configuration
ensures the conservation of the angular momentum and it is known as double couple forces (Aki
and Richards, 2002; Stein and Wysession, 2003).

It is possible to define M;;, with 7, j=1,2,3, as a force couple pointing in the direction ¢ and with
a separation between them along the j direction. Then, the moment tensor M, a symmetric 3x3
matrix, will contain all the possible combination of the force couples (six independent components,
see Figure 2.2). The diagonal elements of M represent linear vector dipoles while the off-diagonal

elements indicate the force couples.

This representation allows not only to describe seismic sources but a vast type of sources such as
explosions, landslides and even meteorite falling into the Earth (Dahm and Kriiger, 2014).
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Therefore, it is relevant to understand the components of the tensor M in order to give a proper
geological and/or physical interpretation of the observed process. In that line, a decomposition of
the moment tensor is often applied in order to evaluate the contribution of different source
components to the main framework. The moment tensor of a dislocation can be expressed by the

general dislocation source equation proposed by Aki and Richards (2002),
M,, = NA(n,D, + nyD,) + nAnyDyd,, (2.15)

where D represents the dislocation vector in an arbitrary direction, A is the area or plane where the
dislocation ocurrs, n is an unitary vector indicating the direction of the fault and /V and 7 are elastic
constants. This equation can be decompose by several techniques depending on the interpretation
that authors aim to achieve. Jost and Herrmann (1989) give a nice overview of various types of
decomposition for the moment tensor that it is briefly describe in the following lines. The moment

tensor M is decomposed through its eigenvalues and eigenvectors forming the matrix

A1y A2z A3y my 0 0 A1y A2y A3z
M = A1y A2y A3y 0 meo 0 A1y A2y (3 (216)
a1, Gz, a3 0 0 ms A1y Gy a3

with a; representing the eigenvectors of the eigenvalues m,;. The equation 2.16 can also be written
as

M= [al a ag]m af 2.17)

where m is a diagonalized moment tensor and the elements of m are the eigenvalues of M. The
diagonalized tensor m can be now decomposed as follow:

| (Do 0 mi 0 0
m=g| 0 w0 [+f0 m 0 (2.18)
0 0 tr(M) 0 0 mj
d
| —

—d

Force Couples Double Couple

Figure 2.1: (Left) Force couples represented by two vectors with equal magnitude and opposite direction and separated
by a distance d. (right) Double couple representation with a complementary pair of force couples producing a total

momentum equal to zero.
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Figure 2.2: Graphic representation of a system of force couples in a Cartesian moment tensor. Diagonal elements of

the moment tensor represent linear vector dipoles, while off-diagonal elements represent force couples with moment.

with tr(M) being the trace of tensor M and m; = m,; — %tr(]\/[ ). The two matrixes above represent
the isotropic and deviatoric part of the moment tensor M.

M = M5O 4 MPEV (2.19)

As the isotropic part (M799) radiates only P and Rayleigh waves, plus the spheirodal normal
modes with no preferred direction, it is often associated to changes in the volume. On the other
side, the deviatoric tensor (MPFV) has no direct geological meaning, however further
decompositions lead to different information broadly used for geophysical interpretations.
Following that, Jost and Herrmann (1989) listed two options that can be applied to (MP*V). First,
a best double couple (DC) and a compensated linear vector dipole (CLVD); and second, a
strike-slip, a pure dip-slip and a vertical CLVD. Regarding seismotectonic interpretations, the
DC+CLVD method which maximize the DC part seems to be the most relevant in the majority of
cases and it is broadly used in seismology by the visualization of the results using focal

mechanisms.

2.3.2 Moment tensor calculation

Dahm and Kriiger (2014) provide an excellent description for the problem of moment tensor

calculations. The inversion problem for moment tensors requires the availability of digital time
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Figure 2.3: Setting for the inverse problem which summarizes the response of the Earth represented by the Green’s

functions G’ measured in a station at the surface after being affected by a perturbation from a point source.

series of observed data, e.g. full seismograms. It is also required to have calibrated systems for
predictable data acquisition. This translates in the necessity of having the instrument response (eg.
poles and zeros) of each sensor that collected the data. Finally, capacity of calculation (or
availability) of accurate synthetic seismograms of the Earth (i.e. Green’s functions). Figure 2.3
shows the geometry of the problem in which the Green’s functions (G) represent the Earth
response at a certain station x after been affected by a perturbation source &. The point source can
be described by a moment tensor M and a source function h(t) while the displacement at the
surface is indicated by u. The difference between source (h(t)) and ground motion (u(t)) can be
explained by the heterogenities of the Earth along the ray path. The moment tensor M can be
obtained by solving the point source moment tensor representation of ground displacement

0
Up(T,1) = Mpq(gvt) * %an(xag)ko = Mpq(ga t) * va,q(xaf;t) (2.20)

where u,, represents the displacement at location x and time ¢t. The moment tensor at location £
is given by M. Partial derivatives of the Green’s tensor are indicated by G, ,. By considering a
Dirac delta function as a source, G, , can be written as Gg‘ﬁ which represents the displacement
field calculated in the direction -y given a certain point source at a known time and space. Therefore,
the only non-null component that remains is M,z that is equal to 1 or to a amplitude factor with
physical units (eg. Nm). Then, it is possible to write the equation 2.20 as a matrix by

MJE$
Myy
Uy (t GEe(t) GU(t) G==(t) G™(t) G (t) GY*(t I
u,(t) | = | Gy=(t) GU(t) Gi7(t) G(t) GiF(t) GY(t = (2.21)
M,,
u.(t) GI*(t) G¥(t) GZE(t) G(t) GZE(t) GY¥(t M
M,.

This equation has the same shape as the d = Gm discussed in the velocity-hypocenter problem.

Considering the observed data and the Green’s functions (i.e synthetic seismograms) as knowns,
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it is possible to find the 6 components of M by the least squares method. In that matter, there
are several programs available to calculate moment tensor solutions (eg. computers program in
seismology (Herrmann, 2013), ISOLA (Sokos and Zahradnik, 2008; Sokos and Zahradnik, 2013),
among others). In this study, we used the ISOLA package which allows the calculation of moment
tensors at a regional to local scale (RMT) and provides an interactive viewing that allows to check
the processes prior the inversion.

2.3.3 The ISOLA package

The ISOLA package (Sokos and Zahradnik, 2008; Sokos and Zahradnik, 2013) comprises two
programs working together. First, the ISOLA Fortran code is the responsible to perform the
calculations for data preparation, filtering, instrumental response and moment tensor inversion.
All these utilities can be operated by the user through an interactive graphical tool controlled by
the ISOLA-GUI MATLAB code. ISOLA is capable to calculate moment tensors in a regional to
local scale (RMT) following a full waveform inversion adapted from the work of Kikuchi and
Kanamori (1991) for teleseismic data. Based on the discrete wavenumber method from Bouchon
(1981) and Coutant (1989) the equation 2.20 can be written in a discrete form by

3 3

wit) =D ) My Gy (2.22)

p=1 g=1
Moreover, the moment tensor M,, can be expressed by a linear combination of six elementary
tensors M that represent five DC combinations and a pure isotropic source (i.e. explosion), as
shown in Figure 2.4. The equation for M, is defined as

6
Myg = a;M}, (2.23)
=1

where a; represents the coefficients of the linear combination. By combining 2.22 and 2.23, the

ground displacement u;t becomes

w(t) =y > (

6
p=1 ¢=1 j=1

M) % Gy (2.24)

which leads to )

6
wit) =Y a;O Y M) xGig) = > a;El() (2.25)
q j=1

J=1 j2
with E7 denoting the j-th elementary seismogram corresponding to the j-th elementary moment
tensor (ISOLA user manual). ISOLA includes a Dirac delta function as source function and
therefore the only remaining unknowns are the coefficients a; which denoted in matrix is v = Ea

and can be solved by the least squares method included in the Fortran code

aopt = (ETE) ' ETu
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Figure 2.4: Elementary moment tensors used in the inversion process by ISOLA. M!'-M?® represent combinations of
double couple and M is a pure isotropic source (i.e. explosion).

2.3.4 ISOLA parameters and inversion

This section refers to the staggered process followed by ISOLA prior and during inversion.
Options controlling each step are listed and described. More information can be found in the
ISOLA user’s manual.

Crustal model
First step required by ISOLA is to define a 1D velocity model with a maximum of 15 layers.
Crustal Model provides the panel to create or load a velocity structure with Vp and Vs or Vp and a

constant V'p/V's ratio. Also density and attenuation for P- and S-waves are needed.

Event info

This section allows the user to include the information of the event to analize. Here the
hypocentral data (i.e Lat, Lon, depth and origin time) are mandatory while magnitude and
reporting agency are optional. On this step it is also possible to define the time length (in seconds)

that will be used in the subsequent inversion.

Station selection

As stated 1n the title, this section gives the user the option to choose the stations to be included in
the inversion. Graphical tool, ISOLA-GUI, can display a regional map with the available receivers
on it allowing an interactive selection. During the inversion process, it is possible to discard
stations with bad performance.
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Data preparation

ISOLA accepts SAC files of velocity seismograms. It is important to check that all stations used
have the same format to avoid misscalculations of the moment tensors. Data can be imported
using the graphical tool. It is possible to check the quality of each component by a visual
exploration of raw traces, signal to noise ratio and spectral plots. After decide which data will be
considered in the inversion, a staggered preparation is performed by (1) doing the instrument
correction by using poles and zeros files, (2) resampling the data by a predeterminated frequency
(usually 50 Hz) and (3) aligning the origin time based on the event information. Corrected,

aligned and resampled data is saved for the inversion stage.

Trial source definition

This item controls the number and location of the trial sources during the inversion. ISOLA offers
the option to select a single or multiple source. In single source mode, user can vary the source
location only in depth by defining a starting depth, a number of sources and a iteration step for the
trial. On the other hand, multiple source mode allows the user to select sources along strike of the
fault, along dip or in a plane. Besides trial sources and step, the fault strike and dip need to be
defined.

Green’s functions calculation

With all the available data already included in ISOLA, the Green’s functions are computed. A
maximum frequency is set and can be modified by the user. A terminal window monitors the
creation of Green’s functions and elementary seismograms. As mentioned before, ISOLA works
under the assumption of a Dirac delta as source function.

Inversion

The last step for the calculation of RMT is the inversion itself. The options at this stage are related
to the filtering that will be applied to the data, the number of subevents to be calculated, the type
of inversion, time search window and weighting applied for each observable. Typical values for
RMT calculations range between 0.02 and 0.1 Hz (eg. Herrmann (2013); Sokos and Zahradnik
(2013)). In relation to the type of inversion, we chose the deviatoric MT as this option leads to a
more intuitive interpretation of the rupture plane. After the inversion is performed, it is possible to
remove stations with bad performance (i.e. reduced correlation with the synthetic seismograms)

and re-run the calculations.

Finally a complete visualization panel is offered where the most relevant are the display of the
RMT solutionin a map view together with the stations used, the fitting between the observed and
synthetic and a variance reduction plot comparing the variance of RMT at different trial sources.

More options are available and can be found in the user’s manual.
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2.4 Application to this work

The theory and the computational programs presented in this chapter were applied in the
Ecuadorian margin, along the area affected by the 2016 Mw 7.8 Pedernales earthquake. At first, I
derived a minimum 1D velocity model, hypocentral locations and regional moment tensors using
VELEST and ISOLA, respectively. Methodology, results and interpretations regarding these
matters are shown in Chapters 5. Subsequently, using the resulting 1D structure and hipocentral
locations as input for SIMULPS, I calculated a 3D seismic tomography based on local earthquake
tomography. Chapters 6 and 7 provide detailed description about procedure, major findings and its

relation with the regional tectonics.
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Chapter 3
Seismotectonic and geological setting

This chapter contains a description of both the tectonical and geological settings along the
Ecuadorian margin. The text included in the following sections is part of the research articles
listed below:

* 1D-velocity structure and seismotectonics of the Ecuadorian margin inferred from the 2016
Mw7.8 Pedernales aftershock sequence, published in Tectonophysics (Leén-Rios et al., 2019).

* 3D local earthquake tomography of the Ecuadorian margin in the source area of the 2016 Mw
7.8 Pedernales earthquake, submitted in Journal of Geophysical Research (Ledn-Rios et al.,
2020).

* Ridge subduction and afterslip control aftershock distribution of the 2016 Mw 7.8 Ecuador
earthquake, published in Earth and Planetary Science Letters (Agurto-Detzel et al., 2019) in
which I am a co-author.

* Structural Control on Megathrust Rupture and Slip Behavior: Insights From the 2016 Mw 7.8
Pedernales Ecuador Earthquake, published in Journal of Geophysical Research (Soto-Cordero
et al., 2020) in which I am a co-author.

* Triggered crustal earthquake swarm across subduction segment boundary after the 2016
Pedernales, Ecuador megathrust earthquake, accepted (October 2020) in Earth and

Planetary Science Letters and in which I am a co-author.

3.1 Tectonics and geology of central coastal Ecuador

The Ecuadorian margin is controlled by the subduction of the oceanic Nazca plate beneath the
continental South American plate. This process occurs with an east—west convergence rate ~46
mm/yr (Trenkamp et al., 2002; Kendrick et al., 2003; Nocquet et al., 2009). The margin has been
recognized as highly segmented and mainly of erosional type (Collot et al., 2002; Gailler et al.,
2007; Marcaillou et al., 2016) which create diverse patterns in seismicity in the subducting and

overriding plates as well as along the plate interface.
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Figure 3.1: (a) Seismotectonic characteristics of the central coastal segment of the Ecuadorian margin. Inland and
seafloor topography was derived by Michaud et al. (2006). Segmented line shows the Chingual-Cosanga-Pallatanga-
Puna megashear fault (CCPP) that creates the North Andean Sliver. Bold arrow show the convergence rate between
the Nazca plate and the North Andean Sliver. Black stars and white solid lines represents the epicenters and estimated
ruptures of the last large subduction earthquakes occurred along the margin since 1906. Squares, diamonds and circles
are showing the Slow Slip Events, repeating earthquakes and swarms sequence, respectively, reported by Rolandone
et al. (2018). Interseismic coupling derived by Nocquet et al. (2014). Yellow star is showing the epicenter of the 2016
Mw 7.8 Pedernales earthquake. Coseismic slip contour, in blue solid line, was obtained by Nocquet et al. (2017).
Trench data from Collot et al. (2005). Purple solid line shows the location of the projected profile. (b) Structural sketch
of the Ecuadorian margin showing the main morphological structures. Figure edited from Jaillard et al. (2000).
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The continental forearc is divided by the Chingual-Cosanga-Pallatanga-Puna (CCPP) fault zone
which, in surface, extends from ~ 2°S to the Colombian border and towards Venezuela in the north
(Alvarado et al., 2016). This long-scale structure creates the North Andean Sliver (NAS) shown
in Figure 3.1a. In front of the NAS, the Nazca Plate is less than 26 Ma old (Lonsdale, 2005) and
subducts at a relative rate of about 46 mm/yr (Chlieh et al., 2014).

Offshore, the study area is characterized by the presence of large bathymetric features, with
volcanic rocks from the Cenozoic (Collot et al., 2009), such as the Carnegie Ridge (CR), the
Atacames seamount chain (ASC) and the Yaquina graben farther north interpreted as a transform
fault with an additional one closer to the trench, shifting extinct rifts (Lonsdale, 2005; Hardy,
1991). These significant along-strike and along-dip structural variations, which might also exist at
greater depth on the subducted portion, may contribute to create diverse patterns of seismicity
along strike (Gailler et al., 2007; Font et al., 2013; Agurto-Detzel et al., 2019).

The CR subducts beneath the Ecuadorian trench between latitude ~1°and ~2°S (see Figure 3.1
and 3.2). It is ~280 km wide and ~2 km high and is currently approaching to the margin with
an ENE direction. The CR was formed by the Galapagos hot-spot (GHS) located about 1000 km
west of the coastline of Ecuador. At the northern flank of the CR (see Figure 3.2), a series of
seamounts, including the ASC, are subducting beneath the South American plate. Marcaillou et al.
(2016) points out that the ASC plays an important role on promoting the stable sliding of the updip
segment of the seismogenic zone and controlling the propagation of large subduction earthquakes
towards the trench.

The thickness of the oceanic crust varies along strike - from 5 km in the north, close to Esmeraldas
(~1°N), to 14 km in the south (~1°S), reaching its maximum of 19 km beneath the crest of the CR
(Meissnar et al., 1976; Calahorrano et al., 2008; Sallares et al., 2003, 2005; Graindorge et al., 2004;
Gailler et al., 2007; Cano et al., 2014). In terms of the trench depth, variations from 3.7 km in the
north to 2.8 km at the crest of the CR in the south have been observed (Collot et al., 2004).

To the coast, the Ecuadorian territory (1°N to 3°S) can be broadly divided into three main
domains, as shown in Figure 3.1b, extending inland from the margin (Jaillard et al., 2000). Our
study area comprises mainly domain I and part of domain II. The profile A, in Figure 3.1b, shows
the nowadays marine forearc in central Ecuador. This formation is the result of subsequent
accretion of lithospheric material and arc rocks that occurred between the late Cretaceous to the
Paleocene/Eocene (Reynaud et al., 1999; Jaillard et al., 2009). In this domain, a thin layer of
sediments of 500 m to 1000 m (Jaillard et al., 2000) covers most of the forearc.

Distributed along the coastline, as shown in Figure 3.2, magmatic outcrops have been associated
to the Pifion formation (Reynaud et al., 1999; Luzieux et al., 2006; Reyes and Michaud, 2012)
which used to be identified as “the Cretaceous igneous basement of western Ecuador”’(Reynaud
et al., 1999) and extends along the whole study area up to the CCPP fault to the east. In the Manta
area, the San Lorenzo block, a mix of volcanic conglomerates, appears in conformity with the
Pifion formation (Reynaud et al., 1999; Reyes and Michaud, 2012) creating the oceanic terranes.
Sediments from Quaternary cover these geological features among other small formations
developing several basins along the coast, such as the Borbon (Cantalamessa et al., 2007),
Manta-Jama and Manabi basins (Reyes and Michaud (2012) - see Figure 3.2).
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Figure 3.2: Geological context and recording network. Main formations, sedimentary basins and faults mapped by
Reyes and Michaud (2012) are displayed by coloring forms and solid black lines. Offshore, residual bathymetry
derived by Agurto-Detzel et al. (2019) is shown in solid black line. Permanent Ecuadorian network (RENSIG, Alvarado
et al. (2018)) and emergency deployment (Meltzer et al., 2019) are shown in gray inverted triangles. Profiles, P1-
P10, discussed in this work are plotted in solid red line. Yellow star represents the epicentre of the 2016 Pedernales
earthquake (Nocquet et al., 2017).

The local tectonic and seismic activity is controlled by major faults that bound these basins
(Reynaud et al., 1999; Luzieux et al., 2006; Reyes and Michaud, 2012; Font et al., 2013;
Agurto-Detzel et al., 2019; Leén-Rios et al., 2019). Reyes and Michaud (2012) updated the
coastal geological map for Ecuador by (re)drawing the extension of several faults observed at the
surface. Figure 3.2 summarizes the main geological structures and faults that, due to their
extension, might contribute to the regional tectonic control but also to allow the circulation of
fluids within the margin (e.g. the Jipijapa fault; Segovia et al. (2018)). The domain II is part of the
Andean chain that involves the Western cordillera, with deformed rocks from accreted oceanic
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crust, and the Eastern cordillera (Cordillera Real) which contains metamorphic rocks from the
Paleozoic to Mesozoic (Litherland, 1994).

3.2 Historical earthquakes

During the last century, the Ecuadorian-Colombian margin has experienced several major
earthquakes (Ramirez, 1975; Kelleher, 1972; Abe, 1979; Herd et al., 1981; Kanamori and
McNally, 1982; Mendoza and Dewey, 1984; Beck and Ruff, 1984; Sennson and Beck, 1996).
More recently, slow slip events have been observed (Mothes et al., 2013; Vallée et al., 2013;
Chlieh et al., 2014; Segovia et al., 2015; Collot et al., 2017; Vaca et al., 2018; Rolandone et al.,
2018), in addition to seismic swarms (Segovia, 2001; Segovia et al., 2009; Vaca et al., 2009) and
repeating earthquakes (Rolandone et al., 2018) (see Figure 3.1).

In 1906 a megathrust earthquake Ms 8.7 (Kelleher, 1972), re-estimated to Mw 8.8 (Kanamori and
McNally, 1982) and more recently to Mw 8.4 (Yoshimoto et al., 2017), ruptured the subduction
segment along central and northern Ecuador and southern Colombia generating severe destruction
which reached up to 100 km inland. The rupture extent of this earthquake is still under discussion.
While Kanamori and McNally (1982) suggested a rupture of approximately 500 km length,
Yoshimoto et al. (2017) proposed a smaller rupture area mainly located near the trench. The 1906
earthquake also caused permanent coastal uplift and generated a destructive tsunami (Ramirez,
1975; Kelleher, 1972; Abe, 1979; Herd et al., 1981; Kanamori and McNally, 1982). Subsequently,
smaller earthquakes of diverse magnitudes (between Mw 7.0 to Mw 8.2) ruptured with thrust
mechanisms, leading to several authors proposing a segmentation of the subduction zone along the
northern Ecuadorian margin (e.g. Marcaillou et al. (2006); Gailler et al. (2007)).

In 1942, a Mw 7.8 earthquake occurred close to the coastal city of Pedernales affecting an area
of ~200 km x ~90 km. The epicenter was located at the southern edge of the rupture region,
suggesting that the event propagated to the NE (Kelleher, 1972; Sennson and Beck, 1996). In 1958,
the Mw 7.7 Colombia-Ecuador earthquake (Kanamori and McNally, 1982) broke a small segment
of the 1906 megathrust earthquake in the offshore portion of the Esmeraldas province to the North.
Like the 1942 earthquake, the 1958 event showed a rupture propagation in the NE direction (Rothé,
1969; Kelleher, 1972; Mendoza and Dewey, 1984). Finally, in 1979, the largest event of this series
of major earthquakes occurred close to the Ecuadorian-Colombian border with magnitude of Mw
8.2 also rupturing in a NE direction along ~230 km of the margin (Herd et al., 1981; Kanamori and
Given, 1981; Beck and Ruff, 1984).

Between the equator and south of the CR, there have been few large subduction earthquakes
recorded (Egred, 1968; Dorbath et al., 1990; Bilek, 2010) with only two events of Mw>7.0 (in
1956 and 1998) occurring close to Bahia Caraquez (Storchak et al., 2013). However, a high rate of
seismicity up to Mw 6.5 has been registered in this region (Vallée et al., 2013) suggesting that the
accumulated stresses are released by different mechanisms than in the northern segment (White
et al., 2003; Agurto-Detzel et al., 2019). Moreover, the area shows a complex slip behavior, with
different types of seismic activity highlighted in Figure 3.1a.
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Figure 3.3: Zoom to Figure 3.1 to indicate the main characteristics (i.e. rupture, epicenter and focal mechanism) of the
2016 Pedernales earthquake. Slip model and focal mechanism were derived by Nocquet et al. (2017).

3.3 The 2016 Pedernales earthquake

On April 16th, 2016, a Mw 7.8 earthquake occurred in the central coast of Ecuador, close to the
city of Pedernales (see Figure 3.1). The mainshock affected an area where large megathrust
earthquakes, with magnitudes greater than 7, occurred in the past. Also, as it is shown in Figure
3.1, its occurrence correlates with a locked area of interseismic coupling derived by Chlieh et al.
(2014); Nocquet et al. (2017). The focal depth estimated for the event was 17 km (Nocquet et al.,
2017) and the rupture was characterized as a thrusting mechanism (see Figure 3.3) consistent with
the megathrust on the plate interface.

The Pedernales earthquake ruptured an estimated area of 100 km x 40 km (Nocquet et al., 2017)
and propagated along strike from north to south (Nocquet et al., 2017; Yi et al., 2018; Gombert
et al., 2018). Although there are different rupture areas proposed for the 1906 earthquake (e.g.
Kanamori and McNally (1982); Yoshimoto et al. (2017)), the edges of the 2016 mainshock appear
to coincide with the southern boundaries of the 1906 earthquake. This segment of the subduction
zone last ruptured in a Mw 7.8 earthquake in 1942 (Kelleher, 1972; Sennson and Beck, 1996). At
the southern limit, the rupture coincides with the northern edge of the 1998 Mw 7.1 earthquake in
Bahia Caraquez.

The 2016 mainshock led to the largest earthquake-related loss of life (668, Lanning et al. (2016)) in
Ecuador since the 1987, Mw 7.1 Salado-Reventador event, which occurred in the Andean volcanic
arc, killing around 1000 people (Bolton, 1991; Beauval et al., 2010). It also affected the Ecuadorian
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Figure 3.4: Images from personal archive showing the destruction in the coastal Ecuadorian region: (left) Caleta de
Manta, seafood market in Manta city; (center) building columns reinforced with bamboo timbers in Chone city; (right)
six-storey building collapsed in Portoviejo city.

economy due to widespread destruction (see Figure 3.4) of houses, hotels and hospitals (Lanning
etal., 2016).

In terms of geophysical research, the Pedernales earthquake triggered several studies for rupture
characterization (Nocquet et al., 2017; Gombert et al., 2018; Yi et al., 2018), slow slip events related
to the mainshock (Rolandone et al., 2018; Vaca et al., 2018) and analysis of seismic distribution
and tectonics of the affected area (Agurto-Detzel et al., 2019; Meltzer et al., 2019; Le6n-Rios et al.,
2019; Hoskins et al., 2018; Soto-Cordero et al., 2020; Koch et al., 2020; Lynner et al., 2020; Le6n-
Rios et al., 2020).
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Chapter 4

The Ecuador emergency network:
Installation and data

This chapter details the collaboration triggered after the Pedernales earthquake to deliver a rapid
deployment that records the unfolding aftershock sequence. As a Phd student at the University of
Liverpool by that time (May 2016), I led the planning, installation, service and data collection for
the UK stations deployed in Ecuador. Later, I created an aftershocks catalog with precise
manually picked P- and S-onset times that was subsequently used in the staggered inversion
process to obtain the velocity structure of the Ecuadorian margin. The installed network has

contributed to produce several research articles which listed below:

* 1D-velocity structure and seismotectonics of the Ecuadorian margin inferred from the 2016
Mw7.8 Pedernales aftershock sequence, published in Tectonophysics (Ledn-Rios et al., 2019).

* The 2016 Mw 7.8 Pedernales, Ecuador, earthquake: rapid response deployment, published in
Seismological Research Letters (Meltzer et al., 2019) in which I am a co-author.

* Ridge subduction and afterslip control aftershock distribution of the 2016 Mw 7.8 Ecuador
earthquake, published in Earth and Planetary Science Letters (Agurto-Detzel et al., 2019) in
which I am a co-author.

* 3D local earthquake tomography of the Ecuadorian margin in the source area of the 2016 Mw
7.8 Pedernales earthquake, submitted in Journal of Geophysical Research (Le6n-Rios et al.,
2020).

* Structural Control on Megathrust Rupture and Slip Behavior: Insights From the 2016 Mw 7.8
Pedernales Ecuador Earthquake, published in Journal of Geophysical Research (Soto-Cordero
et al., 2020) in which I am a co-author.

* Triggered crustal earthquake swarm across subduction segment boundary after the 2016
Pedernales, Ecuador megathrust earthquake, resubmitted to Earth and Planetary Science

Letters in September 2020 and in which I am a co-author.
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4.1 Emergency deployment

Although large subduction thrust earthquakes are well documented historically, occurring
extensively throughout the entire South American margin, it is only over the last decade that dense
monitoring seismic networks have been deployed to record the aftershock sequences of such
events. This allows for highly accurate hypocentral relocations enabling detailed investigations
into the physical processes occurring within the rupture zone.

Immediately after the 2016 Pedernales mainshock, an international collaboration of several
institutions including; Instituto Geofisico de la Escuela Politécnica Nacional (IGEPN) from
Ecuador, the French Centre d’études et d’expertise sur les risques, I’environnement, la mobilité et
I’aménagement (CEREMA) and GEOAZUR institutes, Lehigh University and University of
Arizona from the United States and the University of Liverpool from the United Kingdom,
coordinated a rapid response effort to deploy a temporary seismic network. Within three days after
the mainshock, IGEPN deployed 5 broadbands and 5 dual short period strong motion instruments
in the vicinity of the epicenter of the Pedernales earthquake. Later, between 9-28 May, the
institutions mentioned above installed 55 temporary inland stations comprising 35 broadbands, 14
intermediate and 6 short period seismometers. To extent the coverage region, 10 ocean bottom
seismometers (OBS) were installed along the trench axis (Meltzer et al., 2019). As part of the
University of Liverpool, I led the planning, installation, service and data collection of the UK
portion by visiting the affected area in several occations during the first two years after the
mainshock (see Figure 4.1).

The backbone of the emergency deployment is the RENSIG (Red Nacional de Sismografos)
permanent Ecuadorian network (Alvarado et al., 2018) which is a mix of diverse instrumentation
including CMG-3ESP, Trillium compact, Trillium 120p and TSM-1 Strong Motion instruments.
The temporary network consists of: (i) short period seismometers Lennartz LE 3D-Lite recording
at 100 Hz; (ii) intermediate period seismometers Giiralp CMG-40T recording at 200 Hz; (iii)
broadband Trillium Compact 120s, Giiralp CMG-3T and Streckeisen STS-2 seismometers
recording at 100 Hz (see inset in Figure 4.2). The temporary inland installation was fully operative
from May 2016 to June 2017 with an in-between-spacing of ~10-20 km. OBSs were recording
between mid-May to mid-November in 2016 at 100 Hz. Figure 4.2 shows the spatial distribution
of the full deployment including both temporary and permanent stations. Operation summary

during the period May-December 2016 is shown in Figure 4.3. Finally, quality of the recorded

Figure 4.1: Images from personal archive during the stages of deployment, service and data collection of the UK
portion of broadbands and short period inland stations. Installation was made between 16 May-28 May 2016. Services

and data collection were carried out in August and November 2016. Finally, stations were removed in May-June 2017.
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Figure 4.2: Seismic aftershock deployment. Inverted triangles represent the stations installed along the Ecuadorian
margin. Yellow: backbone network including CMG-3ESP, Trillium compact, Trillium 120p, TSM-1 strong motion
operated by the Instituto Geofisico de la Escuela Politecnica Nacional de Ecuador IGEPN). Red: Broadband Trillium
compact and short period Lennartz LE 3D-Lite instrumentation from the University of Liverpool, United Kingdom.
Blue: intermediate period Giiralp CMG-40T and OBSs from GeoAzur and IRD, France. Green: Broadband Giiralp
CMG-3T and Streckeisen STS-2 from IRIS-PASSCAL deployed by the University of Arizona and Lehigh University,
United States. Most of the instruments deployed on site were recording at 100 Hz. White star is showing the epicenter
of the 2016 Mw 7.8 Pedernales earthquake. Coseismic slip contour in red solid line was derived by Nocquet et al.
(2017). Inland and seafloor topography was derived by Michaud et al. (2006). Trench data obtained from Collot et al.
(2005).

traces is shown in Figure 4.4 by a representative sample of events in the northern, central and
southern part of the study area.
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4.2 Dataset and Processing

The initial catalog for the Pedernales sequence was provided by the IGEPN which included all the
events detected by the RENSIG network (see Figure Al in Appendix 1). Later, using an automatic
location procedure over the Ecuador emergency network, Agurto-Detzel et al. (2019) derived a new
catalog with more than 7000 events.

1st service

B T
I

—————————>
onshore deployment out of power/memory

2nd service

1st service 2nd service

Figure 4.3: Summary for the station operation during the period from May-December 2016. Data retrieved from
GeoAzur monitoring interface (David Ambrois and Jerome Chez) to check the available data of deployed networks.
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Figure 4.4: Representative sample for trace quality of three events recorded by our network in Ecuador. A map view
is available for epicenter (green stars) and station distribution (gray triangle). Stations in red indicate detected onset
observations. (top) Event in the northern part, offshore Esmeraldas occurred at UTC 2016.07.09T14:43:32; (center)
Event in the central part, offshore Cabo Pasado occurred at UTC 2016.06.24T18:13:20 and (bottom) event in the

southern part, close to Manta city occurred at UTC 2016.10.27T05:40:24.

Based on both catalogs, we created a high quality dataset to be used for the 1D inversion process.
We first selected aftershocks with M1 > 3.5 located in the vicinity of the temporary network (see

Figure A1, the latter in Appendix 1). To ensure optimal localizations we focused in the time period
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when the whole network, with both OBS and inland stations, was recording. From this subset, P-
and S-wave arrival times were manually picked for 345 aftershocks using the Seismic Data Explorer
(SDX) software package. The events were located based on an average 1D velocity model derived
from Font et al. (2013); SDX utilizes a modified hypo71 algorithm for hypocenter location (Lee
and Lahr, 1972). Following the procedures from Agurto et al. (2012) and Hicks et al. (2014), we
assigned pick error categories, referred as weights, from 0 to 4 to describe the quality of the selected
arrival times. Each weight corresponds to the following time uncertainties: Weight 0 (< 0.04 s);
Weight 1 (0.04 —0.1 s); Weight 2 (0.1 0.2 s); Weight 3 (0.2 -1 s); Weight 4 (> 1 s). Figure 4.4
shows an example of the SDX visualization for three events.

To increase the resolution during the construction of our 3D velocity model, we incorporated more
events with Ml > 2.5 by following the same procedure previously mentioned. In total, we analysed
more than 800 events. By adding an azimuthal gap and number of observations criteria, these
number were reduced to 227 events for the 1D velocity model and 568 aftershocks for the 3D
modeling stages. Chapters 5 and 6 provide further details for the one- and three-dimensional stages,
respectively.
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Chapter 5
Minimum 1D velocity model

This chapter includes the methodology, results and interpretation of the minimum 1D velocity
model derived for the Ecuadorian margin affected by the 2016 Pedernales earthquake. The text
included in the following sections are part of the article:

* 1D-velocity structure and seismotectonics of the Ecuadorian margin inferred from the 2016

Mw7.8 Pedernales aftershock sequence, published in 7Tectonophysics (Leén-Rios et al., 2019)

5.1 State-of-the-art at the Ecuadorian margin

Currently, the available velocity models for the Ecuadorian margin are usually focused in small
areas or have limited resolution due to the lack of instruments monitoring the offshore and coastal
portion of the country; they are also affected by along strike heterogeneities observed in the region.
At present, the national network of seismographs of the Geophysical Institute (RENSIG) from
IGEPN uses a five-layer model (called ASW; for detailed values see Font et al. (2013)) and is used
by the IGEPN for locating tectonic events in Ecuador. It, therefore, results in large errors in
hypocenter location, especially regarding depth of subduction related seismicity (See
Supplementary Material Al in Appendix 1). Font et al. (2013)) built an a-priori three-dimensional
P-wave velocity model for the Ecuadorian subduction margin (4°N —6°S, 83°W —77°W), obtained
via a joint compilation of marine seismics, gravimetric data, geological observations and
seismicity of the region. The model is an improvement for the forearc and provides better
hypocentral solutions for the coastal area but has limited capabilities due to the absence of an
S-wave velocity model. Gailler et al. (2007) inverted wide-angle seismic data to describe deep
structures present offshore of the Ecuadorian —Colombian border. In the same area, Agudelo et al.
(2009) also improved the structural model using a combined data set of multichannel seismic
reflection and wide-angle data. Cano et al. (2014) provide a 3D velocity model encompassing the
rupture of the 1958 earthquake. Both models provide insights about offshore velocities.

Further to the south of our study area, Calahorrano (2001) developed a velocity model using marine
seismic experiments representing the area close to the Gulf of Guayaquil. However, all three models

are located outside of the Pedernales rupture area and outside the area covered by our temporary
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seismic array. Finally, Graindorge et al. (2004) analyzed the velocity structure in the CR area using
onshore and offshore wide-angle data to calculate a two-dimensional model. Although our array
covers a portion of the CR, this model is not appropriate for the whole area covered by the array
due to the anomalous structure of this bathymetric feature.

As it was mentioned in the introduction, there is still no consensus on a representative 1D velocity
model and therefore an improved regional model will provide a better constrained seismic velocities

in the area and, the foundation and starting model for a detailed 3D seismic imaging.

5.2 Building the model

From the manually picked catalog, we further filter to ensure only the highest quality events remain
for the minimum 1D velocity model inversion. We selected earthquakes with at least 10 P- and 10
S-onset observations and an azimuthal gap < 200°. In total we obtained a dataset of 227 events with
an average of 21 and 17 P- and S-onset times respectively, which contains 4939 P-phases and 3931
S-phases (see Supplementary Material A2 in Appendix 1).

To minimize the influence of strong topography changes and avoid bias due to the depth of the
OBSs, we followed the strategy described by Husen et al. (1999) and Hicks et al. (2014) and set
station elevation equal to zero. Station correction terms therefore account for both, the relative
elevation and the site-specific velocity differences. Station correction terms were strongly damped
(damping = 1000) during the Vp inversion, allowing for greater initial exploration of the Vp
parameter space. For the V's inversion, the damping was decreased (damping = 20), this allows the
station-delay terms to absorb errors due to the velocity fluctuations near the stations.

We selected five starting models (see Supplementary Material A3 in Appendix 1) to cover a wide
range of plausible cases: (1) the average model derived from Font et al. (2013), selected as it covers
our entire study area with a 3D regional model, (2) an average offshore model based on previous
studies by Gailler et al. (2007) and Agudelo et al. (2009), and (3-5) modified versions of the ASW
model, used by IGEPN (Font et al., 2013). For models 3-5, we vary the Moho depth between the
range of 40 to 60 km. To cover the entire range of feasible velocity models, we created 1000 random
variations of each reference velocity model, sampling from a uniform distribution with bounds +
0.5 km/s of the reference model velocity. We, therefore, explore 5000 starting models in total,
derived from the five classes of models. From the 5000 starting models, the P-wave velocity model
with the lowest overall misfit to the travel time picks (RMS 0.335 s) is assumed as our best Vp
representation. The density plots in Figure 5.1d and 5.1e demonstrate how the best 200 solutions
for the inverted Vp and Vs models have a clear convergence towards the best solution between
7.5 km and 40 km depth. The shallowest layers (down to 7.5 km) do also exhibit a convergence
towards a minimum velocity solution, however, due to a lack of events occurring in this region,
the solution shows a slightly wider range of possible velocities. For the deeper layers (> 40 km),
absolute velocities cannot be constrained due to the lack of data and therefore several cluster of
solutions can be observed. To detect picking outliers and to estimate an average Vp/V s ratio for
the region, we performed Wadati analysis (Wadati and Oki, 1933), displayed in Figure 5.1a. Onset

times show a clear trend for (ts —tp) as a function of tp, a linear trend fit provides a Vp/V s ratio
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Figure 5.1: (a) Wadati Diagram (Wadati and Oki, 1933) used to compute the observed Vp/V's ratio using all the
available onsets. Red line shows the linear fit for the data which indicates a Vp/V s ratio of 1.82. (b) Reduced Wadati
Diagram used to remove outliers from onset times picked. |V p/V sl > 20 was used as a cutoff value. Solid red line: y =
0. Segmented red line: y = 4= 20. (c) Reduced ts - tp histogram showing the distribution of picks in terms of its reduced
time. Solid red line: y = 0. Segmented red line: y = + 20. (d) and (e) Density plot for S-wave and P-wave velocity
model, respectively, showing the best 200 solutions. Solid blue line shows the solution with the lowest rms. Gray lines
are the perturbation range for each phase. Colorbar indicates the normalized hit count on each output model.

value of 1.82. A reduced Wadati diagram was also used to have a better control on the outliers in
our dataset. Onsets greater than 20 from the Vp/V's trend were removed (see Figure 5.1b). The
final dataset of arrival times is represented in a histogram in Figure 5.1c with a mean of ts-tp of
0.01 s and a variance of 0.70 s°.

Finally, using our best VV'p model and the Vp/V's ratio (1.82) obtained via Wadati analysis, we
built an initial 1D S-wave velocity model. The inversion for the optimum S-wave velocity model
follows the same procedure as for the P-wave velocity model. We perturbed the S-wave velocities
of the starting model within a range of £+ 0.5 km/s, creating 1000 models where both P- and S-
phases were simultaneously inverted for. In this step, we fixed the V'p velocities to avoid changes
in the previously obtained V'p model by S-wave observations. The solution with the lowest RMS
(0.303 s) was accepted as our final S-wave model along with the final set of station corrections
and hypocentral locations. By using a Monte Carlo approach for selecting the starting model, we
mitigate the dependency of the final model from starting model as we sample a much larger model
space.

5.3 Regional Moment Tensors

A significant portion of the aftershocks are related to the megathrust faulting displaying reverse
solutions consistent with the slip of the plate interface (Agurto-Detzel et al., 2019). We focus our
RMT analysis on the seismicity recorded throughout offshore Bahia Caraquez and Cabo Pasado

which exhibits various faulting mechanisms. In this area, we observe events distributed close to
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the trench (5 km —10 km), however, due to the trade-off between hypocentral depth and origin
time, depth location uncertainties in this region are larger than the average. These events could,
therefore, be located at the interface, in the upper or in the downgoing plate. To better constrain
the focal depth parameter for events in this region, we calculated RMT solutions for 14 events by
performing a full waveform inversion using the isola package (Sokos and Zahradnik, 2008; Sokos
and Zahradnik, 2013). We analyzed events reported by IGEPN with Ml > 4.0. The location was
fixed to the epicentral locations obtained from our relocation process with VELEST, and the depth
is allowed to vary. Green's functions are calculated from a simplified version of our minimum
1D model where the shallowest 8 layers are merged into 4 layers (see Supplementary Material
A3 in Appendix 1). Seismic records were bandpass filtered between 0.04 and 0.09 Hz before the

inversion, and between 4 to 10 broadband stations were used for the inversion process of each event.

5.4 Results

Our final minimum 1D model, represented by 12 layers, with P- and S-wave velocities and the
Vp/V s ratio are given in Table 5.1 and shown in Figure 5.2. The model is well constrained between
7.5 km and 40 km, where most of the seismicity is concentrated (see Figure 5.2). Although, most of
the ray paths are concentrated in the shallower layers, we observe some rays down to 40 km depth,
which help us to constrain the average of the oceanic and continental Moho depth. At shallower
depths, the lack of crustal events (< 7.5 km depth) means we are not able to obtain reliable absolute
velocities due to the trade-off with station corrections; at greater depths (30 km —40 km) the ray
path distribution still shows rays passing through, however at depths > 40 km the limited extend
does not allow a robust estimation of the average velocities.

The obtained model shows a Vp that fluctuates between 4.45 km/s and 5.04 km/s, in the top layers
(down to 7.5 km). From 7.5 km depth to 25 km, Vp consistently increases from 6.3 km/s to 6.6

Depth (km) Vp (km/s) V s(km/s) Vp/Vs
-5.00 4.45 2.26 1.97
2.50 4.65 2.32 2.00
5.00 5.04 2.59 1.95
7.50 6.32 2.90 2.18
10.00 6.32 3.42 1.85
15.00 6.64 3.69 1.80
20.00 6.64 3.76 1.77
25.00 6.65 3.80 1.75
30.00 7.37 3.81 1.93
40.00 8.04 4.64 1.73
50.00 8.24 4.64 1.78
60.00 8.45 4.71 1.79

Table 5.1: Minimum 1D model. Absolute velocities and Vp/V s ratio are listed in terms of depth.
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Figure 5.2: Final 1D velocity model showing the absolute V'p (solid blue line) and V's (solid red line) velocities,
Vp/V s ratio (solid orange line) and a histogram of the seismicity distribution with depth. Dashed area indicates the
area where our minimum 1D model is unconstrained. Velocity values for depths greater than 40 km were derived by
Font et al. (2013) and were included in our initial reference model.

km/s. Between 30 km — 40 km the constant increase of Vp (from 7.37 km/s at 30 km to 8.04 km/s
at 40 km) suggests an area of transition from crust to mantle. At 40 km Vp reaches 8.04 km/s,
which can be related with continental upper mantle velocities. Finally, the absence of data between
40 km and 60 km depth, does not allow us to resolve the P-wave velocity, so the resulting values
are mainly influenced by our reference model derived by Font et al. (2013) (see Figure 5.2).
Vp/V's ratio shows a weighted arithmetic mean of 1.82 for the whole model. In the top layers
(down to 7.5 km depth) we find a high V'p/V s ratio that varies from 1.97 to 2.18. At 10 km depth,
the Vp/V s ratio decreases to 1.85 down to 30 km depth where it rises to 1.93. The Vp/V s ratio is
not well resolved at depths greater than 40 km as we do not have enough data to constrain that area
(see Figure 5.2).

Statistics for the inversion also show the robustness of our model. Arrival time residuals were
classified according to the weights described in the previous section. Histogram plots in Figure 5.3
indicate that most of the P- (99 %) and S- (88 %) phase picks are classified between weights 0 and
1. For high quality P-wave onsets (weight 0 and 1), the standard deviations of residuals is 0.24 s
and 0.26 s, respectively. For the S phase, the deviation varies from 0.48 s, for weight 0, to 0.52 s for

41



weight 1. Observations for each station display residuals with a normal distribution concentrated
between -1 to 1 seconds (See Supplementary Material A4 in Appendix 1). Overall, the obtained
catalog has a variance of 0.084 s2, which is above the variance based on the accuracy provided by
the manual picking of 0.027 s? indicating that we are not overfitting our onset time data.

Our new minimum 1D-velocity model was then used to relocate the 227 manually-picked events
(See Supplementary Material A5 in Appendix 1 for comparison with the original locations). To
test the accuracy of the resulting hypocenters, we performed a stability test by randomly perturbing
hypocenters starting locations by between 7.5 km —12.5 km 1n latitude, longitude and depth. We
then relocated the events using our minimum 1-D velocity model and station corrections. The
location of the recovered seismicity shifts only marginally respect to the original positions, leading
to an estimation of the relocation uncertainties around 1 km in latitude and longitude, and 2.7 km in
depth (See Supplementary Material A6 in Appendix 1). Overall, the relocated seismicity displays
an average error of 1.38 km and 1.57 km for the horizontal and vertical component, respectively.
As hypocentral uncertainty is shown to increase with distance offshore, we separately calculate the
location errors for the offshore seismicity. For this data subset, we obtain average uncertainties of
1.53 km for the horizontal axis and 2.15 km for the vertical axis.

The relocated aftershocks are shown in Figure 5.4. The seismicity is distributed between 5 —10 km
to 100 km eastward of the trench and between 2 km to 35 km in depth. The most important features
are as follows:

(1) We observe that our epicentral distribution for the analyzed aftershocks are in agreement with
other related studies (e.g. Meltzer et al. (2019), Agurto-Detzel et al. (2019)). We find that
events with local magnitude greater than 3.5 are generally distributed outside the coseismic
slip area of the 2016 Pedernales mainshock and skew towards the trench.

(2) Most of the seismicity along profiles AA’ and BB’ is located along the plate interface.
Slab1.0 (Hayes et al., 2012) is used as a reference in Figure 5.4, however a comparison
between both Slabl.0 (Hayes et al., 2012) and Slab2.0 (Hayes et al., 2018) is shown in
Supplementary Material A7 in Appendix 1. The northern profile AA’ demonstrates the
differences between the interface for both models, in the region, Slab2.0 is relatively deeper
than the Slab1.0 interface; the located aftershocks are distributed between both Slabl.0 and
Slab2.0. These relative changes in extensively used slab models further highlight the
complexities the Ecuadorian margin along strike.

(3) Clustered activity in the overriding plate can be observed in both northern (AA’) and southern
(BB’) profiles.

(4) Profiles AA’ and BB’ (see Figure 5.4) show that a portion of the aftershocks reach the trench.
This has been demonstrated as a robust feature due to specific bias testing of the offshore
relocated seismicity.

Although, the formal locations errors stated before are less than 3 km in depth, absolute locations
errors can be significantly larger. To identify whether the events distributed close to the trench are
located in the subducting or the overriding plate, we calculated RMT solutions to better constrain
the hypocenter depth. We focus here on the offshore seismicity located close to profile BB’ and
calculated 14 RMTs. This is an area where Agurto-Detzel et al. (2019) reported a single
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Figure 5.3: Histograms for the residuals obtained after the inversion of both Vp and V's velocities. Plots were classified
according to the quality of picks indicated in the top right corner. Each weight corresponds to the following time
uncertainties: Weight 0 (< 0.04 s); Weight 1 (0.04 —0.1 s); Weight 2 (0.1 —0.2 s); Weight 3 (0.2 —1 s); Weight 4 (> 1 s).
Segmented blue and red lines represent the fit of the data. Standard deviation and number of observation are displayed

on the top left corner of each plot.

anomalous strike-slip event at about 10 km depth. Figure 5.4 shows the solutions superimposed
over the relocated aftershock activity. Additional information about the waveform inversion fit and
comparison with other MT catalogs are shown in Supplementary Material A8, A9 and A10 in
Appendix 1. We also compare the difference between depths obtained from the velocity model
inversion and isola. Events with depths between 5 km and 15 km, based on arrival times, show a
small difference in their depth locations in comparison to the RMT solutions. For the offshore
seismicity located with depths > 15 km using travel times, the RMT centroid depths are shallower
than those of the hypocenters (see Table 5.2 and Supplementary Material A10 in Appendix 1).
The majority of the aftershock RMTs for the Pedernales segment exhibit a thrust mechanism
related to the subduction interface (e.g. Agurto-Detzel et al. (2019)). However, we also find events
that display extensional and strike slip faulting mechanisms, distributed along the marine forearc.
Table 5.2 summarizes our results listing the centroid information, nodal planes, magnitude,

variance reduction and double-couple percentage.
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Figure 5.4: Mapview and cross sections, 60 km wide, of the relocated seismicity. Red circles indicate the aftershock
locations after the inversion with VELEST. Blue beach balls represent the RMT calculated using isola superimposed
over the gCMT catalog in gray. Star shows the location of the 2016 Mw 7.8 Pedernales earthquake. Slabl from Hayes
et al. (2012) is being used as a reference for the in-depth distribution. Inland and seafloor topography from Michaud
et al. (2006). Coseismic slip contour derived byNocquet et al. (2017). Inland and seafloor topography from Michaud
et al. (2006). Trench data obtained from Collot et al. (2005). Slab 1.0 km depth contours from Hayes et al. (2012) are
shown in gray lines.

# Lat(°) Lon(°) Centroid depth (km) Arrival times depth (km) Strike Dip Rake Mag (Mw) Var (%) DC (%) ID Date

1 0.6330 -80.2077 13.00 8.24 196 72 94 44 80 82.3 e0  2016-06-06 16:45:08
2 0.2940 -80.5730 2.03 4.42 342 57 19 5.1 68 89.5 e3  2016-06-01 10:05:16
3 03740 -80.4910 14.03 11.91 174 60 65 44 86 61.2 e4  2016-05-31 15:48:11
4 0.1295 -80.1691 25.03 25.53 173 84 81 33 28 63.8 e5 2016-05-30 05:48:56
5 -0.2000 -80.5770 5.00 18.37 290 54  -66 33 13 71.1 e7  2016-06-21 04:40:24
6 -0.2718 -80.6639 16.03 12.54 49 49 164 3.7 13 31.5 e8 2016-06-02 00:18:59
7 -0.18380 -80.6652 16.03 18.99 175 74 74 35 44 62.5 e9 2016-06-01 02:12:22
8 -0.4079 -80.9864 14.02 8.14 247 88 177 3.8 45 76.0 el4 2016-07-07 17:10:13
9 -0.4444 -80.9390 8.03 29.99 143 74 27 39 18 99.1  el6 2016-07-08 04:41:34
10 -0.4268 -80.8981 12.03 7.88 316 8 24 4.6 66 55.6  el7 2016-07-08 07:03:48
11 -0.4047 -80.9177 12.03 22.99 316 8 29 4.2 61 433  el8 2016-07-08 07:35:15
12 -0.2629 -80.8675 10.03 22.35 324 50 28 4.0 57 104 el9 2016-07-10 06:44:34
13 -0.1967 -80.9427 8.03 - 250 80 35 42 23 70.0 €25 2016-05-05 16:06:40
14 0.3242 -80.6818 2.03 4.16 318 61 -110 4.7 57 659 €27 2016-06-01 15:00:51

Table 5.2: Summary of results for the obtained RMT. Depths calculated based on arrival times inversion were included

for comparison.

5.5 Discussion

Velocity model

Figure 5.2 shows the best 1D velocity model. The histograms show depth distribution of the
aftershock seismicity and help to demonstrate the resolution of our model at different depths.
Although a more in-depth interpretation requires at least a 2D velocity model, our obtained 1D

velocity model allows us to observe and discuss depth ranges and to first order the velocity
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structure with depth. High Vp/V s ratio obtained in the shallow layers can be related to hydrated
sediments, non-consolidated soils and/or fractured oceanic crust (Peacock, 2001; Hacker et al.,
2003; Kato et al., 2010; Pasten-Araya et al., 2018). The values in this section (up to 2.2 at 7.5 km
depth) may reflect an upward migration of fluids coming from the dehydration of sediments
subducting within the Nazca plate. Similar cases have been discussed in other areas such as
northern Chile (Husen and Kissling, 2001), New Zealand (Barnes et al., 2010), Sumatra (Collings
et al., 2012) and Costa Rica (Bangs et al., 2015). As we are dealing with P- and S- onsets coming
from both OBS and inland stations, in the depth range between 10 km and 40 km, the subduction
process of the Nazca plate descending beneath the South American plate produces an overlapping
of velocities from both plates which do not allow us to address each plate individually in a
one-dimensional model. However, there is a constant increase in velocities for both P- and S-wave
indicating more consolidated rocks. We also identify another increase in the Vp/V's ratio (Vp/V's
= 1.90) around 30 km depth. A change in Vp/V s ratio at ~30km depth agrees with the findings of
Hacker et al. (2003) and Bloch et al. (2018) who associated these characteristics with the
dehydration of the subducting oceanic plate. Between 30 km —40 km it is not possible to observe a
sharp contrast. However, due to the rapid increase of V'p we suggest a transitional area where the
oceanic Moho could be located. At depths greater than 40 km, V'p reaches values > 8 km/s that
can be associated with velocities of the upper mantle (Gailler et al., 2007; Font et al., 2013;
Araujo, 2016).

Station correction terms were also calculated in the inversion. Figure 5.5 shows the delays obtained
for both P- and S-wave onsets. EC16 was used as a reference station because of itscentral location
along the array and large number of observations (total= 384, P= 214, S=170). For the P-delay
times, the standard deviation for all stations shows that values are concentrated around 0.50 s.
Delays for the S phase show a distribution around 0.85 s. In both cases, the obtained values are
coherent within the study region following a west to east change of sign that moves from negative
to positive. This change is mainly associated with two factors: (1) The eastward dipping of the
subducting Nazca plate that produces large residuals in the inversion as VELEST maps the 2D
structure into the station correction terms; (2) the variations in topography of the area, from around
3000 meters below sea level at the trench to 700 meters above sea level in the coastal range. If we
consider the difference in elevation of the array, a geological interpretation will only be valid for
the inland stations as the reference station (EC16) is located in this area, and the delay in the OBS
can mainly be explained due to the abrupt changes in topography from sea level to the trench (~
4000 m depth).

Taking this into account, the difference in elevation for the inland seismic stations range from sea
level for stations installed close to the coast to 688 m for the stations deployed at the base of the
coastal range. Station correction terms in Figure 5.5, especially for the S-phase, show a NE-SW
variation in sign from negative to positive which might be related with changes in the geological
conditions of the area. Those changes coincide with the Jama Fault System (JFS) mapped in
coastal Ecuador (Michaud et al., 2006) and can be attributed to differences in the properties on
both sides of the fault. Along the coast, it is possible to find Cretaceous formations (~89 Ma,
Luzieux et al. (2006)) with rocks from the oceanic crust that were accreted onto the margin and
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Figure 5.5: Map with station corrections for P- (right) and S- (left) phases obtained after the 1D inversion. Inverted
green triangle represents the reference station EC16. White star is showing the epicenter of the 2016 Mw 7.8 Pedernales
earthquake. Inland and seafloor topography from Michaud et al. (2006). Trench data obtained from Collot et al. (2005)
Slab 1.0 km depth contours from Hayes et al. (2012) are shown in gray lines. Jama Fault System (JES) trace extracted
from Reyes and Michaud (2012).

could explain the negative delay in station terms. To the east side of the JFS, less consolidated
formations such as conglomerates, volcanic sediments and alluvial formations from the Miocene,
Pliocene and Quaternary, respectively, were mapped (Bristow, 1977; Cantalamessa and Di Celma,
2005) and can be correlated with the positive delay observed in our inversion. This difference in
the geological structures is also consistent with the observation that cities far from the epicenter (>
100 km) suffered severe damage due to site effects such as Portoviejo and Chone where the
vertical component of PGA reached up to 1.01 m/s? and 1.72 m/s?> (IGEPN, 2016) and the delay
terms for the S-phase calculated were 2.08 s and 2.57 s, respectively. The role of the fault system
in the seismicity of the Central Coastal Ecuadorian margin will be discussed in detail in the next
section.

Aftershock distribution

The majority of our relocated events with local magnitude greater than 3.5 are surrounding the
coseismic slip area determined by Nocquet et al. (2017). This type of aftershock distribution
concentrated on the updip part of the rupture has been previously observed in other megathrust
earthquakes along the South American margin such as the Mw 8.8 Maule 2010 earthquake
(Rietbrock et al., 2012) and the Mw 8.2 Iquique earthquake (Ledn-Rios et al., 2016).

The distribution of our relocated aftershocks along the margin are consistent with the observations

46



from Meltzer et al. (2019), Agurto-Detzel et al. (2019) that show seismicity streaks aligned
perpendicular to the trench (see Supplementary Material A11 in Appendix 1). The seismicity
distribution during the interseismic cycle (Font et al., 2013) is similar to the aftershock sequence
of the Pedernales earthquake and suggests that this behavior could be a regular feature of the
Ecuadorian subduction zone (see Supplementary Material A11 in Appendix 1).

Cross sections AA’ and BB/, in Figure 5.4, show that the depth distribution of the events is
consistent with Slabl.0 from Hayes et al. (2012). While the northern section is in a good
agreement with the projection of the slab at distances greater than 50 km eastward from the trench,
the southern profile shows seismicity that could indicate a shallower plate interface (see profile
BB’ in Figure A7 in Appendix 1). The subduction of the CR helps to explain this distribution due
to the addition of a more buoyant oceanic crust which causes the raising of the seismogenic
interface zone. This has been previously proposed by Collot et al. (2004) and Gailler et al. (2007)
using active seismic methods in the forearc region of the Ecuadorian margin.

It is also possible to identify clustered seismicity in both sections, north and south, that are located
in the overriding plate. This type of activity might be caused by the activation of crustal faults due
to changes in Coulomb stress in the area surrounding the coseismic slip (e.g. Ryder et al. (2012)).
As previously mentioned, the aftershock seismicity, located in the northern profile AA’, occurs very
close to the trench, up to ~5 km —10 km, which we confirmed using the OBS stations offshore.
Usually, seismicity along subduction margins does not extend up to areas close to the trench axis.
Although this phenomena has been previously observed when an accretionary prism is present in
the subduction zone, even in a erosional regime it is uncommon to observe seismicity with such
proximity to the trench (i.e. 2010 Maule, Chile (Rietbrock et al., 2012; Lange et al., 2012); 2015
Mw 8.3 Illapel, Chile (Ruiz et al., 2016); 2014 Mw 8.2 Iquique, Chile (Ledn-Rios et al., 2016); New
Zealand (Anderson and Webb, 1994); Japan (Asano et al., 2011)). This activity might be related to
(1) intraplate deformation due to the bending of the oceanic crust that can causes seismicity in the
subducting slab and/or to (2) the absence of a frontal accretionary prism that allows the locking of
the megathrust to extend up to the trench, causing seismicity, even at shallow depths.

Finally, the presence of subducting seamounts acting as erosional agents, helps to create a scenario
which might promote locking and allow seismicity to extend up to the trench along zones of

weakness activated after large earthquakes.

Deformation in the marine forearc and upper crust

Previous studies by Agurto-Detzel et al. (2019) and Meltzer et al. (2019) have described the
overall deformation caused by the Pedernales earthquake. As we now have developed a robust
minimum 1D model for the area affected by the 2016 mainshock and also manually determined
high precision onset times, we are able to constrain the hypocentral depths in greater detail. We,
therefore, will concentrate our discussion on the offshore area close to Cabo Pasado (see Figure
5.6) and analyze the deformation in the marine forearc and upper crust based on the diverse
seismicity found in this area. The distribution and mechanisms of the 14 calculated RMTs in this
study are superimposed over our event locations in Figure 5.4. Thrusting focal mechanisms from

the gCMT catalogs (Ekstrom et al., 2012) are also shown and highlight the diversity of our
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Figure 5.6: Zoom into the offshore Cabo Pasado area, where the strike-slip seismicity was detected. Red circles
represents the seismicity relocated in the 1D inversion. Blue beach balls are the RMT solutions. Black crosses are the
projection of the crest of the CR derived by Collot et al. (2004). Black solid lines show the Jama Fault System and
its projection off shore from Collot et al. (2004) and Reyes and Michaud (2012), and the scarps in the marine forearc.
Blue and yellow stars are the initial and final position of the Atacames seamounts proposed by Marcaillou et al. (2016).
Grey star shows the epicenter of the 2016 Mw 7.8 Pedernales earthquake. Coseismic slip contour derived by Nocquet
et al. (2017) is indicated in solid yellow line. Inland and seafloor topography from Michaud et al. (2006). Trench data
obtained from Collot et al. (2005). Slab 1.0 km depth contours from Hayes et al. (2012) are shown in gray lines.

obtained solutions.

In profile AA’ we found two events with extensional components (e3 and e27 in Table 5.2)
occurring in the overriding plate. Our RMT solutions agree with the suggestion by Marcaillou
et al. (2016) who proposed that seamounts, part of the Atacames chain, could cause the activation
of normal faults in the marine forearc of the overriding plate. Normal faulting in the marine
forearc has been previously observed in the South American margin (Ruiz et al., 2014), especially
in areas within erosive regime like in central Ecuador, where the overriding plate contains a small
accretionary prism and a fractured, eroded and hydrated wedge that is easy to break.

Across profile BB’, we observed a clear pattern of strike-slip mechanisms distributed along the

marine forearc (near the plate interface) and surrounding the scarps in front of Cabo Pasado. This

48



strike-slip sequence lasted for two days between the 7th and 8th July 2016. Figure 5.6 shows in
detail the distribution of those events. This type of seismic activity in the area has been previously
observed by Vaca et al. (2018) close to La Plata island (~ 1°S).

Reactivation of preexisting normal faults in the upper crust after large megathrust earthquakes has
been recently observed in many subduction zone settings (i.e. Farias et al. (2011); Ryder et al.
(2012); Asano et al. (2011); Kato et al. (2011); Toda and Tsutsumi (2013)). Although normal fault
mechanisms are also detected for the Pedernales aftershock sequence we observe a considerable
amount of strike-slip seismicity that might be related to the following possible causes:

(1) The pattern followed by the strike-slip events is consistent with the projection of the crest
of the CR derived by Pilger (1984) (see Figure 5.6). Around 80 km to the north of the CR,
the forearc was affected by the subduction of the Atacames seamounts (Collot et al., 2005;
Marcaillou et al., 2016) causing deformation on the margin and creating two scarps of 25 to
40 km wide separated by a shallow promontory (Collot et al., 2009) (see Figure 5.6). This
suggests that subduction of the CR beneath the South American plate might create large scale
deformation and reactivate transform faulting in the overriding plate.

(2) The location of the offshore Cabo Pasado seismicity is coincident with a rotational block
system proposed by Daly (1989) that extends along the whole Pedernales segment. This
system was created 45 Ma ago in the Mid-Late Eocene because of the rapid convergence rate
between the Nazca and the South American plates. The interaction of the two convergent
plates plus the presence of a major shear fault could have caused faulting in the forearc
between the trench and the coast, creating several independent blocks in the Pedernales
segment. Rapid changes in the relative velocities of these blocks could have caused both
faults and blocks to have been rotated within the bounding shear zones, generating zones of
strike-slip faulting at the edges of each block. These features remained inactive after the
stabilization of convergence from the Late Miocene (~10 Ma) to the present day. Possible
reactivation of the strike-slip faults might be related to the occurrence of large megathrust
earthquake.

(3) Seismicity is associated with the possible extension offshore of the Jama Fault System (JFS)
that also coincides with the area where the crest of the CR is located. The JFS could be
explained as a large-scale system that was generated to release the stress accumulated by the
interaction between the CCPP fault zone and the convergence margin. Collot et al. (2004)
proposed the JES as an active transcurrent fault that extends offshore which was confirmed by
Hernédndez et al. (2011) and Michaud et al. (2015). It is possible that the occurrence of a large
megathrust earthquake triggered the nucleation of seismicity along this fault.

In our opinion, a combination between hypothesis (1) and (3) is most likely to explain the observed
activity because large-scale strike-slip system as the JFS normally do not extend in one single line
but in several strands, covering an entire region as has been observed inland for the same system. In
addition, the interaction between the CR and the upper crust where the JFS extends might contribute
to the generation of this type of seismicity. These two factors, in addition to a large megathrust
earthquake, such as the 2016 Pedernales event, could have provided the conditions to reactivate a
strike-slip fault in the marine forearc. This offshore feature might have an important role as a barrier
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for large megathrust earthquakes by absorbing the stress released during the reverse coseismic and
transform it into strike-slip displacement (e.g. Collot et al. (2004)).

Whatever the cause is, the occurrence of seismicity associated with the reactivation of a strike-slip
fault in the marine forearc is a remarkable observation. Upper crustal activity, related to normal
faulting has been often documented: e.g. Pichilemu in central Chile (Farias et al., 2011), (Ryder
et al., 2012) and also in Japan (Kato et al., 2011). It is therefore interesting to note that strike-slip
faults can also be reactivated and should, therefore, be mapped in order to update the hazards map

in the region.

5.6 Conclusions

We inferred a minimum 1D model for the Pedernales segment based on the aftershock sequence
(MI > 3.5) of the Mw 7.8 Pedernales earthquake. The velocity structure for both P- and S-phases
was obtained after manually picking 345 events recorded by the permanent Ecuadorian seismic
network and a temporary array that includes more than 70 inland and marine stations installed one
month after the mainshock. P- and S- arrival times from 227 earthquakes with gap < 200°were
inverted with VELEST to obtain absolute velocities, hypocentral locations and station correction
terms.

The obtained minimum 1D velocity model shows a good resolution down to 40 km depth
constrained with the ray paths and the earthquake distribution. The area has an average Vp/V's
ratio of 1.82 which varies with depth that may be related to hydration and serpentinization in the
downgoing plate. The seismicity is distributed in streaks which align perpendicular to the trench.
Cross sections allow us to identify the seismogenic contact between the Nazca and South
American plates. Shallow seismicity was observed in both northern and southern segments of the
rupture area suggesting the activation of faults in the overriding plate. Some of the observed
seismicity reached the trench which suggests the absence of a frontal accretionary prism.

Regional moment tensors were calculated to analyze the source mechanism of some events
offshore. Although the majority of the events show focal mechanisms consistent with the
subduction process, we also observe extensional faulting in the marine forearc that can be
associated to the subduction of already-mapped seamounts. We also found strike-slip faulting
which might be related to the reactivation of a strike-slip structure after the 2016 Mw 7.8
Pedernales earthquake that, in combination with the subduction of the crest of the CR, might
cause the nucleation of the observed seismicity along the marine forearc margin. The observation
of this type of activity suggests the need to reevaluate the geological structures in the marine
forearc and to update the seismic hazard map for this region including the possible scenario of a
large strike-slip event.
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Chapter 6

3D seismic tomography for the Ecuadorian
margin

The minimum 1D model described in the previous chapter was used as the initial reference to
derive a novel three-dimensional velocity structure, at a regional scale, for the Ecuadorian margin.
This chapter provides details about the methods and data used for the 3D inversion together with
the results and interpretations based on the seismotectonic and geological context of the region.
The text presented here is part of the research article:

* 3D local earthquake tomography of the Ecuadorian margin in the source area of the 2016 Mw
7.8 Pedernales earthquake, submitted to Journal of Geophysical Research (Le6n-Rios et al.,
2020)

6.1 State-of-the-art: regional scale velocity models in the

Ecuadorian margin

Although the Ecuadorian margin has been widely studied, there is still no consensus about a
regional scale 3D velocity model, especially for the coastal area and the marine forerarc, where
megathrust earthquakes pose high seismic hazard.

Previous small-scale studies in the Esmeraldas segment (Gailler et al., 2007; Agudelo et al., 2009;
Cano et al., 2014), La Plata island (Gailler et al., 2007) and part of the Carnegie Ridge (CR)
(Sallares et al., 2003, 2005; Graindorge et al., 2004; Gailler et al., 2007) have contributed to our
understanding of the first order characteristics of the physical properties of the margin. On a
regional scale, Font et al. (2013) built a velocity model for the forearc by combining geodynamic,
structural and velocity data, reproducing the slab geometry. Araujo (2016) derived a seismic
velocity model and Moho depth for a larger area based on seismic data from the Ecuadorian
permanent network (RENSIG, (Alvarado et al., 2018)); however, small-scale structures (i.e.,
seamounts) in the forearc region was not resolved. Lynner et al. (2020) and Koch et al. (2020)
used ambient noise and joint ambient noise and receiver function methods, respectively, to image

the coastal forearc but were unable to image the marine forearc.
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Based on the aftershock activity of the 16th April 2016 Pedernales earthquake recorded by our
temporary seismic network, which includes ocean bottom seismometers (OBS) installed along the
trench axis (Ledn-Rios et al., 2019; Meltzer et al., 2019), we derive a novel three-dimensional
velocity model for Vp and Vp/V's together with precise hypocentral locations for the central
coastal area of Ecuador. Local earthquake tomography images the physical properties of the
margin which, together with the regional seismotectonic and geological settings, provide a
descriptive interpretation of the major features involved in the Ecuadorian subduction process.
Our findings highlight a very heteregeneous margin with seamounts and large bathymetric features
within the oceanic crust, but also an overrding plate highly affected by large-scale faults. Finally,
we discuss how these structures might contribute to controlling the seismic activity in the

Ecuadorian margin.

6.2 Dataset

To extend the catalog used to obtain the 1D velocity model (Ledn-Rios et al., 2019), we
incorporated more events from the refined aftershock catalog by Agurto-Detzel et al. (2019).
Seismicity with ML > 2.5, recorded between May and November 2016, and located in the vicinity
(300 x 200 km?) of the temporary network was included in the 3D inversion process. From this
catalog, P- and S-wave arrival times were manually picked using the Seismic Data Explorer
(SDX) software package (http://doree.esc.liv.ac.uk:8080/sdx) that utilizes a modified hypo71
algorithm for the hypocenter location (Lee and Lahr, 1972). As described in chapter 3, we
assigned picking error categories, referred as weights, from O to 4 to describe the quality of the
selected arrival times. Each weight corresponds to the following time uncertainties: Weight 0 (<
0.04 s); Weight 1 (0.04 —0.1 s); Weight 2 (0.1 —-0.2 s); Weight 3 (0.2 —1 s); Weight 4 (> 1 s).
Events were located using the minimum 1D model and correction terms from Ledn-Rios et al.
(2019). Finally, aftershocks with a median azimuthal gap of 123°, SDX location rms < 0.3 and at
least 10 P- and 5 S-onset observations were included in the previous catalog to get a total of 568

earthquakes containing 10628 P-phases and 9134 S-phases.

6.3 Method: local earthquake tomography

Following the procedure detailed by Husen et al. (2000), Haberland et al. (2009) and Hicks et al.
(2014), we performed a series of iterative travel time inversions to obtain Vp, Vp/Vs and
hypocentral locations using SIMULPS (Thurber, 1983; Eberhart-Phillips, 1986; Um and Thurber,
1987; Eberhart-Phillips, 1993; Thurber and Atre, 1993; Thurber and Eberhart-Phillips, 1999). To
compute the velocity and hypocentral solutions, this algorithm performs iterative travel time
inversions within a 3D nodal grid defined by the user. For our inversion, we defined a grid of 200
x 250 x 60 km?® (see Figure Bl in Appendix B) with several nodes organized in profiles
perpendicular to the trench axis. The 1D model velocities (Ledn-Rios et al. (2019); see Figure B2
in Appendix B) reflect the margin structure below a coast reference station located approximately

where northern limit of the CR subducts. To ensure this does not bias our 3D results, we invert for
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Figure 6.1: a) Seismotectonic setting of the study area. Solid blue lines represent the extension of historical earthquakes
in the area. Epicentres of those events are indicated with a black star. Slow slip events, repeating earthquakes
and seismic swarm episodes are also represented by squares, diamonds and circles, respectively. 2016 Pedernales
earthquake is shown including its epicentre (yellow star), cosesimic slip by Nocquet et al. (2017) (solid green line)
and focal mechanism (green beach ball). Distribution of the interseismic coupling by Nocquet et al. (2014). Chingual-
Cosanga-Pallatanga-Puna fault (CCPP) that created the North Andean Sliver (NAS) is represented by a segmented
line. b) Geological context and recording network. Main formations, sedimentary basins and faults mapped by Reyes
and Michaud (2012) are displayed by coloring forms and solid black lines. Offshore, residual bathymetry derived
by Agurto-Detzel et al. (2019) is shown in solid black line. Permanent Ecuadorian network (RENSIG, Alvarado
et al. (2018)) and emergency deployment (Meltzer et al., 2019) are shown in orange and lightblue inverted triangles,
respectively. Profiles, P1-P10, discussed in this work are plotted in solid red line.

two 2D models to represent the primary subducting structure north and south of the equator. We
then merge these models to create a 3D starting model, but we also smooth/combine the two
models to make a single 2D cross-section representing the subducting lithosphere, which is then
itself extended along-strike to make a 3D starting model. Both 3D starting models are tested for
inversion. For all stages, damping values were derived by analyzing trade-off curves (see Figure
B3 in Appendix B). P-wave velocities were initially calculated and then used as input to perform
the Vp/Vs inversion. Also, we applied a smoothing technique to improve our lateral resolution
(Haberland et al., 2009; Hicks et al., 2014). A detailed description of each step is given in the
following sections. Finally, the precise hypocentral locations and their corresponding arrival times
resulting from the 2D inversions, were merged and subsequently inverted using a smooth 2D
initial model projected over a grid that included more nodes to increase resolution along strike (see
Supplementary Material B1 in Appendix A). Here, a damping curve was also calculated to obtain

our final 3D velocity model. A detailed description of each step is given in the following sections.
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Damping Model VAR Localization VAR RMS
#events P-phases S-phases Total phases

Vp Vp/Vs Vp Vp/Vs Vp Vp/Vs Vp Vp/Vs

1D* 229 4939 3931 8870 - - - - - 0.33  0.30
North 317 5479 4559 10038 500 800 0.1959  0.2080 0.08 0.09 028 031
South 232 4821 4128 8949 500 2000  0.2002 0.1705 0.09 0.08 030  0.28
3D - 568 10628 9134 19762 1200 1200  0.2632 0.2192 0.10 0.09 032  0.30

Table 6.1: Summary of number of events, P-and S-phases, damping values and variance for the model and the relocated
aftershocks for each step towards the three-dimensional model calculation. (*) As the 1D model was obtained using a

different program, damping values were not included.

6.3.1 Two-dimensional modeling

To obtain the 2D velocity model (2DVM), we extended our minimum 1D model Ledén-Rios et al.
(2019) in a 2D grid with a minimum lateral spacing of 15 km to resolve velocity structure in west-
east direction. In depth, we used the layers of the reference 1D model (see Figure B2 in Appendix
B) to set the nodes separation. Distance between nodes varies from 2.5 km at shallower layers to
10 km at greater depths (see Figure B1 in Appendix B). To have a better constraint of the area, with
a seismicity better distributed and a large amount of P- and S-onsets, we increased the number of
events in the 1D catalog Le6n-Rios et al. (2019) from 227 to 549 earthquakes (>10 P-onsets, >5
S-onsets and gap <210° (Haberland et al., 2009; Hicks et al., 2014); see Table 6.1). The structural
differences between areas located north and south to the equator forced us to split the calculation in
two sections to obtain robust earthquake locations in this initial stage. For the inversion to the north
(2D-N), we used 317 events with 5479 P- and 4559 S-onset phases (see Table 6.1). For the south
section (2D-S), a total of 232 aftershocks containing 4821 P- and 4128 S-onset phases were used.
Several damping values were tested, as described in Eberhart-Phillips (1986), to select the best
one to perform the inversions (see Figure B3 in Appendix B). A rough 2D model was calculated
and used as input for the following inversions. For both north and south sections, we applied a
smoothing technique (Haberland et al., 2009; Collings et al., 2012; Hicks et al., 2014) by shifting
nodes by a third of the minimum spacing to improve our lateral resolution. The resulting averaged

V'p model was used as the new starting model to invert for Vp/Vs.

6.3.2 Three-dimensional modeling

Using the results from the previous stage, we continued to calculate a 3D velocity model (3DVM).
We added 19 more events (M1 >2.5 and gap <230°) that filled blank spaces left in the 2D modeling.
In total, we inverted 568 earthquakes with 10628 P- and 9134 S-phases (see Table 6.1). The nodes
distribution for this stage is shown in Figure B1 in Appendix B. The 3D grid comprises 11 profiles
distributed in a volume with a minimum spacing, of 15 km, 20 km and 2.5 km, for the x (east), y
(north) and z (down) axis, respectively. With this setting, we incorporated 2D-N and 2D-S arrival
times and estimated the optimal damping values (see Figure B3 in Appendix B). Our preferred
solution avoids along strike smearing by performing the Vp inversion over a smooth 2D initial
model extended along the described grid (see Figure B4 in Appendix B). Subsequently, we inverted
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for Vp/V s ratios following the same procedure conducted for the 2D modeling.

6.4 Resolution

Although the setting of our amphibious experiment ensures a good coverage for recording the
aftershocks, the irregular distribution of both stations and earthquakes raises the problem of
resolution heterogenity within the 3D volume. To identify areas that are well resolved and to
distinguish them for areas that are poorly resolved, we inspected critical parameters from the
model resolution matrix and also conducted checkerboard tests. Finally, to estimate the standard
deviation and analyze the restoring capability of our 3D model, we performed bootstrap and

synthetic recovery tests.

6.4.1 Model resolution matrix (MRM)

We investigated in detail the MRM to provide insights on how well resolved the model parameters
(seismic velocities) are. By taking the ratio between off-diagonal and diagonal elements of the
MRM, we derived the spread function (SF, Toomey and Foulger (1989)) helping to identify areas
with good and poor ray coverage. We also inspected the size and orientation of the smearing by
contouring the 70% value of the diagonal elements at each row of the MRM (eg. Haberland et al.
(2009); Collings et al. (2012); Hicks et al. (2014)). In general, large diagonal elements of the MRM,
small SF and rounded 70% contour lines around the grid node are related to well resolved areas.
Cross sections in Figure 6.2 and 6.3 show the resolution of our 2DVM and 3DVM for both Vp
and Vp/V's. We consider well recovered areas when the SF is <65% of its maximum value (eg.
Haberland et al. (2009); Collings et al. (2012); Hicks et al. (2014)). The 2DVM show a well
resolved Vp in both, north and south, segments. The Vp/V's ratios show a less constrained area,
mainly because of reduction on the number of S-phase onsets.

For our 3DVM, Figure 6.3 shows a representative sample for the inverted profiles (see Figures B5
and B6 in Appendix B for MRM in all profiles). From north to south, we observed how the central
profiles area better resolved. At ~1°N, in profile 1, the lack of seismicity and data from OBS at this
latitude confines the resolution contour to an area with data coming from a seismic cluster in the
upper crust. In contrast, the rest of the profiles show wider resolution contours. In terms of MRM,
the small SF and rounded-like shape of the 70% resolution kernels indicate well resolved areas.
Although some areas in the marine forearc can show lateral smearing (P5-P6, see Figures B5 and
B6 in Appendix B), it is important to highlight how the resolved areas were increased trenchward
thanks to the presence of the OBS distributed offshore. The portion of the marine forearc devoid
of OBSs (P1) is not resolved at shallow depths (<5-7 km). For Vp/V s (Figure 6.3), the resolution
contours are smaller due to the number of S-phases detected; however, we were able to resolve
the central part in all of them. In terms of smearing, we see a transition in the shape of the 70%
resolution kernels that goes from small in the central part (around O km in the x-axis) to large-
elongated shape near the edges limiting the resolution in these areas (see Figures B5 and B6 in
Appendix B).
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Figure 6.2: 2D model resolution matrix (MRM). Resolution contour estimation for the 2D Vp and Vp/V s models in
the north and south segments. Based on the MRM analysis, calculation of the spread function is displayed in a red/blue
scale. Green lines show the 70% contour for the diagonal elements of the MRM.

6.4.2 Checkerboard test

To analyze the resolution capability of our dataset we evaluate synthetic reconstruction tests. A
classical tool to explore this matter is by performing a checkerboard test (Spakman and Nolet,
1988). This type of analysis helps us to estimate how well resolved are different sizes of anomalies
in our model and how well amplitudes are recovered. Synthetic travel times were calculated using
the observations from our final 3D inversion over an alternating pattern of positive and negative
anomalies of 5% of the inverted model. Different sizes of anomalies (15 km and 30 km) were
tested. Then, the inversion method was applied to recover the original structure. Finally, we
evaluated the agreements (dv) between the anomalies in the initial and final models to assess the
resolution capability of our dataset. Anomalies of 30 km wide (see Figures 6.4 and B7) show well
recovered velocities (dv ~5%) down to ~40 km depth. Lateral and vertical extension of the
recovered anomalies show a recovery <2% deeper and on the edges of the profiles. For small-scale
perturbations (15 km), areas of good recovery are similar to those from larger anomalies, showing
a reduction of recovered velocities (dv <2%) when deeper than ~30km. We observe a reduction in
the recovering capacity in P1 where the lack of seismicity limits the resolution only to a small
region at shallower depths (<20 km) below the coastline. P2 shows a good recovery reaching
dv ~4% in its central region although the edges still show the effects of reduced seismicity.
Profiles P4-P8 are well recovered (dv ~5%) in the central areas, reaching good resolution up to
the trench. Finally, the southermost profile P10 also shows well recovered areas although the

reduced seismicity in that region limits the in-depth restoring capacity to <2% down to 20 km.

6.4.3 Synthetic recovery test

We also performed synthetic restoring tests to assess the imaging capability of the 3DVM. We

focused on the analysis of a subducting seamount shaped with a low V' p anomaly and located close
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Figure 6.3: 3D model resolution matrix (MRM). Resolution contour estimation for the 3D Vp and Vp/V's along
representative profiles for the northern, central and southern parts of the area of study. Based on the MRM analysis,
calculation of the spread function is shown by a red/blue scale. Green ellipses show the 70% contour for the diagonal

elements of the MRM. See text for further information.

to the trench in profiles P4 and P5. The synthetic model also includes a low V'p feature at ~20 km
depth, located in P7 (see Figures 6.4c and BS8). Synthetic travel times were computed as described
above and subsequently inverted over the 2D initial model. Profiles where the low Vp anomalies
were included recovered similar shapes and values. We observe that P4 is more likely to restore the
low V'p by getting values ~5 km/s down to 5 km depth. PS5 restored reduced velocities (~5.5 km/s)
with the tested V' p=5 km/s anomaly observed only with a small size (see Figure B8 in Appendix B).
In terms of the low V' p anomaly at ~20 km depth in profile P7, the model can recover the anomaly
although with a reduced amplitude. Figure 6.4c shows profiles P4 and P7 for this test while Figure
B8 in Appendix B presents the recovered velocities for the central profiles (P3-P8).

To check the influence of the initial model on our obtained Vp velocities, especially for the slab
crust at depth >30 km, we conducted a second synthetic test based on the 2D-N Vp model. The
2D-N model, with a low Vp feature near the trench and without plunging slab crust deeper than
the upper plate's Moho, was projected along all grid nodes and synthetic arrival times were
calculated. Similar to the previous test, arrival times were subsequently inverted over a smooth
initial model (see Figure B9 in Appendix B). In general, the recovered velocities agree with the
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Figure 6.4: Synthetic recovery tests. Checkerboard test for a) small, 15km and b) medium, 30 km anomalies. Top
image show the input model comprised by alternated positive and negative anomalies of +5% of the inverted model.
Bottom images show the recovered velocities along representative profiles for the northern, central and southern
segments in our region of interest. ¢) Restoring test for a synthetic model that includes a seamount represented by
alow Vp (5.0 km/s) anomaly added in P4 and a low Vp anomaly (5.5 km/s) at 20 km depth in P7. The initial model
for the inversion is shown in the central panel. Lower panels show the restored velocites in P4 and P7. See Figure B7,
B8 and B9 in Appendix B for the full profiles and further tests.

initial 2D-N model, with major features present in almost all profiles. However, this test highlights
the segmentation of the margin by showing how the restored model varies as we move south.
Close to the trench, we observe how the low V'p anomaly disappears in P5-P6, to then reappears in
P7 and P8 but with a broader and deeper extension.

To further analyze possible artifacts and check the robustness for our final model, we computed a
3D inversion based on the merged 2D-N and 2D-S models. The inversion followed same procedure
described for our staggered 3D inversion. Results for this inversion are shown in Figures B10
and B11, in Appendix B, for horizontal and vertical slices, respectively. In general, the velocities
imaged by the merged 2D-N and 2D-S models are similar to those obtained by the smooth initial
model. Main features at the surface are well resolved; however, along strike smearing is observed,
especially for the features close to the trench. This suggest that the merged modeling strategy can
add possible artifacts to the inversion and confirms the robustness of our 3D model based on high

quality arrival times inverted over a smooth initial 2D model.

6.4.4 Bootstrap

A last sensitivity test was performed to estimate the standard deviation for the obtained velocities.
We conducted a bootstrap test by creating a subset of data comprising 80% of the actual catalog
which was subsequently inverted. Aftershocks included in the tested catalog were randomly

selected and the inversion parameters were the same as the descibed for the 3D velocity model.
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We repeated this process 100 times and calculated the standard deviation at each node of the grid
(see Figure B12 in Appendix B). Finally, the overall mean value was calculated to estimate the
error of our obtained Vp and Vp/V's models. Maximum estimated standard deviation for Vp is
~0.3 km/s and ~0.01 for Vp/Vs.

6.5 Results

The 2DVM and 3DVM highlight the main structural features for the central Ecuadorian subduction
zone. Based on the inspections of both, SF and checkerboard tests, we estimated regions with good
resolution that, in general, extend ~130 eastward from the trench axis. In depth, we can resolve
velocities down to ~35 km. The following sections describe the results shown in Figures 6.5, 6.6,
6.7, 6.8 and 6.9. Cross sections were produced for 2DVM and 3DVM (see Figures 6.5, 6.8 and 6.9).
We used slab1.0 (Hayes et al., 2012) as a reference the interface at depths greater than 15 km and
modified the shallower part by using the trench location from (Collot et al., 2005) and our obtained
aftershock distribution. Also, horizontal slices for Vp and Vp/V's were taken at 2, 5, 10 and 20 km
depth to observe velocity changes in depth (see Figures 6.6 and 6.7). The margin shows Vp/V's
ratios ranging from 1.74 to 1.94 in agreement with Hyndman (1979) and Christensen (1996, 2004)
that suggested typical Vp/V s values in the upper oceanic crust of 1.78 to 2.11 depending on the

percentage of serpentine, fluids or lithology.

6.5.1 Two-dimensional velocity models

From the resulting 2DVM, we can identify first order features in both, north and south, segments.
Figure 6.5 shows cross sections for Vp and Vp/V's where the V' p=7.5 km/s isocontour images the
geometry of the crustal part of the downgoing plate. We also observed elevated Vp/V s ratios
(~1.90) close to the trench. In the overriding plate, velocity anomalies correspond to major
geological structures, such as basins, faults and geological formations distributed along the
margin. North and south profiles in Figure 6.5 show prominent low V' p anomalies (~4 km/s) and
alternated distribution of Vp/V's ratios, with low (~1.75) and high (~1.90) values, extending
eastward at shallow depths. Geological features associated with these anomalies have been
mapped at the surface by Reyes and Michaud (2012) and will be discussed later. Finally, in terms
of seismicity, we observe that most of the aftershocks are located along the slab interface.
However, we observe a change from a more interface-aligned organization of aftershocks in the

north to a more disperse distribution of events in the south.

6.5.2 Three-dimensional velocity model

Figures 6.6, 6.7, 6.8 and 6.9 show our resulting Vp and Vp/V's 3DVM together with the relocated
seismicity, displayed in horizontal slices and cross sections, respectively. At shallow depths (z=2
km and z=5 km, see Figure 6.6), we imaged a prominent elongated N-S feature (~30 x 150 km)
along the coast, having V'p ranging from ~ 5.0 km/s to ~ 5.5 km/s. We also observe low velocites
(Vp~4.5 km/s) south and east of the high Vp anomaly, suggesting a high velocity contrast at
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Figure 6.5: 2D velocity model. Two-dimensional models for both north (top) and south (bottom), Vp (left) and Vip/V's (right). Velocities and Vp/V s ratios are color coded and
iso-contours are plotted every 0.5 km/s and 0.05 for Vp and Vp/V's, respectively. Also, based on resolution estimated by the MRM and checkerboard test, results for non resolved
areas are shown faded or blank. Relocated hypocenters are plotted in black circles, and grid nodes are shown in black crosses. Yellow star in north, Vp and Vp/V's, profiles indicates
the hypocenter for the 2016 Pedernales earthquake (Nocquet et al., 2017). Solid black triangles represent the projection of the trench and coastline. Finally, inverted triangles are the

stations contained on each profile.
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shallow depths in the area. At the same depth (z=2 and z=5 km), high and low Vp/Vs ratio
anomalies(>1.85 and <1.80) are observed at the location of the high and low V'p regions.

Cross sections in Figures 6.8 and 6.9 image in detail the uppermost part of the subducting oceanic
Nazca plate. By comparing the depth of the Vp 7.2-7.5 km/s iso-contour at ~20 km eastward of
the trench, we observe a thick crust ~15 km which is consistent with previous observations for
the Nazca plate thickness (Sallares et al., 2003; Gailler et al., 2007; Cano et al., 2014). In terms
of Vp/V s ratios, we find values ~1.90 close to the trench in profiles P2-P9 (see Figures 6.8 and
6.9). Close to the trench, a prominent low V' p anomaly (~5.5 km/s) is observed in the oceanic
crust. Horizontal slices at z=10 km, in Figure 6.6, show the along strike extension where three low
V'p patches are illuminated. Moreover, a detailed inspection of the cross sections (see Figures 6.8
and 6.9), show a prominent low Vp feature of ~20 km in P4. Also, this low V'p anomaly shows
a broader extension to the south from P5-P9. In terms of Vp/V's, it is also possible to observe a
N-S variation in the area where the low V'p anomaly is described. We image V' p/V s ratios ~1.75
in P4-P5 that change to ~1.85 from P6-P9 close to the trench.

Finally, from the relocated aftershocks displayed in vertical and horizontal profiles, we observe
a clustered distribution mainly organized along the slab interface, as described by Agurto-Detzel
et al. (2019), Meltzer et al. (2019) and Soto-Cordero et al. (2020) but also at shallower depths (<20
km) in the upper crust as discussed by Hoskins et al. (2018) and Ledn-Rios et al. (2019). We found
a group of seismicity in profile P1 that corresponds to the Esmeraldas activity occurred in July
2016.

Cross sections in profiles P2-P5 show the seismicity mostly aligned along the slab interface at
depths > 15 km. In contrast, close to the trench in P4, we observe a prominent sub-vertical
organization of events showing a depth range between 5 to 10 km. Aftershocks in profiles P6-P7
appear with a more disperse distribution. However, it is still possible to identify some clusters of
earthquakes lying close to the trench (~10-15 km depth). P8 shows clustered activity in the
oceanic crust, located ~10-15 km east from the trench. Finally, in profiles P9 and P10, the
observed seismicity reduces significantly with a few events in the slab interface, and also clustered
activity in the upper crust with a vertical distribution occurring at shallower depths (~10-15 km)
in P9.

6.6 Interpretation and discussion

Upper plate crust (UC)

P-wave velocities in the UC can be associated with geological structures described by Reyes and
Michaud (2012) and showed in Figure 6.1. Observations from horizontal slices at shallow depths
(z=2 and z=5 km) are labeled in Figure 6.6 relating the high V'p (~5.5 km/s) feature to outcrops of
the Pifion formation (P). The same structure is well imaged in V' p/V's profiles P4-P6 in Figures
6.8 and 6.9. This formation is clearly imaged by relatively low Vp/V's ratios (1.75-1.80)
distributed along the coastline between 0.5°S and ~0.1°N, and it is part of the oceanic terranes in
the overriding plate (Reynaud et al., 1999; Luzieux et al., 2006; Reyes and Michaud, 2012). We
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Figure 6.6: 3D velocity model, horizontal slices at 2 km and 5 km depth. Vp (left) and V' p/V s (right) horizontal slices
at 2, 5, 10 and 20 km depth. Velocities and Vp/V s ratios are color coded and iso-contours are plotted every 0.5 km/s
and 0.05 for Vp and Vp/V s, respectively. Also, based on resolution estimated by the MRM and checkerboard test,
results for non resolved areas are blank. For reference, name of the mentioned cities in text are shown in the 2 km depth
Vp/V s slice. Profile and grid nodes locations are displayed by solid line and crosses, respectively. P: Pifion formation,
M: Manabi basin, MJ: Manta-Jama basin and SL: San Lorenzo block.

can estimate its lateral extent up to ~25 km. In contrast, at 2 km depth, we observe an elongated
N-S orientated low Vp (~4 km/s) body that extends southward. This feature can be associated
with the northern part of a sedimentary basin, namely the Manabi basin (M; Reyes and Michaud
(2012)). The Manabi basin is well identified by a large scale (~80 km x 27 km) NNE high Vp/V's
(1.85-1.90) anomaly associated to non-consolidated and hydrated rocks. We also imaged what
might be the basin depocenter by identifying a region of reduced Vp (~4.5 km/s) and elevated
ratios (~1.85) down to 5 km depth (see Figure 6.6).

64



T T -1
-81 -80

VP (kms) [ IEEE——— MG

4 5 6 7 8 168 172 176 180 1.84 188 1.92

Figure 6.7: 3D velocity model, horizontal slices at 10 km and 20 km depth. Vp (left) and Vp/V's (right) horizontal
slices at 2, 5, 10 and 20 km depth. For reference, name of the mentioned cities in text are shown in the 2 km depth
Vp/Vs slice. Profile and grid nodes locations are displayed by solid line and crosses, respectively. See caption in
Figure 6.6 for more details.

The Manabi basin is a large structure that extends for about 200 km along strike and its north-east
boundary is controlled by the Jama Fault System (JFS) which separates the basin from the
Cretaceous Pifion formation. The contrasted nature of these formations could be related to the
high constrast imaged in the horizontal slices of both Vp and Vp/V's models. This fact has been
previously described based on station correction terms from our derived 1D velocity model
(Le6n-Rios et al., 2019). Moreover, Vp/V's cross sections P4-P7 (see Figures 6.8 and 6.9)
highlighted this contrast of V' p/V s ratios, around 100 km eastward from the trench, up to 5-10 km
depth. Collot et al. (2004) and Michaud et al. (2015) have suggested that the JFS extends offshore
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Figure 6.8: 3D velocity model, cross sections P1-P5. Three-dimensional models for both Vp (left) and Vip/V's (right)
along W-E profiles. Velocities and Vp/V s ratios are color coded and iso-contours are plotted every 0.5 km/s and 0.05
for Vip and Vp/V's, respectively. Also, based on resolution estimated by the MRM and checkerboard test, results
for non resolved areas are faded. Location of the profiles is shown in Figures 6.6 and 6.7. Width for projection of
hypocenters and stations is 22 km. Relocated hypocenters are plotted in black circles, and stations are shown by
inverted triangles. Grid nodes are displayed in black crosses and solid black triangles represent the projection of the
trench and coastline. Finally, yellow star in P3 indicates the hypocenter for the 2016 Pedernales earthquake (Nocquet
et al., 2017).

forming an active flower-like fault structure in the marine forearc; however, our model does not
show clear evidence to support that hypothesis. Southermost profiles P9 and P10 image reduced
ratios covering a large area in the overrding plate. These anomalies can be associated with the San
Lorenzo formation (SL —Figure 6.6) mapped by (Reyes and Michaud, 2012) and also observed by
Lynner et al. (2020) and Koch et al. (2020).

Iso-velocity contours of Vp ~6.0-6.2 km/s in cross sections (see Figures 6.8 and 6.9) also
contribute to imaging a transtion zone in the marine forearc at depth above the interplate, which
separates a wide deformed, eroded and fractured trenchward region of accreted oceanic
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Figure 6.9: 3D velocity model, cross sections P6-P10. Three-dimensional models for both Vp (left) and Vp/V s (right)
along W-E profiles. Based on resolution estimated by the MRM and checkerboard test, results for non resolved areas
are faded. Relocated hypocenters are plotted in black circles, and stations are shown by inverted triangles. Grid nodes
are displayed in black crosses and solid black triangles represent the projection of the trench and coastline. See Figure
6.8 for further details.

Cretaceous rocks, with Vp ~5.5 km/s, from a deeper more consolidated, less deformed and more
mechanically resistant area to the east (V' p>6 km/s and depth > 7 km; Gailler et al. (2007); Cano
et al. (2014)). Following this iso-velocity contours (V' p ~6.0-6.2 km/s) along the vertical sections
(see Figures 6.8 and 6.9), we observe that in profiles P3-P5, the transition zone is located between
50 to 60 km eastward of the trench and might be related to the west limit of the Pifion formation
imaged at shallower depths by reduced Vp/V s ratios (~1.75). As suggested by Wang and Bilek
(2011) and Marcaillou et al. (2016), this possible highly damaged frontal zone can prevent seismic
rupture to nucleate at shallow depths on the megathrust fault. The eastern limit of this frontal
domain could indicate a major feature controlling the up-dip rupture extension of
moderate-magnitude megathrust earthquakes such as the Mw 7.8 in 1942 and the Mw 7.8 in 2016
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occurring on the deeper portion of the fault. Similar behavior has been proposed by Cano et al.
(2014) for the northern Esmeraldas region and the Mw 7.7 earthquake in 1958 (see Figure 6.1). As
the ~50-60 km wide low velocity wedge is directly affected by the subducting plate and the
possible frontal erosion caused by the incoming topography (Dominguez et al., 1998; von Huene
et al., 2000; Sage et al., 2006), it is expected that the accreted volcanic rocks that shaped the
oceanic terranes in the outermost forearc on this region are fluid-saturated, altered and
disaggregated (Contreras-Reyes et al., 2012; Cano et al., 2014; Marcaillou et al., 2016). Finally,
towards southern profiles (P6-P8), the described transition zone reduces its extension to less than
40 km (at ~10 km depth) leading to a margin with V'p ~6 km/s, consistent with the observations
made by Gailler et al. (2007).

Subducting Oceanic Lithosphere

In general, as it is shown in Figures 6.8 and 6.9, V'p velocities resulting from our 3DVM image a
predominant area of Vp ~4.5-7.5 km/s dipping eastward associated to mid oceanic ridge basalts
(MORB) and basaltic lavas formed at a spreading center that compose the oceanic crust (White
et al., 1992), but also to serpentinized rocks that contribute to reduce V'p values (Marcaillou et al.,
2008). Because of inherent limitations of our dataset and model, with in-depth grid node spacing
of 5 km (down to 30 km depth), we cannot assess an exact value for the oceanic crustal thickness.
Considering the iso-velocity contour of Vp 7.5 km/s that mimics the Moho, we have some insights
on the downgoing plate characteristics. On average, we observe no significant changes in oceanic
crustal thickness that appears to be around 15 km (see Figure B13). An abnormally thick oceanic
crust has been previously observed by marine seismic experiments (Sallares et al., 2003, 2005;
Gailler et al., 2007) in the area that is related to the presence of the CR. Our tomography shows
similar velocites for the upper crust from previous studies (Sallares et al., 2005; Graindorge et al.,
2004) and the presence of the CR is on all profiles where the base of the oceanic crust is resolved
from P3-P9, highlighting its extension under the margin. The CR resulted from the cooling of
mantle melted material originated ~15-20 Myr B.P. by the interaction between the Galapagos hot
spot and the Cocos-Nazca spreading center (Lonsdale, 1978; Sallares et al., 2003; Gailler et al.,
2007), adding material to the lower layers of the oceanic crust and shifting the Moho location
to greater depths (see z=20 km in Figure 6.7, Figure 6.8 and 6.9). Furthermore, looking at the
along strike variations of the 7.5 km/s iso-velocity contour on profiles P4 to P7 (see Figure B13
in Appendix B), the flattening of the contour at ~40 km from the trench shows a thinning of the
downgoing crust that could be interpreted as the eastern border of the CR or strong variations of
the CR structure (see Figure 6.10). If indeed we observe the eastern border of the CR, it seems to
be close to the coast, not having reached it yet. This position of the eastern border of the CR is
consistent with the extension of the Malpelo ridge, as both were part of the same ridge (Lonsdale,
1978). Such interpretation implies a prior process that resulted in the coastal Cordillera uplift such
as stripping events at the base of the forearc crust (Menant et al., 2020) and/or deep slab folding at
depth (Cerpa et al., 2015).

In terms of Vp/V's, we image elevated ratios of ~1.85 dipping eastward, close to the trench. This

feature is intersected with Vp/V's ratios ~1.80 related to the oceanic terranes (see profiles P3-P5
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in Figure 6.8). We observe differences in the V' p/V s ratios betweeen north (P2-P5) and south (P6-
P10) segments along the downgoing plate. The CR shows high V' p/V s ratio anomaly (>1.85) that
changes to normal oceanic values when the slab reaches 10 km depth (P6-P10), associated with
seismicity on P7-P9. To the north, this feature seems affected by the low V'p anomaly observed on
P4-P5, and shows a low Vp/V s value.

Elevated Vp/V s close to the trench

Our 2DVM (see Figure 6.5) shows for the north and south segments elevated Vp/V s ratio contours
(>1.85), illuminating the subducting oceanic crust close to the trench. However, both profiles
reached values > 1.90 indicating a highly hydrated region. More in detail, the 3DVM helps us
to identify the areas where these highs in Vp/V's ratio are located. Horizontal slices, at z=5 km,
in Figure 6.6, show two small patches of Vp/V's ~1.85 located at 0°and 0.5°N. Similarly, slice
at z=10 km (see Figure 6.7) imaged two N-S elongated anomalies of elevated ratios (>1.85) that
extend for ~50 km in the north, and ~100 km in the south, respectively. High Vp/V's ratios
along the trench axis have been observed along other subduction zones (e.g. northeastern Japan
(Nakajima et al., 2001), central Chile (Haberland et al., 2009; Hicks et al., 2014) and Costa Rica
(Bangs et al., 2015). This feature is associated with the lithology of the oceanic crust, the presence
of fluids from dehydrating subducted sediments (Husen et al., 2000), and hydrated oceanic crust
with extensional faults formed before subduction in the outer-rise (von Huene et al., 2004). The
central Ecuadorian subduction zone has been described as an erosive margin with a low input of
sediments (Collot et al., 2002; Gailler et al., 2007; Marcaillou et al., 2016), and therefore other
mechanisms explaining the elevated V' p/V s along the trench are needed. Cross sections P4-P5, in
Figure 6.8, suggest a positive relation between subducting topography and elevated V'p/V s ratios
(>1.85) on the edges of these features. Moreover, the seismicity distributed with a sub-vertical
disposition of ~10 km length inside the oceanic crust gives us insights about possible deformed
and fractured areas caused either by the collision of bathymetric features with the overriding plate
and/or the reactivation of extensional faults on the Nazca plate, created by the outer rise bending
prior subducting (Von Huene and Culotta, 1989; von Huene et al., 2004). In Figure 6.10, we
suggest that the high ratios imaged by our V' p/V's model are also associated to the subduction of
bathymetric features, such as the Atacames seamounts, which cause deformation and generation of
weakness areas close to the trench. This process contributes to have high rates of fluids migration
by increasing the porosity and permeability on both plates involved. On the other hand, the broader
extension of elevated Vp/V s ratios >1.85 in the southern segment (P6-P10) are mainly related to
the presence of the CR and its sharp topography (see Figure B14). This bathymetric feature and the
previously mentioned outer rise bending contribute to a pervasively fractured and highly hydrated

oceanic crust.

Low velocities in the oceanic crust

Our 3DVM illuminates a highly heterogeneous margin which is largely affected by the presence of

topographic features on the seafloor. Horizontal slices at z=10 km (see Figure 6.7) show a
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prominent elongated N-S feature with V'p ~5.5 km/s located ~10 km eastward of the trench axis.
Restoring and inversion tests (see Figures B8, B9, B10 and B11 in Appendix B) support the
robustness of this intriguing feature. Moreover, the inspection of the MRM along strike (see
Figure B15) show small SF and rounded 70% contour lines indicating a reduced along strike
smearing and therefore a well resolved area. The along strike length of this anomaly (~130 km) is
consistent with the incoming bathymetric structures in the area (see Figure B14). Moreover, lower
Vp (~5.0 km/s) anomalies are confined to smaller areas in P4, P6-P7 and P9. These observations
can be complemented by collocating the observed Vp to the imaged Vp/V's ratios. Horizontal
slices in Figures 6.6 and 6.7 allow us to estimate the dimension of the observed features by
imaging a rounded, ~15 x 25 km?2 (at z=10 km), relatively low V'p/V s ratios anomalies (~1.80),
located around P4.

Cross sections in Figure 6.8 and 6.9 help us to discuss the in-depth extension of the observed
anomalies. Here we focus on P4 which shows a promiment low Vp body (~5.0-5.5 km/s) at ~20
km from the trench that it is flanked by two areas Vp ~6.0 km/s on the sides. This feature agrees
in shape and location with the observations described by Marcaillou et al. (2016) who estimated a
~2.5 km high seamount through an active seismic experiment. It also matches with the residual
bathymetry derived by Agurto-Detzel et al. (2019) (see Figure B14). Therefore, we interpret the
observed low Vp anomaly as a seamount coming from the Atacames seamount chain, in the
northern edge of the CR (P4, V' p ~5.0 km/s) surrounded by Vp ~5.5 km/s that could be related to
possible thermal anomalies associated to the origin of these structures and/or possible
serpentinization as observed farther north by Marcaillou et al. (2008).

The seismicity distribution also contributes to reinforce our interpretation. In P4 (see Figure 6.8),
we observe two vertical clusters of aftershocks suggesting that the flanks of the seamount are under
a high stress regime promoting faulting and seismic stress release. The clustered seismicity allows
us to estimate a ~15-20 km lateral extension of this feature.

In relation to the origin of the observed low velocities, studies in young seamounts have shown
that it is possible to observe low Vp in its structure (eg. Caplan-Auerbach and Duennebier (2001);
Kopp et al. (2004)). In the case of the Ecuadorian margin, it has been estimated that the Atacames
seamounts were created around ~15-20 Myr ago in the Galapagos hot-spot (Lonsdale, 1978;
Sallares et al., 2003) which fits with the young age hypothesis. Moreover, the erosive margin
might have contributed to increasing the pressure along the seamount axis creating weaker areas in
its base leading to the observed reduced velocities.

Further south, the negative relation between low V' p (~5.5 km/s) and high V'p/V's (~1.85) suggest
a different interpretation for this segment. Between P6-P8, we observe a broader low Vp (~5.5
km/s) anomaly that might correspond to material of the CR. Moreover, the elevated V'p/V s ratios
(~1.85) imaged along P6-P10 might point to a deeply fractured and highly hydrated incoming CR.

Structures controlling the seismicity

Figures 6.6, 6.7, 6.8 and 6.9 show the distribution of the seismicity contrasted by the Vpand Vp/V's
3DVM. Although, most of the relocated aftershocks are distributed along the plate interface, we

identified several clusters of seismicity that can be related to structural features imaged by our 3D
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Figure 6.10: Interpretative scheme of the Ecuadorian margin. Structural synthesis based on the main findings of this
work around profile P4. UC: upper crust, OC: oceanic crust, OM: oceanic mantle, JFS: Jama fault system, with strike-
slip displacement indicated by the dot and cross. Transition betweeen the marine wedge and continental basement is
indicated by a master fault represented by a solid black line dipping trenchward. Vp velocities at P4 are projected
on the front side of the image. Hypocenters are shown in circles. Black triangles represent the trench axis and the
coastline. Inverted triangles indicate station locations. Yellow star represents the epicentre of the 2016 Pedernales
earthquake (Nocquet et al., 2017). Vertical scale exaggeration 1:1.5.

velocity model.

As we mentioned before, between latitudes ~1°N and ~2°S, the Atacames seamounts and the CR
contribute to increase deformation and therefore to create and/or reactivate extensional faults in
the Nazca plate. This process, plus the bending of the plate prior subducting that causes
extensional faulting, facilitates the occurrence of clustered seismicity along small-scale faults in
the oceanic crust (see Figure 6.10). In the case of the Atacames seamounts, its influence on the
Ecuadorian margin can be observed in the bathymetry of the marine forearc (von Huene et al.,
2004; Collot et al., 2005; Barnes et al., 2010; Marcaillou et al., 2016), and also inferred by the
seismicity detected at shallow depths in the marine eroded wedge suggesting a highly fractured
region. Subducted seamounts can also act as asperities/barriers at greater depths (>15 km)
contributing to the nucleation and/or stop of intermediate-magnitude (M 7.5-8.0, Bilek et al.
(2003)) megathrust earthquakes (Watts et al., 2010; Wang and Bilek, 2011).

The CR seems to be the main feature controlling the seismicity in the margin between P3-P10.
Several studies have suggested that ridges may act aseismically and/or promote creep on the
megathrust fault accompanied with small events (eg. Wang and Bilek (2014)). For the CR,
Gutscher et al. (1999) described how large earthquakes have not rupture across this feature.
Graindorge et al. (2004) suggested a greater period of recurrence of large earthquakes in that
region in comparison with the northern segment. Recently, Agurto-Detzel et al. (2019) also
proposed differences on the slip behavior for North and South segments. Based on the imaged Vp
and Vp/V's models, we suggest that this large-scale marine feature might contribute to a deeply
fractured and highly hydrated oceanic crust promoting the circulation of fluids to greater depths

(~20-30 km). Fluids would change the local behavior on the slab interface from unstable slip to
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conditionally stable (Kodaira et al., 2004) and therefore impede the occurrence of large
megathrust earthquakes. These conditionally stable parts seem also favorable for SSE (e.g. Tokai
segment in Nankai trench) and has been described in the area by Rolandone et al. (2018).

In the upper crust, several small- to large-scale faults might have been activated after the 2016
Pedernales earthquake. The shallow clustered seismicity observed close to the Esmeraldas city
(~1°N) is related to extensional mechanism (Hoskins et al., 2018; Agurto-Detzel et al., 2019) and
can be associated to the activation of the Tanigiie fault (Michaud et al. (2015) —see Figure 6.1)
which may extend down to ~15 km reaching a low V'p/V s rounded-like body (~1.80) capable to
produce this type of confined aftershocks. To the south (~1°S), we observe clustered vertically-
aligned seismicity, at ~10-15 km depth, in the southernmost profile P9. Figure 6.1 helps us to
relate these events with the surface projection of the El Aromo fault (F6 in Figure ??) which has
been previously described as an active structure by Segovia et al. (2018) and it is well imaged in

our Vp/V s model by a strong contrast between elevated and reduced ratios (see P9 in Figure 6.9).

6.7 Conclusion

Using the unprecedented rapid deployment that recorded the aftershock sequence unfolded by the
2016 Pedernales earthquake, we built a high-quality dataset of manually picked, P- and S-phases
which were used to derive a 3DVM for Vp and Vp/V's. We imaged the velocity structure of
the central Ecuadorian subduction zone and associated with the geological and seismotectonics
contexte of the region. P-wave velocities (~4.5-7.5 km/s) in the downgoing plate highlight the
roughness of the incoming oceanic crust. Moreover, the observed Vp/V s anomalies ranging from
1.74 to 1.95 suggest a heterogeneous and hydrated margin. We imaged the subduction of large-
scale bathymetric features, such as the Atacames seamounts and the CR, which seems to contribute
to the high circulation of fluids, especially close to the trench.

These features also play an important role in controlling the seismic behavior of the margin. We
identified a subducting seamount, part of the Atacames chain, which is imaged by Vp ~5.0 km/s
and Vp/V s ratios ~1.75 that we related to young magmatic material. The Carnegie Ridge seems to
be the main feature controlling the seismicity in the region, by promoting creeping and SSE caused
by fluids migrating from a deeply fractured and highly hydrated oceanic crust. This fact is directly
linked to the updip rupture limit of large megathrust earthquakes in the northern segment and the
absence of large megathrust earthquakes in the southern region over the instrumental period.
Finally, our observations show the relevance of having well resolved Vp and Vp/V s models that
complement each other in order to give a full interpretation, especially in highly heteregeneous and

segmented regions such as the Ecuadorian margin.
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Chapter 7

Physical properties controlling the rupture
of the Pedernales earthquake

In this chapter, I focus on describing the relation between the seismic velocity structures imaged
along the Ecuadorian margin and the rupture process of the 2016 Pedernales earthquake. Based on
our recently derived three-dimensional seismic velocity model (3DVM), I investigate how changes
in the seismic velocity structure of the rock material might be associated with the slip behavior
along the slab interface during the coseismic stage. This chapter is under preparation to be
submitted as a research article.

Abstract

Limits of coseismic slip along the plate interface have been usually associated to areas acting as
barriers that stop the rupture propagation. For large earthquakes (M>8.5), the velocity structure
along rupture areas shows that coseismic slip spread along the margin without discriminate changes
in velocities. At a smaller scale, a negative relation has been observed between Poisson’s ratio and
seismic coupling. However, variations of the physical properties, such as body wave velocities,
along the slab interface and its influence on the extent of coseismic slip have been overlooked.
Based on the 3D seismic velocity model derived for the central Ecuadorian margin, we study the
links between variations of the Vp/V s ratios along the megathrust and the rupture limits of the
2016 Mw 7.8 Pedernales earthquake. We check rupture-scaling relations and applied a grid search
approach to explore the Vp/V s distribution across multiple rupture scenarios. Furthermore, by
relating the observed V' p/V s ratios to the frictional properties of the margin, we estimated a range
for the critical slip distance D, of the 2016 rupture. Our findings show that the mainshock occurred
in the only possible area capable of hosting an earthquake with the observed size. Moreover, the
up- and down-dip limits of the event are controlled by elevated Vp/V's (>1.84) surrounding the
rupture. Finally, the estimated range for D, is in the same order of magnitude as that observed by

geodectic inversions during the coseismic stage of the Pedernales rupture.
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7.1 Introduction

Observations along seismogenic zones in megathrust environments have discussed that the limits
of the seismogenic zone are defined by unconsolidated sediments (Byrne et al., 1988) and stable
sliding clays (Vrolijk, 1990) in the updip portion, and thermally limited (Tichelaar and Ruff, 1993;
Hyndman and Wang, 1993) or controlled by the interaction of the megathrust with the forearc
Moho (Ruff and Tichelaar, 1996) at the downdip edge. Lay et al. (2012) suggested areas for stabe
sliding for the updip limit of the seismogenic zone and areas prone to creep and/or produce slow
slip events in the downdip limit. For rupture extending along the seismogenic region, local
bathymetric features such as ridges, seamounts and peninsulas have been identified as features
capable of controlling the slip propagation (Bilek et al., 2003; Bilek, 2010; Watts et al., 2010;
Wang and Bilek, 2011; Collot et al., 2017). On this matter, the local heterogenities of each margin
have shown links between the distribution of Vp/V's ratios and the rupture boundaries along the
slab interface. The difficulties to study the oceanic-continental margin (e.g. lack of observations
and coarse resolution offshore) have prevented to further constrain this link for
moderate-magnitude (M 7.5-8.5) earthquakes.

A direct method to analyze the seismic properties in subduction areas are tomographic images of
travel time arrivals which allow us to obtain the variation of P- and S- wave velocities and its
corresponding ratios (V' p/V's) in certain region of interest (Anderson and Dziewonski, 1984). For
the 2012 Nicoya earthquake in Costa Rica, Audet and Schwartz (2013) associated the south-eastern
limit of the coseismic slip with areas of elevated V' p/V s ratios. Similar results are observed for the
2015 Tllapel, Chile earthquake, where the rupture was unable to cross a region with high Vp/V's
ratios located in the southern part of the mainshock Liu et al. (2018). These observations suggest
that the distribution of Vp/V s ratios might be indicative for areas of stable sliding (or no stress
accummulation). The image of the distribution of Vp and Vp/V's ratios along the slab interface
can also help us to investigate how physical properties affect frictional behaviors of the seismogenic
megathrust, such as the loading system stiffness (k, fault surrounding rocks) and the critical slip
distance (D). These parameters are related by the rate-and-state law (Marone, 1998) which for
unstable stick-slip behavior (i.e. earthquake rupture) needs to be less than the critical rheologic
stiffness (k.; Leeman et al. (2016))

o (b—a)

k<k,=——> 7.1
< D. (7.1)

Here, the frictional rate parameter (b — a) is roughly consistent between laboratory and
filed/modelling-based estimation (Marone, 1998). The critical slip distance D., defined by
Dieterich (1979) as the slip necessary to renew surface contacts, however, shows many orders of
discrepancy between lab-measurements and those from dynamic rupture modelling. Thus, there
are still no concensus on its value, range and physical interpretation and the D, is imposed a priori
and then assumed constant and uniformly distributed on the fault plane.

The b-value has been widely used to describe the stress regime and the tectonic characteristics
of a region of interest (Jin and Aki (1989); Wiemer and Katsumata (1999); Schorlemmer et al.
(2005); Sobiesiak et al. (2007); Tassara et al. (2016); among others). Although the b-value can be
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Figure 7.1: a) Seismotectonic setting of the study area. Solid blue lines represent the extension of the 1906 Mw 8.8,
1942 Mw 7.8 and 2016 Mw 7.8 earthquakes occurred in the area. The convergence rate between the Nazca plate and
the North Andean Sliver is ~47 mm/yr (Nocquet et al., 2014). Circles, diamonds and squares indicate swarm episodes
(Segovia, 2001; Segovia et al., 2009; Vaca et al., 2009), repeating earthquakes (Rolandone et al., 2018) and slow slip
events (SSE, Mothes et al. (2013); Vallée et al. (2013); Chlieh et al. (2014); Collot et al. (2017); Segovia et al. (2018);
Vaca et al. (2018); Rolandone et al. (2018)) that have been identified along the margin. Interseismic coupling from
(Nocquet et al., 2014) is shown in gray colorscale. Residual batimetry from Agurto-Detzel et al. (2019) is plotted for
the offshore region. A: Aseismic zone, S: seismic zone, CR: Carnegie ridge. b)-¢) Vp and Vp/V's structures projected
along a +2.5 km region around the slab interface (see inset). White star represents the epicenter of the 2016 Mw 7.8
Pedernales earthquake (Nocquet et al., 2017) and solid blue line shows its corresponding 2 m and 3 m coseismic slip
contour derived by (Gombert et al., 2018).

related to physical and mechanical properties, it cannot be interpreted as a direct observation as
it requires certain assumptions (e.g. fault geometry, roughness, stress change, among others) that
are still under debate. The recently three-dimensional velocity model (3DVM) derived using local
earthquake tomography based on the aftershock sequence of the Mw 7.8 2016 Pedernales, Ecuador
earthquake (Ledn-Rios et al., 2020) provides such opportunity to constrain the physical properties
of the rocks surrounding the plate interface. We investigate how the distribution of the Vp/V's
ratios along the slab influenced the rupture of the 2016 earthquake in Pedernales. Furthermore, by
using the observed Vp and Vp/V s ratios, we determine the possible range of D.. of seismic rupture
in nature. The tomographic results shed light on the seismic velocity structure along the megathrust,
while the study of the 2016 rupture and its physical properties provide relevant information for the
estimation of seismic hazard.
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7.2 Characteristics of the Ecuadorian margin

7.2.1 Seismotectonic setting

The central coastal region of Ecuador between 1°N and 1°S is characterized by rapid convergence
(~47 mm/yr) of the oceanic Nazca plate and the North Andean Sliver (NAS; Kendrick et al. (2003);
Nocquet et al. (2009, 2014)), part of the South American continental plate (Figure 7.1). The low
input of sediments and rough bathymetry leads to an erosive margin (Collot et al., 2002; Marcaillou
et al., 2016) with a high degree of segmentation along strike Gailler et al. (2007). It is suggested
that the region is mainly controlled by the aseismic Carnegie Ridge (CR; e.g. Gailler et al. (2007);
Agurto-Detzel et al. (2019); Ledn-Rios et al. (2020)). This feature adds roughness to the incoming
bathymetry, acting as a barrier for megathrust ruptures to the north (lat=0°) and preventing the
occurrence of moderate-magnitude (M>7.5) earthquakes to the south (1at<0°). The CR contributes
also to diversifying the seismic behavior (Agurto-Detzel et al., 2019) by promoting slow slip events
(SSE, Mothes et al. (2013); Vallée et al. (2013); Chlieh et al. (2014); Collot et al. (2017); Segovia
et al. (2018); Vaca et al. (2018); Rolandone et al. (2018)), repeating earthquakes (Rolandone et al.,
2018) and seismic swarms (Segovia, 2001; Segovia et al., 2009; Vaca et al., 2009) which are mainly
located south of the equator between 0°and 2°S (Figure 7.1).

7.2.2 Seismic velocity model

Based on our 3DVM (Ledn-Rios et al., 2020), we further explore the seismic velocity distribution
along the plate interface and its relation with the rupture area of the 2016 Pedernales earthquake.
We check the degree of dependency between the solution and the grid node configuration, and
obtain averaged Vp and Vp/V's models that are subsequently projected along the slab interface
(see Methods). The imaged P-wave velocities range between 4.5-7.2 km/s along the plate interface.
We identified a low Vp (~5.5 km/s) area, located close to the trench at ~0.2°N, that we interpreted
either as thermal anomalies produced at the Galapagos Hot Spot or shallow serpentinization (Le6n-
Rios et al., 2020; Marcaillou et al., 2008). At the northern end of the CR (~0.2-0.4°N), an isolated
offshore feature with P-wave velocities ~5.0 km/s was associated with a seamount part of the
Atacames seamount chain (Ledn-Rios et al., 2020; Marcaillou et al., 2016). The eastern end of the
CR is still under discussion, however the imaged V'p structures (Ledn-Rios et al., 2020) suggest that
the CR ends close to the coastline. The eastern end of the CR can be associated to the slab depths
observed along the margin which shows a wider and smoother dipping region north of the ~0.2°N
and a narrower and steeper slab in the southern area (~0.2°N- ~0.6°S; see Figure 7.1). The region
between the 10 km and 40 km slab-depth contour shows Vp ~6.0-7.0 km/s which suggests a more
mechanically stable region in agreement with the typical extent of seismogenic zones (Ruff and
Tichelaar, 1996; Hyndman et al., 1997). Below the 40 km slab-depth contour, V p>7.2-7.5 km/s are
consistent with upper mantle velocities described in the area (e.g. Gailler et al. (2007); Cano et al.
(2014); Figure 7.1).

Tomographic images along the slab interface also show a region that is mainly dominated by areas
around Vp/V's ~1.80-1.84. This is consistent with the average value derived by Ledn-Rios et al.
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Figure 7.2: a) 2016 Pedernales rupture represented in blue by its 2 m coseismic slip contour (Gombert et al., 2018).
Red ellipse shows the simplified rupture area estimated by rupture-scaling relations. b)-d) Scenarios for three different
Mw 7.8 earthquake locations producing a rupture area within the range of the area estimated (A.). For each case, the
center of the ellipse was shifted by 20, 40 and 60 km towards the trench axis. Inset histograms are color coded using

the V'p/V's colorscale and represent the distribution of the V'p/V s ratios inside the ellipse.

(2019) with a minimum 1D velocity model. In details, we observe elevated Vp/V's ratios (>1.84)
suggesting a highly hydrated area close to the trench and down to the 10 km slab-depth contour.
Between the 10 km and 30 km slab-depth contour, the mixture distribution of low (<1.80) and high
(>1.84) Vp/V s ratios indicates a heterogenous forearc. At greater depths along the slab interface
(>30 km), the Vp/V s ratios show values ~1.82 indicating a less hydrated slab (Figure 7.1). The
coseismic slip model (Gombert et al., 2018) show that the 2016 Pedernales earthquake propagated
along a region with Vp ~6.5 km/s and Vp/V s ratios between 1.80-1.84. The latter values are in
agreement with the range given for accreted oceanic rocks (Hyndman, 1979; Christensen, 1996,
2004). In contrast, elevated V' p/V s ratios (>1.84) fit with areas where aseismic behavior has been
identified (Rolandone et al. (2018); Vaca et al. (2018); see Figure 7.1). Moreover, these patches of
high Vp/V's bound the north-eastern and south-western edges of the 2 m coseismic slip contour

and might have contributed to stop the rupture extent of the 2016 Pedernales earthquake.
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7.3 Quantifying the relation between Vp/V's and coseismic
slip

Based on the hypothesis that the elevated V'p/V s ratios (>1.84) could have controlled the rupture,
we analyzed the V'p/V s ratios along the slab interface against, under the knowledge of the authors,
the coseismic slip models available for the Pedernales earthquake (Nocquet et al., 2017; Gombert
et al., 2018; Yi et al., 2018). Using the 2 m coseismic slip contour, we estimated an area (As,,) of
5660 km?. Subsequently, based on the N-S elongated ruptures observed along the South American
subduction zone (Bilek, 2010), we simplified the 2016 coseismic slip to an elliptical shape that
follows the (/L) relation of 0.4 (see Figure 7.2). Subsequently, by considering the rupture-
scaling parameters from Allen and Hayes (2017), we calculated the range area expected for Mw
7.8 event (A,). Values varies from 7211 km? to 7870 km?, which in comparison to A,,, are larger
by 20-30% (see Methods). We then analyse three scenarios in which the rupture was shifted by
20 km, 40 km and 60 km towards the trench (see Methods). For all the cases, histogram for the
Vp/V s distribution inside the ellipse were produced. We observe that the Pedernales earthquake
occurred in a region that it is mostly covered by Vp/V s values (1.80-1.84). The scenario 1 and 2
show a more disperse distribution of Vp/V s ratios, with values ranging from 1.78 to 1.88. Finally,
the histogram for scenario 3 present a region mainly covered by elevated Vp/V s ratios (~1.86, see
Figure 7.2).

To further extend the possible scenarios, we explore the whole area affected by the 2016 Pedernales
earthquake by following a grid search approach. Here, the simplified elliptical rupture of area A,
varies in its centroid location and striking angle to fully cover the region (see Methods). Based on
the overall Vp/V s ratio of the margin (1.82) and a + ~0.02 range for regular ratios (e.g. Husen
et al. (2000); Reyners et al. (2006); Nakajima et al. (2001), among others), we defined Vp/V s>1.84
as high ratios and subsequently map their distribution inside the ellipse (A,,,s). We compare the

sizes of A, and A,,, by introducing a normalized area coefficient Ay as follows

Avpvs

Ay =1-
N A

(7.2)

Thus, the cases where Ay is large will illuminate the regions most likely to host a Mw 7.8 rupture
(see Methods). We find that the distribution of the maximum values of Ay coincides with the
location of the 2016 Pedernales rupture (see Figure 7.3). For the rest of the cases tested, Ay
shows a notorious reduction indicating that a large portion of the ellipse is covered by elevated
Vp/Vs (>1.84), which together with the stress state might contribute to reduce the chances of a
potential earthquake to propagate (see inset in Figure 7.3). To evaluate if our findings vary
depending on the chosen Vp/V's, we applied the same procedure for Vp/V s>1.85. Findings show
a similar region for a potential rupture (see Figure C5) with the best 20% rupture scenarios having
An>0.97. These results suggest that the Mw 7.8 Pedernales earthquake occurred in the only area
where the margin is, according to the seismic velocity distribution, mechanically capable to
nucleate and propagate a megathrust earthquake with the observed characteristics. For large
megathrust earthquakes (M>8.5), the velocity structure derived after the 2010 Mw 8.8 Maule,
Chile earthquake (Hicks et al., 2014) or the 2011 Mw 9.0 Tohoku-Oki earthquake (Yamamoto
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Figure 7.3: Mapview of the rupture area grid search showing the best 20% solutions in gray and the best 5% in orange
and its comparison with the 2 m coseismic slip contour (solid blue line) derived by Gombert et al. (2018). The star
represents the epicenter of the 2016 Pedernales earthquake (Nocquet et al., 2017) and the solid black lines shown the
10 km depth slab. The inset plot shows a west-east stacked histogram with the 1625 ellipses tested in the region with
gray and orange bars representing the 20% and 5% best models, respectively.

et al., 2014) shows that the largest amplitudes of coseismic slip spread along the margin without
discriminate specific changes in seismic velocities. In both cases the large magnitude of the events
(>8.5) and therefore the amount of energy released suggests that changes in the velocity structure
are not sufficient to control the limits of the rupture. The observations in large earthquakes could
help to set a threshold for the validity of our method.

7.4 Frictional properties of the seismogenic megathrust

The Vp and Vp/V's ratios distribution imaged by the local earthquake tomography can also be
used to determine the frictional properties in the region. Here we focused on the estimation of the
critical slip distance D). which is a key parameter for numerical simulations of dynamic
earthquake rupture propagation (e.g. Andrews (1976a,b); Fukuyama et al. (2003)). D, cannot be
easily inferred from seismological observations (Cocco et al., 2009) and has been mainly
measured by laboratory experiments (e.g Okubo and Dieterich (1984); Ohnaka et al. (1987)).
However, the latter estimations show many orders of discrepancy between those from dynamic
rupture modelling. By combining equation 7.7 (Marone, 1998) and the equations from Goodman

and Sundaram (1978) (see Methods), we can obtain a relation for D, as follows
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Here, we can assume the effective normal stress (o,,/) is equal to the difference of lithostatic and
hydrostatic stresses at seismogenic depth of 30 km. For stick-slip behavior, the frictional rate
parameter (b — a) ranges from 1073 to 1072 and is roughly consistent from laboratory and
filed/modelling-based estimation (Marone, 1998). Our tomographic model of the Vp and Vp/V's
and the characteristics of the Pedernales rupture provide the opportunity to constrain the
surrounding rock stiffness (k) by using a relation between the inverse fault length, the Young’s
modulus and Poisson’s ratio (Goodman and Sundaram (1978); Methods). We then can estimate a
possible range for the critical slip distance D, of seismic rupture in nature (see Figure 7.4).

We note that this value for D, represents an upper bound so that the critical stiffness is larger than
off-fault rock stiffness, a condition that allows the velocity-weakening behavior as seen from the
coseismic rupture of the Pedernales earthquake. We conclude that, in natural megathrust fault like
the one failed in 2016 Pedernales earthquake, the critical slip distance D, on fault during rupture
propagation is at meter-level, at the same order of magnitude as the slip amplitude constrained by
joint and geodetic inversions by Gombert et al. (2018). Our observations contribute to setting a
control value, from nature, and therefore improve the validity of numerical simulations for

earthquake dynamics.
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7.5 Conclusion

The association of our tomographic images with geodetic observations and rupture-scaling
relations, together with the grid search approach, led us to characterize the plate interface along
the Ecuadorian margin. By exploring the distribution of the Vp/V s ratios along the slab interface
and the coseismic slip derived after the 2016 Pedernales earthquake, we observe that the rupture is
bounded by regions of elevated Vp/V s ratios (>1.84) which might have contribute to stopping the
propagation of the coseismic slip. To evaluate if the rupture could have occurred in a different
region of the margin, we sistematically tested different rupture scenarios following a grid search
approach. Our findings show that the areas where Vp/V s>1.84 is prevalent are less likely to
propagate a moderate-magnitude earthquake. By introducing the normalized area Ay, we find that
their maximum values collocate with the 2 m coseismic slip contour derived after the earthquake.
This observation strongly suggest that the area which failed during the 2016 Pedernales was the
only region capable to host an Mw 7.8 earthquake within the region of interest. The Vp and
Vp/V's models also allowed us to estimate the critical slip distance D, which is in the same order
of magnitude as the observed slip amplitude for the Pedernales event. Oue work provides, to our
knowledge, the first estimation of this parameter based on the direct observations of the velocity
weakening along a megathrust fault. Finally, weather the link between the seismic velocities and
the coseismic slip of the Pedernales earthquake is observed in other moderate-magnitude
earthquake, the analysis of the distribution of Vp/V s ratios along the megathrust might shed light
on possible areas prone to rupture and the likely size of potential earthquakes, providing relevant

information for the estimation of seismic hazard.

Methods

Grid nodes configuration

The node locations in the inversion grid were shifted by 1/3 of its minimum spacing in the north
and east direction and by 42 km in the vertical component (see Table C1 in Appendix C). Each
configuration was inverted first for V'p and subsequently for V'p/V s (Ledn-Rios et al., 2020). The
final models were obtained by respectively averaging the P-wave velocities and Vp/V's ratios
calculated for each grid node setting. Bootstrap performed for a subset of data of our 3DVM
shows a standard deviation of 0.3 km/s for Vp and 0.01 for Vp/V's, while the differences
observed between the Vp and Vp/V's models obtained by the inversions with different node
settings also falls in that range.

3DVM projected along the slab interface

To derived the P-wave velocities and V'p/V's ratios in the seismogenic zone, we used different a
range of volumes that vary in thickness from 4-0.5 km to +4km along a slab interface produced by
combining the trench location derived by (Collot et al., 2005), the relocated seismicity for depths
<15 km (Leo6n-Rios et al., 2020) and slab1.0 (Hayes et al., 2012) and slab2.0 (Hayes et al., 2018)
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models for depths > 15km (see Figure C3 in Appendix C). Based on the in-depth resolution of our
3DVM that shows the capability to resolve features of ~5 km, together with the averaged models
from the different grid nodes configuration and an estimated earthquake error of £+ 2.15 km (Le6n-
Rios et al., 2020), we chose the +2.5 km projection for further analysis. Figure C3 in Appendix C
shows the results for all the projected volumes along the slab interface.

Rupture-scaling relations

A rupture area of 5660 km? (As,,) was calculated for the 2016 Pedernales earthquake by following
the 2 m coseismic slip contour (Gombert et al., 2018). In contrast, rupture-scaling relations
(Equation 7.4 and 7.5)(Allen and Hayes, 2017) led to an expected area (A.) ranging from 7211
km? to 7870 km?.

log(Aam) = a + blog(Mw);a = —3.63,b = 0.63, Mw = 7.8 (7.4)

log(Aam2) = a + blog(Mw);a = —5.62,b = 1.22, Mw = 7.8 (7.5)

By dividing As,, over Ap;, we obtained a ~20-30% underestimation that can be translated to a
difference of ~15-20 km in length and ~6-8 km in width. Then, using a W/ L of 0.4 and preserving
A., we can estimate a rupture length ranging from 134 km to 141 km, and a rupture width that varies
between 53 km and 56 km.

Rupture scenarios and grid search

Using a simplified elliptic rupture that follows the rupture-scaling relations with a length of 138
km and a width of 55 km, and a NE striking angle of 15°, we produce three scenarios in which the
center of the ellipse was shifted seaward by 20 km, 40 km and 60 km. By gridding the study area
with 1x1 km? bins, we observe the distribution of the Vp/V's ratios inside the ellipse and relate
this value to a percentage of the total expected area A.. Subsequently, following a grid search
approach, we designed a rupture area grid search that sistematically explores the whole region of
interest. Ellipses of area within the range of the expected area A, were produced based on the
W/ L relation of 0.4 and moved every 10 km and 15 km in the east-west and north-south direction,
respectively. Also, to inspect different rupture scenarios, we randomly varied the NE striking angle
in a range of -10°to 30°using a 10°step. The areas with no resolution at depths >40 km were not
considered in the analysis. Using the 1x1 km? bins we estimated the area covered by Vp/V s>1.84
(Aypys) inside the ellipse. These values were normalized by the expected area A, to obtain the

normalized area as follow
Avpvs

Ay=1- A

(7.6)

with Ay representing the portion of the rupture occupied by Vp/V s>1.84. The region where Ay
is maximum (i.e. small A,,,;) can be associated to areas where a M 7.8 earthquake is more likely
to occur.
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Frictional properties of the seismogenic megathrust

Based on the rate-and-state law (Marone, 1998) for unstable stick-slip behavior (i.e. earthquake
rupture), the loading system stiffness (k, fault surrounding rocks) needs to be less than the critical
rheologic stiffness (k.); Leeman et al. (2016))

Opt (b — a)
D

with o, as the effective normal stress, (b — a) frictional rate parameter and D, critical slip distance.

k< k,= (7.7)

By assuming an unstable sliding scenario (i.e., earthquake rupture) o, can be estimated by the
difference between the lithostatic and hydrostatic stresses at seismogenic depth of 30 km. The
value of (b — a) needs to be positive within the velocity-weakening regime, where the fault surface
frictional resistance decreases (Ruina, 1983). For stick-slip behavior, the typical (b — a) value falls
in the range of 1073~10~2 (Boulton et al., 2014; Scholz, 2002). On the left side, the stiffness of
loading system (k) can be derived by
C-FE
k= ——— 7.8

2(1 —v?) (7.8)

Here, C' is the inverse of fault length, £ and v are elastic parameters for Young’s modulus and

Possion’s ratio, respectively (Goodman and Sundaram, 1978). The latter two can be derived from

Vpand Vp/Vs as
1 E(- 1 E
v, = \/ U-v) oy i B (79

p(1+0)(1—20) ° p2(1+0)
Combining the equations 7.8 and 7.9, we can derive the elastic stiffness of off-fault rocks.
According to equation 7.7, the critical stiffness of the fault should then be larger than that of
off-fault rock. Finally, given the appropriate range for (b — a), we obtain the possible range of the
critical slip distance D..
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Chapter 8
Conclusions

Seismic data recorded by the large emergency network deployed shortly after the Mw 7.8
Pedernales earthquake was used to image the velocity structure for the Ecuadorian margin based
on local earthquake tomography. Manually picked P- and S-onset times were subsequently
inverted with a gradual increase in complexity from 1D to 3D Vp and Vp/V's models. Resulting
velocities were contrasted with both geological and tectonics setting, and also with the coseismic
slip produced by the mainshock. Finally, our observations show the relevance of having well
resolved Vp and Vp/V's models that complement each other in order to give a full interpretation,
especially in a highly heteregeneous and segmented regions such as the Ecuadorian margin. Major

findings can be summarize as follow:

I inferred a Minimum 1D velocity model for the Pedernales segment based on the aftershock
sequence (MI>3.5) of the Mw 7.8 Pedernales earthquake. The velocity structure for both P- and
S-phases shows good resolution down to 40 km depth constrained with the ray paths and the
earthquake distribution. The area has an average V' p/V s ratio of 1.82 which varies with depth that
may be related to hydration and serpentinization in the downgoing plate. The seismicity is
distributed in streaks which align perpendicular to the trench. Shallow seismicity (<15 km)
observed in both northern and southern segments of the rupture area suggests the (re)activation of
faults in the overriding plate. Also, seismicity reaching the trench indicates the absence of a
frontal accretionary prism and possible activity on the downgoing plate.

Regional moment tensors were calculated to analyze the source mechanism of 14 events
offshore. Although the majority of the events show focal mechanisms consistent with the
subduction geometry, I also observe extensional faulting in the marine forearc that can be
associated to the subduction of already-mapped seamounts. I also found strike-slip faulting which
might be related to the reactivation of a strike-slip structure after the 2016 Mw 7.8 Pedernales
earthquake that, in combination with the subduction of the crest of the CR, might contribute to
generate the observed seismicity along the marine forearc. The observation of this type of activity
suggests the need to reevaluate the geological structures in the marine forearc and to update the

seismic hazard map for this region including the possible scenario of a large strike-slip event.

By adding manually picked events with M>2.5 and using the minimum 1D model as starting
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reference model, I derived a three-dimensional velocity model for Vp and Vp/V's ratios. I
imaged with high resolution the velocity structure of the central Ecuadorian subduction zone.
P-wave velocities (Vp ~4.5 - 7.5 km/s) in the downgoing plate highlight the roughness of the
incoming oceanic crust. Moreover, the observed mixture of low (~1.80) and high (~1.85) Vp/V's
ratios suggest a heterogeneous and hydrated margin. I imaged the subduction of large-scale
bathymetric features, such as the Carnegie Ridge (CR) and the Atacames seamounts, which
contribute to the high circulation of fluids, especially close to the trench. The CR seems to be the
main structure controlling the seismicity along the margin by promoting creeping and slow slip
events caused by fluids migrating from a deeply fractured and highly hydrated oceanic crust. This
fact is directly linked to the updip rupture limit of large megathrust earthquakes in the northern
segment and the absence of large megathrust earthquakes in the southern region over the

instrumental period.

I also projected the velocity structure along the slab interface to quantify the relation between
the Vp/V's ratios and the coseismic slip of the 2016 Pedernales earthquake. By following a
rupture area grid search approach, I explored the distribution of Vp/V s ratios >1.84. The results
reveal that the 2016 Pedernales earthquake occurred in the only portion of the margin with the
physical conditions (Vp/V's ~1.78-1.84) to nucleate and propagate the rupture. Moreover, the
Vp/V s ratios distribution along the slab interface suggests that the up- and down-dip limits of the
Pedernales earthquake was controlled by areas of elevated Vp/V's ratios (>1.84). The Vp and
Vp/V s ratios were also used to estimate the upper bound of the critical slip distance (D.). The
calculated range for D, is between 1 and 10, and is in agreement with the slip amplitudes observed

during the Pedernales earthquake.

The results of this study remark the importance of large collaboration projects that facilitate a
rapid response after the occurrence of a large megathrust earthquake. The dense network installed
in Ecuador, provided us with high quality data that was used to derive the three-dimensional
velocity structure of the Ecuadorian margin. These seismic velocity models, together with the
seismotectonical and geological information available, conform a powerful combination that
contributes to a better understanding of the South American subduction zone and the intrinsic

seismic hazard in the region.

Finally, the Future work should focus on the integration of the results coming from the different
studies that have been carried after the installation of the Pedernales emergency network. The
comparison and complement of the different observations will, undoubtedly, raise the bar on our
comprehension of the central Ecuadorian margin. Furthermore, it is relevant to address the
influence of the 3D structures interacting in the different seismic processes, especially along the
marine forearc. On this matter, a large project is planned for the upcoming years to image with
high resolution the trench location, the circulation of fluids along the interface and the P- and

S-wave velocity structures in the offshore region.
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Appendix A

This appendix contains the supplementary material for the article 1D velocity structure and
seismotectonics of the Ecuadorian margin inferred from the 2016 Mw 7.8 Pedernales
aftershock sequence (Le6n-Rios et al., 2019) presented in Chapter 5.

* Supplementary Material 1: Selected data

* Supplementary Material 2: Number of observations

* Supplementary Material 3: Current 1D models in Ecuador

* Supplementary Material 4: Simplified velocity model for FWI

* Supplementary Material 5: Histogram of station residuals

* Supplementary Material 6: Comparison of initial/final aftershock localizations
* Supplementary Material 7: Stability test for relocated seismicity

* Supplementary Material 8: Comparison of slab1.0/slab2.0 and the relocated seismicity
* Supplementary Material 9: Statistics for RMT solution: event 4

* Supplementary Material 10: Statistics for RMT solution: event 3

* Supplementary Material 11: Statistics for RMT solution: event 15

* Supplementary Material 12: Depth differences between arrival times and FWI

* Supplementary Material 13: Interseismic and postseismic distribution of earthquakes
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Supplementary Material Al: Hypocentral locations reported by the IGEPN for the period May-August 2016. Gray circles represent all the seismicity in the catalog. Light blue
circles are the events with magnitude greater than 3.5 selected for the manual picking. Star represents the hypocenter for the 2016 Pedernales earthquake derived by Nocquet et al.
(2017). Coseismic contour in yellow solid line was calculated by Nocquet et al. (2017). Segmented line is Slab1.0 from Hayes et al. (2012). Inland and seafloor topography was
obtained by Michaud et al. (2006). Trench data from Collot et al. (2005).

110



2141705154
121100 1458

'
"
A8 210163
2179111

-82° -81° -80° -79°

Supplementary Material A2: Distribution of the number of observations for the P- and S-phase obtained in each station
used in this work. White and green boxes indicate P- and S- onsets, respectively. White star shows the epicenter of the
2016 Pedernales earthquake derived by Nocquet et al. (2017). Cyan circles are showing the locations obtained using
our minimum 1D model. Inland and seafloor topography was obtained by Michaud et al. (2006). Trench data from
Collot et al. (2005).
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Supplementary Material A3: Reference models used as a starting point to build our minimum 1D velocity model. Blue
line corresponds to the a priori model by Font et al., (2013). Green line is a representation for offshore Ecuador. Red,
cyan and purple lines are combined models incluiding Font and offshore with variation in the Moho depth from 20 to
40 km. Finally, brown line shows our obtained minimum 1D model.

112



Depth (km)  Vp (km/s) Vs (km/s)

0.0 4.45 2.26
5.0 5.04 2.59
10.0 6.32 342
20.0 6.64 3.69
25.0 6.65 3.80
30.0 7.37 3.81
40.0 8.04 4.64
50.0 8.24 4.64
60.0 8.45 4.71

Supplementary Material A3: Simplified velocity model used for the FWI using isola. The shallowest 8 layers from the

original minimum 1D velocity model were merged into 4 layers.
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Supplementary Material A4: Histogram for the residual values for the P and S picks at each station. In the top right corner is indicated the number of observations for the
corresponding phase at the station. Solid blue line corresponds to the standard deviation fitting.
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Supplementary Material A6: Stability test for the relocated seismicity. Blue circles indicate the random shift applied to the original locations. Red circles are the recovered locations
of the events after been located using our minimum 1D velocity model.
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MOMENT TENSOR SOLUTION
HYPOCENTER LOCATION (IG)

0.8"

0.6

Origin time 20160531 15:48:10.76
Lat 0.374 Lon -80.491 Depth 28.66

CENTROID

0.4°

Trial source number : 7 (Fixed Epicenter inversion)
Centroid Lat (N)0.374 Lon (E)-80.491

Centroid Depth (km) : 14.03

Centroid time : +1.7 (sec) relative to origin time

0.2°

Moment (Nm) : 4.581le+015

Mw : 4.4

VOL% :0

DC% :61.2

CLVD% :38.8 SNR CN FMVAR STVAR
Var.red.: (for stations used in inversion):0.86 NaN 1.7 19+10 0.39
Var.red. (for all stations) :0.62

-0.2°

-80.4" -80.2° -80"

Event date-time: 160531_15_48_10.76 Displacement (m). Inversion band (Hz) 0.03 - 0.1

Gray waveforms weren't used n Inversion.
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Synthetic ‘Blue numbers are variance reduction
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Supplementary Material A8: Waveform fitting after the FWI using isola for a reverse event (e4 in Table 2). (top) Beach
ball shows the obtained focal mechanism. Red star indicates the event epicenter. Stations used are shown with red
triangles. Insert is the MT solution from USGS catalog. Summary of the solution. (center) Synthetic signal is plot in
solid red line over the observed trace in black. Frequency range used in the inversion is indicated at the top of each
event. (bottom) Correlation plot.
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Supplementary Material A9: Waveform fitting after the FWI using isola for an extensional event (e3 in Table 2). (top)
Beach ball shows the obtained focal mechanism. Red star indicates the event epicenter. Stations used are shown with
red triangles. Insert is the MT solution from GFZ catalog. Summary of the solution. (center) Synthetic signal is plot
in solid red line over the observed trace in black. Frequency range used in the inversion is indicated at the top of each
event. (bottom) Correlation plot.
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Supplementary Material A10: Waveform fitting after the FWI using isola for a strike-slip event (e15 in Table 2). (top)
Beach ball shows the obtained focal mechanism. Red star indicates the event epicenter. Stations used are shown with
red triangles. Summary of the solution. (center) Synthetic signal is plot in solid red line over the observed trace in
black. Frequency range used in the inversion is indicated at the top of each event. (bottom) Correlation plot.
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Arrival times ERZ  Centroid A depth

Event 1D depth (km)  (km) depth (km)  (km)
20160601.150052 27 4.16 199 203 2.13
20160601.100515 &3 4.42 258 203 2.39
20160708.070348  ¢17 7.88 355 12.03 4.15
20160707.171013 14 8.12 049  14.02 5.90
20160606.164508 0 8.24 073 13.00 4.76
20160531.154810 o4 11.91 546 14.03 2.12
20160602.001859  ¢8 12.54 204 1603 3.49
20160621.044024 &7 18.37 250  5.00 13.37
20160601.021221 €9 18.99 237 1603 2.96
20160710.064434 19 2235 128 10.03 12.32
20160708.073516  ¢18 22.99 121 1203 10.96
20160530.054856  ¢5 25.53 094 2503 0.50
20160708.044136 16 29.99 1.91 8.03 21.96
20160505.160640 €25 i i 8.03 .

Supplementary Material A10: Comparison between depths obtained from arrival times inversion and FWI. Events are
sorted by the depths calculated in our minimum 1D velocity model. Depths for the shallowest seismicity, down to 20
km, coincide with an average variation of 3.56 km.
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Supplementary Material A11: (Left) seismicity distribution during the interseismic period between 1950 —15 April 2016. Data retireved from the ISC website. (Right) Figure edited

from (Meltzer and Beck, 2016) with our relocated seismicity (yellow circles) superimpossed over their located aftershocks.
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Appendix B

This appendix contains the supporting information for the article 3D local earthquake
tomography of the Ecuadorian margin in the source area of the 2016 Mw 7.8 Pedernales
earthquake Leon-Rios et al. (2020) which is part of the Chapter 6.

* Supporting Information 1: Inversion grid.

* Supporting Information 2: Minimum 1D velocity model.

* Supporting Information 3: Damping curves.

* Supporting Information 4: Initial 2D velocity model.

* Supporting Information 5: MRM analysis.

* Supporting Information 6: Checkerboard test.

* Supporting Information 7: Synthetic model. Testing anomalies on V'p model.

* Supporting Information 8: Synthetic model. Testing influence of 2D initial model.

* Supporting Information 9: 3D velocity model, merging modeling strategy. Horizontal slices.
* Supporting Information 10: 3D velocity model, merging modeling strategy. Cross sections.
* Supporting Information 11: Estimated standard deviation.

* Supporting Information 12: Analyzing V'p iso-velocity contours.

* Supporting Information 13: Constrasting residual bathymetry and V'p horizontal slice.

* Supporting Information 14: MRM analysis along strike.
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Supplementary Material B1: Inversion grid. Grid nodes distribution for the inversion process. Outer rectangle shows
the distribution for the coarse grid, while inner rectangle represents the fine grid with a 15 km W-E nodes spacing and
22.5 km separation along strike. Bottom image shows the distribution in depth following the layering of the minimum
1D velocity model (Ledn-Rios et al., 2019).
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' ' " | Depth (km)| Vp (km/s) | Vp/Vs

0 4.45 1.96

25 4.65 2.00

5.0 5.04 1.94

10 - . 7.5 6.32 2.18
10.0 6.32 1.84

15.0 6.64 1.80

20.0 6.64 1.76

25.0 6.65 1.75

20 - 1 300 7.37 1.93
40.0 8.04 1.73

50.0 8.24 1.77

60.0 8.45 1.79

Depth (km)
w
o

D
o

50

\

0
4.5 6.5 8.5 1.8 2.0 2.2
Vp (km/s) Vp/Ns

Supplementary Material B2: Vp (left) and V'p/V s (right) one-dimensional structure derived by Le6n-Rios et al. (2019).

Inset table details the values at each layer. The average Vp/V s ratio is 1.82.
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Supplementary Material B3: Damping curves. Trade-off curves analysis for the different stages of this work. Left side
shows the V'p and right side the Vp/V s ratio. Damping curves were calculated for north and south segments in the 2D
inversion, and for the complete dataset in the 3D inversion stage.
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Supplementary Material B4: Initial 2D P-wave velocity model based on the slab geometry. Solid black triangles
represent the projection of the trench (Collot et al., 2005) and coastline. The inverted triangles are the stations projected

on each profile in a region of +12 km.
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Supplementary Material BS: 3D MRM analysis. Model resolution matrix analysis using the spread function and the
70% of the diagonal elements of the MRM. Spread function is color coded with a blue-red with blue colors representing

well resolved regions.
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Supplementary Material B6: 3D MRM analysis. Model resolution matrix analysis using the spread function and the

70% of the diagonal elements of the MRM. Spread function is color coded with a blue-red with blue colors representing

well resolved regions.
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Supplementary Material B7: Testing influence of 2D initial model. Synthetic model. Synthetic restoring test to evaluate
the influence of our 2D V'p northern segment model (2D-N), over a homogeneous subduction zone. Synthetic arrival
times were generated using the synthetic model (2D-N) and then tested over the homogeneous initial model. Recovered

velocities are shown for central profiles (P3-P8).
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Supplementary Material B8: Synthetic model. Testing influence of 2D initial model. Synthetic recovery test for a
seamount represented by low Vp anomalies added in P4-P5. Also, a low velocity anomaly was included at 20 km
depth in P7. Projection of the input model is shown at the top.
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Supplementary Material B9: Testing influence of 2D initial model. Synthetic model. Synthetic restoring test to evaluate
the influence of our 2D V'p northern segment model (2D-N), over a homogeneous subduction zone. Synthetic arrival
times were generated using the synthetic model (2D-N) and then tested over the homogeneous initial model. Recovered

velocities are shown for central profiles (P3-PS).
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Supplementary Material B10: 3DVM for both Vp (left) and Vip/V s (right) based on the inversion of a smooth initial
2D initial model and 2D-N and 2D-S arrival times. Results are shown by horizontal slices at 2, 5, 10 and 20 km depth.
See Figure 6.6 for further details.
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Supplementary Material B11: 3DVM for both Vp (left) and Vip/V s (right) based on the inversion of a smooth initial
2D initial model and 2D-N and 2D-S arrival times. Results are shown along 10 W-E cross sections profiles. See Figure
6.8 for further details.
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Supplementary Material B12: Bootstrap results for an inversion based on a randomly selected subset of aftershocks
comprising 80% of the events in our actual catalogue. Blue cirles indicate the size of the standard deviation at each
profile. (left) Vp, (right) Vp/Vs.
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Supplementary Material B13: Analyzing Vp iso-velocity contours. V'p velocities associated to the lower part of the
oceanic crust (top) and to the oceanic upper mantle (bottom). Cross sections compare the depth of profiles P2-P8
identified by colored solid lines. Slab interface and its projection at 5, 10 , 15 and 20 km are plotted for reference.
Lightblue shaded area indicates the area of analysis. Black triangle represents the trench.
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Supplementary Material B14: Constrasting residual bathymetry and V'p horizontal slice. Residual bathymetry derived
by Agurto-Detzel et al. (2019) superimposed over our 3D Vp velocities obtained for a horizontal slice at 10 km depth.
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Supplementary Material B15: 3D MRM analysis along strike. Horizontal slices for the obtained 3D Vp (left) and

Vp/V's (right) models at 5, 10 and 15 km depth to estimate the sentivity of the solution along strike.
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Appendix C

This appendix contains the Extended data for Chapter 7.

* Extended Data 1: Summary for the shifted grid nodes

* Extended Data 2: MRM along the slab interface

 Extended Data 3: Averaged V'p/V s projection along the slab interface
» Extended Data 4: Ellipse grid search, samples

Extended Data 5: Rupture area gird search for Vp/V s>1.85
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modl mod2 mod3 mod4 mod5 mod6 mod?7

Az (east, km) O 5 10 0 0 0 0
Ay (north, km) 0 0 0 7 14 0 0
Az (depth, km) 0 0 0 0 0 -2 2

Extended Data Table C1: Summary of node shifting for each model configuration. The x-axis is positive towards East,

y-axis positive towards North and vertical component positive downward.
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Extended Data Figure C2: Horizontal slices for MRM (blue-red color coded) and 70% contour lines of the elements
Left Vp model, right Vp/V's model.
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Extended Data Figure C3: Averaged Vp/V s ratios projected along the different areas around the slab interface. a) 0
km, b) 0.5 km, ¢) 1.0 km, d) 2.5 km and e) 4.0 km. Inset plot at the bottom right corner shows the projection scheme
used to produce each figure.
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Extended Data Figure C4: Samples for the ellipse grid search performed along the study region. In total, 1625 cases
were tested with the ellipse varying in its location (latitude, longitude), striking angle and length and width parameters
(see Methods section for further details).
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Extended Data Figure C5: Mapview of the rupture area grid search, for Vp/V s>1.85, showing the best 20% solutions
in gray and the best 5% in orange and its comparison with the 2 m coseismic slip contour (solid blue line) derived by
Gombert et al. (2018). The star represents the epicenter of the 2016 Pedernales earthquake (Nocquet et al., 2017) and
the solid black lines shown the 10 km depth slab. The inset plot shows a west-east stacked histogram with the 1625
ellipses tested in the region with gray and orange bars representing the 20% and 5% best models, respectively.
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