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Abstract

The surface displacement measurements afforded in the new era of satellite geodesy
have proven to be a valuable complimentary data set in addition to the seismic
monitoring of active subduction margins. Being able to accurately measure the
respective plate motions with high spatial and temporal frequency has inspired many
modelling initiatives investigating both heterogeneous plate-interface kinematics and
subduction zone seismic cycle dynamics. The isolation of plate interface kinematics
from the surface signal and the robust modelling of the kinematic source provide
the case-studies against which mechanical models of earthquake recurrence can be
benchmarked, and is therefore of utmost importance for intermediate-long term
hazard assessment of a subduction margin.

In this PhD thesis I present the investigations into the subduction zone seismic
cycle plate-interface kinematics and viscoelastic dynamics of the subduction zone in
response to the megathrust earthquake. I compare kinematic models to seismicity
in order to gauge the heterogeneity in seismic efficiency across the plate interface
in both the interseismic and postseismic phases of the earthquake cycle. I attempt
to separate the various signals coming from simultaneous postseismic processes and
explore and present a discussion of the non-uniqueness of the solution parameter
space for the separated signals.

For these investigations I use the GPS data and published seismic catalogues
from the Chile Maule 2010 Mw 8.8 and Pisagua-Iquique 2014 Mw 8.1 megathrust
events.

From the Maule investigations, I find that afterslip is a dominant early post-
seismic process (decaying over 3-4 years) that is well captured due to the excellent
coverage of near-field continuous GPS (¢GPS). Afterslip spatiotemporal features are
well resolved in certain regions and the comparison of afterslip to coseismic slip can
reveal regions of the plate interface that are more likely to fail with large magnitude
aftershocks. Postseismic processes can be separated if we make some assumptions
about afterslip behaviour: To separate the simultaneous postseismic signals I de-
velop the Postseismic Straightening method. The separation considers three post-
seismic processes: plate interface re-locking, afterslip, and viscoelastic relaxation.
Plate re-locking is a traditionally neglected postseismic process that when mod-
elled in combination with viscoelastic relaxation and afterslip significantly improves
the model prediction fits to the time series. The effect of re-locking, when added
to afterslip and viscoelastic relaxation, is to cause the horizontal displacements to
veer with time. The afterslip separated using the Postseismic Straightening method
has a normalized decay time function that is in good agreement with the normal-
ized decay time function of the aftershocks over the first 3-4 years, suggesting that
the spatiotemporal relation between afterslip and aftershocks persists long into the
postseismic time period. The afterslip, however, is predominantly aseismic and puls-



Chapter 0

ing in nature; leading to the interpretation of afterslip pulses on a postseismically
weakened plate-interface being triggered by the larger magnitude aftershocks, and
with the stress release of afterslip feeding back into the shear stress forcing of the
aftershock sequence.

For the Pisagua-Iquique earthquake, I investigate the seismic efficiency of the
preceding foreshock swarm and the source parameters of the largest foreshock that
initiated this swarm. The ¢GPS motions leading up to the Mw 8.1 mainshock are
mainly explained by seismic slip, although significant aseismic postseismic responses
can be resolved for the larger earthquakes in the swarm. Similar to the interpretation
of the Maule afterslip and aftershocks, I interpret the transient aseismic signals as
being afterslip of the foreshocks.

While promising spatial relations exist between inter-, co-, and postseismic elastic
dislocation kinematics, the degrees of freedom for the slip azimuth (rake) need to
be further investigated, especially for the interseismic locking models which can be
very sensitive to a constrained backslip azimuth.

(German version of the abstract can be found in the Appendix).
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Chapter 1

Introduction, Methods, and Aims

Note

This chapter will first deal with the essential concepts of the subduction zone seismic
cycle that are especially relevant to this body of work (section 1.1). I will introduce
some of the ways in which geodetic data is utilized in the subduction zone modelling
community, as well as how the insights from complimentary data sets and methods
can help to constrain subduction zone mechanisms. In section 1.2 I will introduce the
methods used in my research, with further details given in subsequent chapters. In
section 1.3 I will give an overview of the 2010 Mw 8.8 and 2014 Mw 8.1 earthquakes
that form the basis of my investigations, and finally in section 1.4 I will introduce
the aims and objectives that have been tackled during my doctoral research.

1.1 Essential Concepts

1.1.1 The subduction zone seismic cycle

The simplest model describing the build up and release of stress in the subduction
zone is the elastic-rebound theory (e.g. Reid, 1911) in which the mechanically cou-
pled plate-interface between the subducting and overriding plate (the megathrust)
accumulates stress due to the forces that drag, push, and pull the plates together
(Turcotte and Schubert, 2014) until a threshold is reached and the stress is released in
a sudden failure of the coupling. The plate interface is then re-coupled (re-locked)
and the accumulation of stress begins again, completing the seismic-cycle. With
such a basic model, the earthquake recurrence intervals can be crudely estimated by
the magnitude of the previous large earthquake in the subduction zone segment and
the rate of slip-deficit accumulated as the plates are locked together (e.g. Bilham
and Ambraseys, 2005). The earthquake recurrence intervals at a particular segment
of a subduction margin can also be estimated by looking into the written, archaeo-
logical, or geological record of megathrust events (e.g. Clague and Bobrowsky, 1994;
Mouslopoulou et al., 2011; Melnick et al., 2009; Satake et al., 1996; Bilham et al.,
2005), although such records are often incomplete or inadequate at accurately local-
izing the rupture extents. Furthermore, there exists the less frequent occurrence of
great megathrust earthquakes (approximately Mw > 8.8) which can run-away and
rupture over multiple adjacent segments (Rosenau and Oncken, 2012). The most
recent example of such a great event was the Tohoku Oki Mw 9.0 (Tajima et al.,

16
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2013; Simons et al., 2011) that swept over a region of segments that over the past
400 years have not hosted an earthquake greater than a Mw 8.5.

Key to better estimating the recurrence rate of such large earthquakes is a full
understanding of the velocity- and state-dependent frictional behaviour of the plate
interface (see Scholz, 1998): The testing of parameters in such friction models re-
quires a reliable record of the relative plate motions as a function of time. Such
records may comprise of:

e kinematic models which localize and quantify interseismic (before the earth-
quake) locking-patterns and slow-slip with slip distributions during (coseismic)
and after the earthquake (postseismic).

e seismic products such as b-value which give a measure of the relative pro-
portions of small to big earthquakes for a particular portion of the interface.
Regions of the interface that are more prone to harbouring larger magnitude
earthquakes (lower b-value) are more likely to adhere to a rate-weakening fric-
tional behaviour, whereas the regions of the interface with a higher b-value
indicate areas that are more prone to sliding with a rate-strengthening fric-
tional behaviour.

Furthermore, modelling of the long-term plate-interface physical properties can
be compared against the kinematic behaviour and tested for spatial correlations that
would imply a certain frictional behaviour for some apparent physical properties.
Such modelling of long-term features includes:

e Interface anomaly identification which can be achieved with various meth-
ods such as gravity (e.g. Song and Simons, 2003), magnetic surveys (e.g. Ydnez
et al., 2001), and seismic tomography of both active source seismic surveys and
aftershock data (e.g. Haberland et al., 2009; Husen et al., 2000; Hicks et al.,
2012; Grof$ et al., 2008; Oncken et al., 2003).

e Application of the critical taper theory (e.g. Dahlen, 1990), which has
been investigated in the analogue laboratory (e.g. Lohrmann et al., 2003; San-
timano et al., 2015) and also with surface profiles from various subduction
margins (e.g. Cubas et al., 2013b,a). Such analysis can relate the topographic
profile to the long term friction of the décollement (megathrust plate interface)
and the activity of faults in the accretionary prism.

e Geological Sampling of ophiolites found in the field (e.g. Angiboust et al.,
2011, 2012) can characterize the long term deformation conditions in the vicin-
ity of the plate interface. Currently, boreholes are being drilled in the Nankai
Trough Seismogenic Zone Experiment (www.iodp.org/nantroseize) with the
aim of returning rock samples from subduction plate interface. Laboratory
measurements on the sliding features of fault rocks provide the basis for rate-
dependent friction models (e.g. Dieterich, 1978).

In the next subsection I will present in more detail the concepts involved in

kinematics and dynamics of the subduction zone seismic cycle, since that is the
focus of my PhD research.

17



Chapter 1 1.1. ESSENTIAL CONCEPTS

1.1.2 Subduction plate interface locking and slip, and the
contamination from Viscoelastic Relaxation

The episodic slip and locking (coupling) on the subduction plate interface is gen-
erally constrained within a typical depth range of 0-70 km that is to a first-order
controlled by the pressure temperature conditions and the depth-dependence of in-
terface rock types (e.g. Oleskevich et al., 1999). Below this zone, the plate interface
slides stably due to thermal conditions and therefore slip-deficit is generally not
accumulated. The seismogenic zone is found between the limits of slipping and
locking zone, and this zone is generally narrower than the width of the slipping
and locking zone, because the accretionary prism of sediments closer to the trench
tends to facilitate a more weakly coupled interface (e.g. Byrne et al., 1988). Such
seismogenic zones are a product of the often azimuthally biased seismic networks:
Offshore deployments of seismometers that can better map seismicity nearer to the
trench are prohibitively expensive and are not usually deployed over long observa-
tion windows. Naturally there are a scarcity of deep and shallow (e.g. > 70 km,
< 10 km) plate interface earthquakes that extend beyond the established seismo-
genic limits of a particular segment. Slip events (aseismic or seismic) along the
slipping/locked zone have been characterized as tending to occur in certain failure
domains (from the shallowest, A to the deepest, D) as suggested by the dependence
of the frequency-time characteristics of the measured seismic waveforms as a func-
tion of depth (Lay et al., 2012). While locking maps are useful the for estimating
slip deficit and therefore the expected magnitudes and locations of imminent great
earthquakes (e.g. Moreno et al., 2010), the relationship between locking and failure
across all domains, especially the assumed to be creeping shallowest (A domain), is
not so clear-cut. Furthermore, the ability to map the locking within acceptable res-
olution diminishes as a function of distance to the nearest geodetic measurements,
meaning that the locking at the trench (under the water and far from the land) is
often very badly constrained by geodetic models. In many subduction zones, the
occurrence of slow-slip events (predominantly aseismic slip that can be accompanied
by seismic tremor) has been recognized by the deviation of the otherwise constant
background interseismic locking velocities (e.g. Rogers and Dragert, 2003; Wallace
and Beavan, 2010). This form of aseismic slip tends to occur in the deepest portion
of the locking and slipping portion of the plate interface (D domain).

Locking of the subduction plate interface is represented by the measure of locking
degree, a number between 0 and 1 that describes the state between fully uncoupled
(0) and fully coupled (1) and this number is one minus the ratio of local sliding
velocity to the incoming plate velocity. For example, if the incoming plate velocity
of the subducting plate is 40 mm/yr, a portion of the plate interface with a locking
degree of 0.75 will be locally sliding at a relative velocity of 10 mm/yr. The incom-
ing plate velocity is defined as the velocity of the incoming plate with respect to the
overriding plate and is measured at an arbitrary distance from the trench depending
on the availability of any exposed landmasses on which to make the measurements.
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Figure 1.1: Figure shows the spring and dashpot schematic representations of two com-
monly used rheologies in subduction zone studies: Linear Maxwell, and Burgers viscoelas-
ticity. The elastic parameters are given here by p and K, representing shear modulus
and stiffness respectively. The viscosity is represented by 7. For a constant stress rate,
the Linear maxwell model will produce a constant strain rate, and the Burgers model
will produce an intially higher strain rate that decays in time to a constant strain rate
(i.e. decays to Linear Maxwell behaviour). In my modelling of postseismic viscoelastic
relaxation, I implemented the Linear Maxwell rheology.

Slip occurs on the plate interface rapidly in earthquakes, or more slowly as aseis-
mic slip. Aseismic slip can occur as afterslip following an earthquake, or during the
interseismic (locking phase) of the seismic cycle as slow-slip.

Viscoelastic relaxation of the subduction zone following large earthquakes was
originally suspected due to long-term viscoelastic decay signals measured in the near
and far-field (e.g. Kanamori, 1973; Nur and Mavko, 1974). The viscoelastic relax-
ation, if not removed from the data, can contaminate the plate interface afterslip
model. Such contamination manifests itself as an unrealistically deep slip signal,
and the motion on the plate interface is not able to produce fits to the far-field
cumulative displacements. Viscoelastic behaviour is apparent in other geological
settings such as Glacial Isostatic adjustment (GIA) (e.g. James et al., 2000; Larsen
et al., 2005), whereby the viscosity has been estimated to be between 10'8 — 102!
Pa.S. The influence of the viscoelastic relaxation in the subduction zone setting is
hotly debated in the subduction zone research community: From being the domi-
nant process recorded in both near- and far- field geodetic GPS measurements, to
being a secondary process to the slipping signal coming from the plate interface.
Viscoelastic relaxation models can consist of various rheologies, the most popular
being the Burgers and Maxwell Linear viscoelastic rheologies. Figure 1.1 shows a
schematic spring and dashpot representation of the Linear Maxwell and Burgers
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rheologies. The arrangement in series or parallel of viscous (dashpots) and elastic
(springs) elements determines the form of the differential equation that describes
stress relaxation over time. The Burgers model exhibits an initially higher rate of
strain for a constant applied stress which decays into a constant strain rate. The lin-
ear Maxwell viscoelastic model has a constant strain rate in response to a constant
applied stress. For the purposes of addressing the aims of my research (see section
1.4), I chose the linear Maxwell model of viscoelasticity as an appropriate approx-
imation for the behaviour of the viscoelastic bodies in my models. This rheology
choice was based on a desire to reduce the number of parameters in a parameter
search, and therefore simplify the consequent interpretation. For the viscoelastic
relaxation models presented in this thesis we can consider the stress relaxation of
the postseismic period as the relaxation of the stress imparted onto the viscoelastic
body during the megathrust event. In terms of dashpots of strings, the stress im-
parted on the viscoelastic body by the coseismic slip can be represented by a sudden
extension of a relaxed spring that is in series with a dashpot. During the postseismic
the stress in the extended spring (with the extended end of the spring held at the
point it was suddenly extended to) is relaxed over time by the viscous flow in the
dashpot.

1.1.3 GPS measurements and feautures

The technology of satellite navigation systems such as Global Positioning System
(GPS) and GLObal NAvigation Satellite System (GLONASS) have enabled the
global monitoring of precise plate tectonic motions for over two decades (e.g. Gor-
don and Stein, 1992) revolutionising the science of earthquake cycle kinematics.
Measurements can either be taken continuously (continuous GPS / ¢GPS) or by
means of repeat measurements of survey (sGPS) points. Modern day technological
advancements in antenna and receiver technology and the refinement of processing
methods means that surface displacements can be measured within a precision of
1-2 mm, with daily repeatability of continuous measurements between 1-2 mm. In
many subduction zones vast networks of ¢GPS and sGPS have been established
that enable the capturing of the tectonic signal before, during, and after some of
the largest earthquakes of the last century (e.g. Sato et al., 2011; Vigny et al.,
2005). GPS displacements are used to locate the heterogeneity of motion between
plates, and therefore the recorded surface displacements must be transformed into
the correct reference frame whereby motion on the surface of the continental plate
corrected for the long term pole of rotation of the plate on which they are measured
(e.g. Altamimi et al., 2011). Subduction zone plate motions can be explained simply
with a trajectory model (from Bevis and Brown, 2014, modified to show the linear
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background velocity variant):

N
+) bH(t—t))
j=1

" (1.1)
+ Z sk sin (wyt) + ¢ cos(wyt)
k=1

i=1

The component (east, north, or up) of the time series, x(t) which starts at tg, is
described by a linear term, a; some Heaviside step functions where b; is the coefficient
of the Heavisides function, H, at time ¢;; some coefficients of a Fourier series, s; and
ci with k being the number of frequencies used (ny, typically two); and a logarithmic
decay function where d; is the coefficient of the logarithmic decay described by
a T; decay constant and 6t; being 0 at the beginning of the postseismic decay.
The Heavisides step functions describe sudden displacements from earthquakes or
changes of antenna. The Fourier series describes the secular oscillations due to
climactic effects on the ground or the atmosphere. The linear term describes the
coupling of the incoming plate under the continent and the constant velocity of
subduction.

In the studies presented in this thesis, we will deal with time series data from
¢GPS stations during the interseismic (the linear term from the 1.1 equation) the
coseismic displacements (the Heavisides steps) and the postseismic motion (the de-
cay term). We will model the processes causing these trajectories, challenging the
assumptions of this trajectory model, as well as inferring processes for the transient
deviations from the expected trajectories.

1.2 Methods: Using geodetic data to model sub-
duction zone seismic cycle processes

1.2.1 Heterogeneous relative plate motion: Dislocation mod-
elling

Okada (1985, 1992) provides the commonly used analytical Green’s functions to
model the recorded surface motions to the dislocation (fault motion) in an elastic
half-space. For recorded slip events (earthquake slip, afterslip, or slow-slip) the slip
distributions on a known fault geometry can be modelled by setting up a linear
system of equations that relate the Okada Green’s functions to the displacements.
The matrix manipulation of this linear system of equations can solve for the slip
values on each sub-patch in the fault geometry, and this process is known as a slip-
inversion. Green’s functions can also be calculated by forward modelling the surface
deformations at the GPS station locations for unit slips on fault patches using the
finite elements method (e.g. Moreno et al., 2009; Li et al., 2015).
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Dislocation modelling is also used to model plate-interface locking, and this is
achieved using the backslip assumption (Savage, 1983). In the backslip assump-
tion, we can model locking on the plate interface as a dislocation in the opposite
sense to the direction of the slip which would release such locking. Kanda and Si-
mons (2010) showed the elastic plate subduction model as an alternative to backslip
for modelling locking. It was demonstrated that the backslip model produces iden-
tical surface predictions to the elastic plate subduction model if the elastic plate
thickness is zero. If the stresses in the subducting elastic plate due to plate flexure
at the trench are not increasing over many seismic cycles then the backslip assump-
tion is robust, regardless of elastic thickness of the subducting plate.

The resolution of the locking or slip model is subject to the number of measure-
ments and their proximity to the plate-interface. Resolution can be visualized by
means of a checkerboard test or analysis of the resolution matrix that is a product
of the Green’s function matrix (see Page et al., 2009, for a good discussion on slip
inversion resolution). Best practice is to either provide model resolution and sensi-
tivity tests (checkerboard tests, bootstrap tests, etc.) or to adjust the patch size of
the fault model so that each patch is nearly identically resolved (e.g. Barnhart and
Lohman, 2010; Atzori and Antonioli, 2011). A common drawback of subduction
zone locking and slip models is that the lack of measurements close to the trench
means that the kinematic distribution near to the trench obtained by the inversion
cannot be trusted as strongly as the distribution nearer to the coastline.

1.2.2 Application of the Finite Elements Method

In chapter 3 of this thesis I will apply the numerical method known as the Finite El-
ements Method (FEM) to model the postseismic viscoelastic flow below the assumed
elastic thickness of the continental lithosphere as well as below the subducting slab.
A rigorous explanation of the mathematical principles used in the FEM and the
various approaches encompassed by this umbrella term FEM can be found in texts
such as Zienkiewicz and Taylor (1994); here I will introduce the basic concepts of
the FEM relevant to the understanding of the modelling in this thesis.

The application of the FEM to the subsequent rheological flow following a stress
perturbation solves the equilibrium of forces equation (Poisson’s equation) at time
steps. The initial stress of the model, that will drive subsequent viscoelastic relax-
ation, is given by the relationship between the stress and strain (shown only the
relationship between deviatoric tensors):

05 = 2M€ij (12)

where ¢ and j are the deviatoric combinations of rows and columns for the stress
and strain tensors ¢ and €, and p is one of Lamé’s parameters. For the dashpot
representation of viscosity the Newtonian flow law (assuming here an incompressible
fluid) relates deviatoric stress to deviatoric strain:

where 7 is the viscosity. As the viscous flow proceeds in time, the stress is decreased,
and so a system partial of differential equations explains the flow with time in all
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Figure 1.2: The mesh used in the finite element modelling of postseismic relaxation
(chapter 3). Purple and green are the oceanic slab and continental crusts respectively.
Blue and yellow are the oceanic and continental mantles respectively. Finer elements are
used closer to the plate interface, since this region has the highest expected gradients
of postseismic deformation. Model dimensions (drawn on figure 3.5) are 1800 km along
strike, 500 km deep and 4000 km in the strike perpendicular direction. There are over
1.2 x 10% elements in this mesh.

directions. The solution to these partial differential equations is the undertaken
with the FEM, and the solutions require the definition of boundary conditions. For
each time step, the solution fields (e.g. displacement, stress change) are calculated
at nodes in a mesh representing the model geometry. The arrangement of nodes
determines the shape of the elements, and in my investigations I used tetrahedral
elements. The elements must be more plentiful (i.e. smaller) in the regions where
the largest solution field gradients are expected: this is to minimize the numerical
artifacts related to interpolation (see fig. 1.2).

1.3 Introducing the Earthquakes of this study

1.3.1 Maule Mw 8.8, 2010

The Maule Mw 8.8 struck on the 27th February, 2010 with the hypocentre occuring
offshore and north of of the coastal city of Concepcion. Figure 1.3 shows the extents
of the rupture zone, with most models being in agreement that the coseismic rupture
extended with an along strike length of roughly 500 km (e.g. Lorito et al., 2011;
Moreno et al., 2010; Vigny et al., 2011; Hayes et al., 2013; Pollitz et al., 2011).
This earthquake is the third largest earthquake ever recorded by satellite geodesy,
behind the Sumatra 2004 Mw 9.2 and the Tohoku-Oki Mw 9.0 of 2011. The tsunami
generated by the earthquake was responsible for 124 of the earthquake’s 521 fatalities
(Fritz et al., 2011). This earthquake is considered to have released the majority, if
not all, of the slip deficit since the last supposed rupture of this whole segment: The
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Figure 1.3: Both panels show a blue convergence vector and associated velocity repre-
senting the motion of the incoming Nazca oceanic plate with respect to the South American
continental plate. The subduction trench is shown by the dotted black line, and both the
Chilean coastline and border to Argentina are shown in dark green. The left hand panel
shows the coseismic displacements (horizontal as vectors and vertical colour coded between
blue and red). The hingeline is onshore up to approximately 35°S. There is uplift at the
coastline with subsidence towards the volcanic-arc and a hint of uplift in the volcanic arc.
Right hand side shows the coseismic slip distribution of Bedford et al. (2013) which was
modelled using the data of the left hand plot (Moreno et al., 2010; Vigny et al., 2011). The
interseismic locking degree (Moreno et al., 2011) is shown with blue contours at 0.7, 0.8,
and 0.9 locking degree. A locking degree of 1 would indicate a fully coupled interseismic
plate interface.
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Figure 1.4: Equall length time windows of recorded postseismic displacements following
the Maule Mw 8.8 of Feb. 27th 2010. Vectors show the horizontal displacements and
colour scale shows the vertical displacements. Coastline and borders of Chile are plotted
in black. The numbers in the top of each panel show the time window in postseismic days.
Note that some time windows have better station availability than others.

Darwin Earthquake of 1835 (Darwin, 1851).

Figure 1.3 also shows the coseismic dispacements of the mainshock. The hinge-
line of coseismic uplift and subsidence is onshore up to the latitude of approximately
35°S. Figure 1.4 shows the evolution of the 3 deformation components (east, north,
and up) for the postseismic phase. These recorded motions, in particular the post-
seismic, are modelled and discussed extensively in chapters 2 and 3.

1.3.2 Pisagua-Iquique Mw 8.1, 2014

The earthquake known both as the Iquique and the Pisagua earthquake of April
1st 2014 struck a portion of the plate interface that was extensively monitored in
anticipation of the rupture of the mature seismic segment(s) - mature meaning that
the slip-deficit is believed to be at the stage of imminent coseismic release. Figure
1.5 gives an overview of the coseismic rupture. So far, no models of postseismic
deformation, either viscoelastic relaxation or afterslip, are available, although the
late-interseismic activity measured by both ¢GPS and seismometers have revealed
some extraordinary kinematic insights into the build up to the eventual Mw 8.1
failure (Schurr et al., 2014; Hayes et al., 2014; Meng et al., 2015; Ruiz et al., 2014;
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Figure 1.5: Figure modified from Schurr et al. (2014). Coseismic slips of the Mw 8.1/8.2
Pisagua-Iquique earthquake and the largest aftershock (Mw 7.6/7.7). Coseismic GPS
vectors are shown in green (data) and black (model predictions). Epicentres are shown
with stars and the focal mechanics of each earthquake are shown. Blue squares show the
locations of broadband and strong motion seismometers together, and blue triangles show
the locations of strong motion seismometers.
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Kato and Nakagawa, 2014; Bedford et al., 2015). The Mw 8.1 and the large Mw 7.6
aftershock that occurred two days later on April 3rd are thought to have released but
a fraction of the total slip deficit of the North Chilean segment, with the potential
of at least a Mw 8.5 remaining (Schurr et al., 2014).

The seismo-tectonics of the late-interseismic build up to this event will be dis-
cussed in chapter 4.

1.4 Doctoral Research Aims and Objectives

The combination of extensive GPS surface motion records along with the seismic-
ity catalogues of these earthquakes allows us to tackle some pertinent questions of
subduction zone research spanning all phases of the seismic cycle (inter- co- and
post-seismic). Relevant to both earthquakes and to both interseismic and postseis-
mic data, there is the question of:

e How are slip and seismicity related in space and time, and what are
the respective magnitudes of seismic and aseismic moment release?

For the Iquique-Pisagua earthquake, there existed some discord over the relative
magnitude of seismic to aseismic slip preceding the mainshock. Chapter 4 (Bedford
et al., 2015) deals with this question, showing clearly the separation of aseismic and
seismic signals in the cGPS through a novel approach of modelling the range of pre-
dicted GPS displacements due to uncertainties in the seismic parameter space. For
the Maule earthquake, chapter 2 (Bedford et al., 2013) provides some analysis into
the relative magnitudes and distributions of seismic and aseismic slip. Furthermore,
we relate the seismic efficiency to the remaining seismic hazard in the postseismic
phase. Additionally, for the Maule earthquake we aim to discover how well the
model of Coulomb Failure Stress explains both afterslip and aftershocks.

Relevant to just the Maule data, we would like to address the question of simul-
taneous postseismic processes, namely:

e Can we separate the simultaneous postseismic processes and their
magnitudes as a function of time following the earthquake.

This question is addressed extensively in chapter 3 by means of a novel Postseismic
Straightening methodology that teases apart the contributions of viscoelastic relax-
ation, afterslip, and plate interface re-locking signals. Implicit in this question of
process separation is the question of how well we can parametrize each separated
process.

For the case of the Maule earthquake, there is an opportunity to compare the
co- post- and inter-seismic plate interface kinematics and answer the following:

e How well do co-, post- and inter-seismic plate interface kinematics
of the Maule earthquake adhere to the current understanding of
frictional behaviour of subduction plate interface zones?

As mentioned in section 1.1.1, the understanding of past and future earthquake
occurrence is being investigated by a wide and integrated variety of geoscientific
methods, and the insights of such studies should be tested against the observed
and modelled kinematics of subduction zones such as those available for Maule.
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In chapter 2, therefore, we include discussion into the likely long-term frictional
behaviours of well resolved regions on the plate interface using the kinematics of the
inter-, co- and postseismic.

In all the studies presented I try to address the limits of our interpretation
in consideration of model resolution, measurement errors, and model assumption
errors. In chapter 2, the resolution of the afterslip model is the limiting factor in
our subsequent interpretations. In chapter 3, we frame the problem as a parameter
search; giving a range of results and a discussion of whether or not some parameter
combinations more credible than others. In chapter 4, a main aim of the study is to
ascertain the validity of an aseismic-slip or a seismic-slip explanation for the transient
¢GPS signals, and this involves a thorough analysis of the model assumptions, and
measurement errors. Finally, the discussion chapter 5 gives additional insights on
plausible alternatives to the locking model of the Iquique Mw 8.1 (Schurr et al.,
2014), and forms the basis of an introductory discussion into the possibilities of
future study into the validity of many common model assumptions used by the
subduction zone locking/slip modelling community.
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Chapter 2

A high-resolution, time-variable
afterslip model for the 2010 Maule

Mw = 8.8, Chile megathrust
earthquake

Note

This chapter is a reformatted version of an EPSL paper (Bedford et al., 2013).
This thesis chapter of the paper includes some additional figures and text that
were published in EPSL as supplementary material. The remaining supplementary
material has been placed in the Appendix.

Abstract

The excellent spatial coverage of continuous GPS stations in the region affected by
the Maule Mw = 8.8 2010 earthquake, combined with the proximity of the coast to
the seismogenic zone, allows us to model megathrust afterslip on the plate interface
with unprecedented detail. We invert post-seismic observations from continuous
GPS sites to derive a time-variable model of the first 420 d of afterslip. We also
invert co-seismic GPS displacements to create a new co-seismic slip model. The
afterslip pattern appears to be transient and non-stationary, with the cumulative
afterslip pattern being formed from afterslip pulses. Changes in static stress on the
plate interface from the co- and post-seismic slip cannot solely explain the aftershock
patterns, suggesting that another process — perhaps fluid related — is controlling the
lower magnitude aftershocks. We use aftershock data to quantify the seismic cou-
pling distribution during the post-seismic phase. Comparison of the post-seismic
behaviour to interseismic locking suggests that highly locked regions do not nec-
essarily behave as rate-weakening in the post-seismic period. By comparing the
inter-seismic locking, co-seismic slip, afterslip, and aftershocks we attempt to clas-
sify the heterogeneous frictional behaviour of the plate interface
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Highlights

e Continuous GPS maps the post-seismic subduction interface in unprecedented
detail.

e Cumulative afterslip is formed from pulsing, non-migrating, slip patterns.
e Static stress transfer only seems to trigger the larger aftershocks.

e Plate interface mechanics interpreted from pre-, co-, and post-seismic kine-
matics.

2.1 Introduction

The period of time during which the subduction zone relaxes the stress induced
by a megathrust earthquake is known as the post-seismic, which, depending on
magnitude, can last for years or even decades (e.g. Hu et al., 2004; Wang et al., 2012).
The post-seismic period presents an excellent opportunity to study subduction zone
physics not only because the surface velocity is transient and much larger than before
the earthquake, but also because it is accompanied by an increase in seismic activity
that shows a similar time decay to the post-seismic surface displacements (Hsu et al.,
2006). Moreover, the transient character of the induced deformation allows testing
of the time-dependent rheology of the Earth. However, interpreting post-seismic
deformation is inherently non-unique and multiple physical mechanisms can explain
the post-seismic surface displacements (e.g. Freed et al., 2006; Hergert and Heidbach,
2006; Hu and Wang, 2012). Proposed primary mechanisms of stress relaxation
following large earthquakes are afterslip (Hsu et al., 2006; Miyazaki et al., 2004;
Perfettini et al., 2010), poro-elastic rebound ( Wang, 2000; Hughes et al., 2010), and
viscoelastic relaxation of stress (Rundle, 1978; Hu et al., 2004; Hergert and Heidbach,
2006). Rapidly decaying deformation in the near-field of the rupture (lasting for days
to 1-2 yr) is generally attributed to afterslip (Hsu et al., 2006), which is characterized
by aseismic slip on the plate interface surrounding the rupture as induced by co-
seismic stress changes (e.g. Marone et al., 1991). Afterslip has been inferred to be
an important mechanism following recent great earthquakes (e.g. Ozawa et al., 2011;
Vigny et al., 2011; Hu and Wang, 2012) and its distribution has been used to infer
the frictional properties of the megathrust (e.g. Miyazaki et al., 2004; Marone, 1998)
and to investigate the trigger mechanism of aftershocks (Helmstetter and Shaw,
2009). The increased coverage of modern geodetic measurements allows us to observe
the surface deformation field on finer spatial and temporal scales, adding further
constraints to our models of post-seismic processes.

In this paper we will model the afterslip on the plate interface using the excel-
lent spatio-temporal coverage of continuous GPS (¢cGPS) in the region of the great
(Mw = 8.8) Maule, Chile earthquake of February 27th 2010. While we recognize
that other physical processes are contributing to the surface deformation field, we
assume afterslip to be the principal dominant contribution to the early post-seismic
surface deformation pattern. This assumption is supported by the dominance of
plate interface aftershocks in most of the rupture zone (e.g. Lange et al., 2012; Ri-
etbrock et al., 2012; Agurto et al., 2012). Deviations of the predicted (i.e. purely
elastic) surface deformation from observed deformation is reasonably attributed to
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and discussed in the framework of poro-elastic effects, viscoelastic stress relaxation
as well as crustal faulting.

In previous studies investigating the spatio-temporal evolution of afterslip (Segall
et al., 2000; Miyazaki et al., 2004; Hsu et al., 2006, 2007) the spatial afterslip pat-
tern was mostly not seen to significantly vary with time, i.e. it appeared stationary.
However, these models lacked spatial resolution due to either the distance of cGPS
stations from the slipping area (Ozawa et al., 2011), or because only very few ¢GPS
stations were available to constrain the model. Our afterslip model of the Maule
2010 earthquake highlights the transient and non-stationary character of afterslip in
subduction megathrust settings and shows in detail how the afterslip varied in time
and space during the first 14 months. We use our spatio-temporal model to dis-
tinguish different frictional behaviour at different regions of the plate interface, and
discuss the implications for our understanding of the inter- and co-seismic behaviour
of the Maule subduction segment.

The Mw = 8.8 Maule 2010 earthquake ruptured a 500 km long segment of the
central Chile Forearc due to the subduction of the Nazca Plate beneath South Amer-
ica (Fig. 2.1). It occurred on a mature seismic gap, which presented a high degree
of plate locking in the decade preceding the event (Ruegg et al., 2009; Moreno et al.,
2010; Metois et al., 2012). Strong motion in the near-field (shaking), tsunami run-up
and inundation, as well as coastal uplift patterns show similarities to an earthquake
in 1835 (Darwin, 1851), suggesting that both events ruptured an analogous segment
of the plate boundary (Moreno et al., 2012). Slip peaked at 16 m and back projec-
tion of teleseismic waveforms suggest a bilateral propagation of the rupture from the
centrally located epicentre (Kiser and Ishii, 2011; Wang and Mori, 2011). There
have been various models of co-seismic slip which have improved in resolution as
more data have become available (e.g. Delouis et al., 2010; Vigny et al., 2011; Pol-
litz et al., 2011; Lorito et al., 2011; Moreno et al., 2012). We compare our afterslip
model with a co-seismic slip model obtained from inversion of 82 GPS measurements
(described in detail in Section 3), which is similar in magnitude and distribution to
the model of Moreno et al. (2012).

2.2 GPS Data

Following the Maule earthquake, a dense network of 67 ¢GPS stations (see Appendix
A and Figs. 2.1, A.1) was deployed and maintained in a multinational effort ( Vigny
et al., 2011). Data for all stations were organized in 24 h periods. Each observa-
tion was processed using the Bernese GPS Software (Dach et al., 2007). Precise
orbit and earth rotation parameters were used from IGS final products (Dow et al.,
2009). During the processing, the antenna phase centre was reduced using absolute
calibration, and double differences were modelled in L3, using elevation masks of
10° and a sampling rate of 30 s. To form the single differences a phase strategy
of maximum observations was used. No a-priori troposphere model was applied.
The troposphere parameters were estimated in all steps of parameter estimation.
Corrections of the troposphere zenith delay for each station were estimated every 2
h. We used a Neill mapping function to compute the correction in the wet and dry
part. The elevation-dependent weighting was applied using the function cos (z)? .
We stacked the free solutions in a normal equation file for each day. For the datum
definition we used the minimum constraint approach, applying the No Net Rotation
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Figure 2.1: Tectonic setting for the Maule 2010 subduction earthquake. Green squares
indicate locations of continuous GPS stations. Co-seismic slip contours of 4 m, 8 m, and
12 m are plotted in red. Mainshock hypocentre is given by the red star ( Vigny et al., 2011)
and focal mechanism from the gCMT catalogue is shown. Crustal faults are indicated with
black lines. Red triangles indicate Quaternary volcanoes.
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(NNR) and No Net Translation (NNT) conditions for a group of selected reference
stations (Table 2.1). Coordinates for each reference station were obtained from the
global polyhedron weekly solution (Dow et al., 2009). Our results are compatible
with ITRF2005 (Altamimi et al., 2007).

Station reference | Latitude(®) | Longitude(®)
CFAG -31.60 -68.23
CHPI -22.69 -44.99
COPO -27.38 -70.34
CORD -31.53 -64.47
COYQ -45.51 -71.89
EISL -27.15 70.62
IGM1 -34.57 -58.44
IQQE -20.27 -70.13
ISPA -27.12 70.65
LHCL -38.00 -65.59
LPGS -34.90 -57.93
OHI2 -63.32 -57.90
PARC -53.13 -70.87
RIOG -53.78 -67.75
SANT -33.15 -70.66
UNSA -24.72 -65.40
VBCA -38.70 -62.26
RIO2 -53.78 -67.75
ANTC -37.33 -71.53
AREQ -16.46 -71.49
BRAZ -15.94 -47.87
UFPR -25.44 -49.23
FALK -51.69 -57.87
VALP -33.02 -71.62
RWSN -43.29 -65.10

Table 2.1: List of reference stations and coordinates used for surface displacements.

The post-seismic signal after the Maule earthquake is evident by high rate trench-
ward (westward) movements and by the rapid decrease in the deformation rate (Fig.
2.2).We also see long and short period transient behaviour in the post-seismic signal,
for example Fig. 2.2 shows peculiar accelerations in the North component of station
YANI beginning at around post-seismic day 100. Sharp accelerations are usually
related to large or nearby aftershocks (red lines on Fig. 2.2) and punctuate the
decaying time series with step like features. The cGPS displacements for all stations
can be found in Appendix A.

2.3 Kinematic Modelling

2.3.1 Afterslip

Afterslip is modelled as along strike and up-dip dislocations on 1344 triangular
patches with an average patch size of 180 km?, using Greens functions of dislocations
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Figure 2.2: East, North, and Vertical components of the continuous GPS data for 3
stations. Blue time series points correspond to real data, and green points correspond
to linearly interpolated data. Interpolated data has been given an error 3 times that
of the average, so that it is weighted less in model. Vertical red lines indicate plate
interface aftershocks with M, > 5.5 (from catalogue of Agurto et al. (2012)) which have
occurred within a lateral radius of 1°, and vertical cyan lines indicate earthquakes that have
occurred further away. Aftershocks are often seen to line up with jumps and subsequent
accelerations in the time series.

in an elastic halfspace (Okada, 1992). Rake is not constrained in the afterslip model,
i.e. backslip is allowed to occur. The patches recreate the undulating plate interface,
as modelled from gravity and seismicity by Tassara and Echaurren (2012), and
extend from the trench to a depth of 100 km. The medium below the Earths surface
is modelled as a perfectly elastic, homogeneous halfspace with a typical subduction
zone shear modulus of 35 GPa and a Poissons ratio of 0.25 (Poissons ratio is based
on the average Vp/Vs value in the local earthquake tomography study of Haberland
et al., 2009).

Spatio-temporal models of post-seismic afterslip in other studies have been cre-
ated using either the Network Inversion Filter (NIF) (Segall and Matthews, 1997) or
the Principal Components Analysis Method (PCAIM) (Kositsky and Avouac, 2010).
To maximize the amount of data constraining our model, we split the data into non-
overlapping 10 d periods (with a couple of exceptions; see station availability table
in Appendix A), performed PCAIM on each period, before recombining the 10 d
models to produce the total spatio-temporal model. This approach was necessary
due to the significant gaps in the data; while PCAIM can handle small data gaps,
for our model it was unable to produce reasonable results with too much missing
data. To ensure a reasonable fit to the overall deformation at each station we inter-
polated data gaps linearly, but with the interpolated data weighted much less in the
inversion than the real data. At two stations (MOCH and SOLD), we made special
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interpolations to guide the model predictions along a reasonable deformation field
(Appendix A Figs. 7?-77). This was because we have data missing from both before
and after the large Mw = 7.1 aftershock of January 2nd 2011. At these two nearby
stations we interpolated both forwards and backwards to the date of the aftershock
and inferred the jump in the interpolated time series to be the displacement from the
aftershock. Slip was regularized by a Laplacian smoothing operator, and the weight
of the smoothing operator was chosen at the elbow of the L-curve between misfit and
roughness. Edge effects from the smoothing were reduced by implementing a border
of patches surrounding the 1344 interface patches, on which the slip was constrained
to be zero. The border of patches extends all edges of the plate interface (even the
trench), and is neglected in all plots because it does not physically exist.

On March 11th 2010, there were two large aftershocks (Mw = 6.9 and Mw = 7.0)
on crustal faults close to Pichilemu (Ryder et al., 2012; Farias et al., 2011). Since we
did not want to contaminate the interface model with these clearly crustal events
and their immediate afterslip, we did not invert for afterslip between 10th-12th
March. The afterslip model does include the afterslip between 10th—12th March,
however we set the afterslip for this period to be zero everywhere on the interface.
Therefore the predicted displacements for this period are also zero at all stations.
For comparison of data and predictions we do not consider this period, and in the
data time series the GPS positions are shown as constant for days March 10th, 11th,
and 12th.

The PCAIM modelling generates daily afterslip solutions (see section 2.3.2 for
more details of this method). However, this is not to say that the temporal resolution
of the model is one day; since the signal to noise ratio in the data is decreasing
in time (proportionally to the decay in surface GPS velocities) the daily afterslip
solution accordingly becomes more noise dominated with time. For example, a two
day period of the model early on in the post-seismic contains much more signal than
a two day period later in the model.

2.3.2 PCAIM Modelling

PCAIM (e.g. Kositsky and Avouac, 2010) works by first decomposing the data time
series, X (t), into its n principle components using singular value decomposition:

X() =Y U S VY 2.1)
k=1

where U is the spatial basis function, S is the weighting of the component,
and V7 is the time evolution of the spatial basis function (time function). Once
the spatial basis functions U;...,n have been found, they are treated as the ‘data’
matrix in a least squares minimization procedure to find the slip, L, on the plate
interface. The spatial basis function, Uy, is related to slip, L, in the following way:

L, = GU,, (2.2)

where G is the matrix of Green’s functions relating the surface displacements to dis-
locations at depth (e.g. Okada, 1992). After solving for L (regularization found in
the PCAIM manual www.tectonics.caltech.edu/resources/pcaim) the time varying
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model of slip is obtained by recombining the components according to their respec-
tive weights and time functions. Thus, the time varying slip model L(t) is given by:

L= LiSVE (2.3)
k=1

Each 10 d inversion performed for the afterslip model used 3 components for the
PCAIM. This choice of components gave us the least divergence of modelled and
predicted time series (as discussed in sections 2.4 and 2.5.2) without being too
computationally expensive.

2.3.3 Coseismic Slip

The co-seismic slip model was made using the same plate interface (including border)
and regularization parameters as the post-seismic model. Vertical and horizontal
displacements from 82 ¢GPS stations (Fig. 2.3) were inverted between 26th-27th
February 2010, to produce the slip distribution of the megathrust earthquake. In
addition to the published displacements (for processing details see Vigny et al., 2011)
we used more solutions for the day before and during the earthquake (February 26th
and 27th 2010) which were processed as described in section 2.2.

2.3.4 Model resolution - What can we believe?

As is the case with any inversion model, certain model parameters are better con-
strained than others. Fig. 2.4 shows the diagonal elements of the model resolution
matrix (Menke, 1989b). The best resolution is obtained on the interface closest to
the stations, and these are the areas of our slip model that we can have the most
confidence in. A checkerboard test (where one forward models the displacement
field of a checkerboard slip pattern on the interface and then inverts for slip using
the available station distribution (e.g. Page et al., 2009), is a useful way to visualize
limitations of our method in resolving afterslip. Figs. 2.4c—d show the inversions
of noise-free and noisy synthetic data generated by a checkerboard slip on the plate
interface. The resolution is best near the coastline where the approximately 80 km
wide checkerboards are clearly resolved along the whole strike extent of the Maule
rupture zone. The up-dip patches near the trench (extending to a depth of around
15 km) are not resolvable (Fig. 2.4a) due to their location far outside the network.
On the landward side, good resolution extends about 60-70 km east of the coast-
line. However, the poorly resolved area in the east corresponds to slab depths of
more than 60 km. A threshold of 0.1 for the resolution matrix value, based on the
inspection of checkerboard tests, has been chosen to separate regions with high and
low resolution (white line, Fig. 2.4a).

2.4 Results

Fig. 2.5 shows the cumulative afterslip of the spatio-temporal model 420 d after the
mainshock along with selected predicted and observed time series. All observed and
predicted time series can be found in Appendix A. An animated sequence for the
cumulative and time windowed afterslip can be found in Appendix A. The model
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Mainshock Slip

Figure 2.3: Co-seismic slip inversion using the 3 component GPS data from Vigny et al.
(2011) and additional 3 component GPS data (82 stations in total). Horizontal data is
shown in green, and horizontal predictions are shown in red.
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Figure 2.4: (a) The diagonal of the model resolution matrix, averaged for both up-dip
and along-strike model parameters, and averaged over all the inversions that are summed
to produce the model. Model resolution matrix, R , is equal to (GT G)'GT G, where G is the
matrix of Greens functions relating the dislocations in the elastic halfspace to the surface
displacements (Menke, 1989b). Higher values indicate better model resolution. The white
dashed line encloses the region of the interface with superior resolution (resolution > 0.1).
(b) The input slip for the checkerboard test. Unit slip is implemented up-dip. (c¢) The
inverted slip for the checkerboard test, using the synthetic displacements (without noise)
at the 60 most commonly available cGPS station locations. (d) The inverted slip for the
checkerboard test, using the synthetic displacements (with noise) at the 60 most commonly
available ¢GPS station locations. Random uniformly distributed noise is added to each
synthetic displacement, with the maximum noise being 20% of the maximum displacement.

fits the data well in most stations; however at some stations, particularly in the
volcanic arc, we observe a divergence of the predicted time series from the observed
time series, where the stations see more deformation than we can model.

Within the extent of co-seismic rupture, we see high afterslip regions elongated
along strike, ocean-side of the coast between 36.5° and 34° S, and high afterslip
regions south of the Arauco Peninsula towards the southern termination of the co-
seismic rupture area (Fig. 2.5). The elongated afterslip bands north of the Arauco
peninsula seem to have two main patches (at 34.5° and 36° S), but the one at 34.5° S
might also be influenced by the Pichilemu cluster of seismicity (Ryder et al., 2012).
The densest cluster of the deep seismicity near 34.9° S and 71.8° W at approximately
50 km depth spatially coincides with cumulative afterslip of about 120 cm. The high
afterslip patch of around 170 cm at 38.3° S, 73° W lies in a region of poor resolution.
There are regions of low afterslip at the Arauco Peninsula and land-side of the coast
at 35.3° S. We see low to moderate afterslip down-dip towards the lower limits of the
seismogenic zone, with local minima at 37° and 34° S. Afterslip is also low or even
backslip is seen along most of the interface near the trench, but we must be aware
that the resolution is very poor at the trench and the results of the checkerboard
test suggest that we are unlikely to recover even broad slip distributions here (Fig.
2.4). Down-dip of the co-seismic rupture we see apparently very high afterslip in
the deepest parts of the model.

Compared to the co- and post-seismic models of other well observed megath-
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Figure 2.5: (a) Cumulative afterslip between February 27th 2010 (day of mainshock)
and April 15th 2011. Arrows show direction of slip on the interface. (b) Afterslip model
overlain with the red mainshock slip contours (4, 8, and 12 m) and the black interseismic
locking degree contours (0.3, 0.6, and 0.9) (Moreno et al., 2010). (c) Afterslip model
and the horizontal misfit vectors (misfits are the data minus the predictions). Misfits are
plotted rather than the data and prediction vectors because the data at certain stations
are incomplete for the model duration. Misfit is calculated between the first and last days
of available data. White lines represent depth contours of the plate interface, spaced in 15
km intervals (slab model: Tassara and Echaurren, 2012). Black dashed line encloses the
region of the interface with superior resolution (resolution > 0.1). (d) Afterslip and the
vertical misfit vectors. Black dots represent the aftershock seismicity from Lange et al.
(2012). (e) Selected timeseries of model predictions and data. Blue, green, and red points
represent the data, interpolated data, and the model predictions respectively.

rusts, the Maule earthquake behaves somewhat similarly to the Tohoku Mw = 9.0,
Japan 2011 (Ozawa et al., 2011) in that the afterslip mainly occurs down-dip of the
mainshock peak slip. However, the drop off in resolution towards the trench means
that we cannot rule out that high afterslip of the Maule event has occurred in the
up-dip regions. As is seen for the Tokachi-Oki Mw = 8.3, Japan 2003 (Miyazaki
et al., 2004) and the Nias Mw = 8.7, Sumatra 2005 (Hsu et al., 2006), high after-
slip tends to occur outside the regions of peak co-seismic slip (Fig. 2.5b) with the
exception of the northernmost high afterslip region.
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2.5 Discussion

2.5.1 Transient afterslip features

The primary motivation to produce a spatio-temporal model of afterslip was to test
different modes of spatio-temporal variability (for example pulsing) against station-
arity of the afterslip pattern shown in other studies and to characterize the transient
nature of slip accumulation in detail. In order to minimize artificial variability due
to time-variable GPS availability we restricted our investigation of afterslip variabil-
ity to the period between post-seismic days 82-292 during which the model relies
on 58 common stations. Fig. 2.6 shows how the afterslip varies in consecutive 20
d time windows. One might argue that any variability seen in the afterslip model
is mainly due to noise in the GPS. To test this possibility we performed a jackknife
test in which the individual 10 d inversions were repeated with a varying station
distribution to gather a variety of models. Each 10 d time window was inverted 10
times, and each inversion used 52 random stations from the 58 available. By taking
the mean of the inversions (for each time window) we can reveal which features of
the model are most stable (i.e. most prevalent) in all of the solutions. This anal-
ysis works on the assumption that the noise for most station combinations is very
weakly correlated in time. When the difference in mean slip of consecutive time
windows is greater than the sum of the standard deviations of the consecutive time
windows we can consider the difference in slip for the consecutive windows as being
robust. Due to the decaying nature of most time series we expect to see a decrease
in slip with time. However, what we actually see are accelerations of slip (pulses) in
various places within the regions releasing the most afterslip. Areas of pulsing for
consecutive time windows are shown with contours in Fig. 2.6, along with a measure
of robustness which is given by taking the ratio of slip difference to the sum of the
standard deviations (1:1 is the minimum ratio for a pulse to be shown). Note that we
only consider the up-dip component of the afterslip model since the regions of best
resolution in the cumulative model exhibit predominantly up-dip slip. As discussed
in Section 2.3.1, the signal to noise ratio will generally decay with time, so that the
final 20 d window will be considerably more noise dominated than the first 20 d
window. Therefore we also investigated the slip variability with each time window
releasing the same moment in the shallowest 50 km of the plate interface, so that
each time window should contain a similar amount of noise. Supplementary Fig. 2.7
demonstrates that for equal moment releases (each roughly equivalent to a seismic
moment of Mw = 7.0) we also have considerable variation of afterslip pattern.

2.5.2 Misfit and slip vectors - secondary processes in action?

Although the model fits the data fairly well, and reproduces the transient signals
within the post-seismic decay, it also produces considerable divergences between the
observed and modelled ¢GPS time series at some stations. A plausible explana-
tion for the divergence of fit could be viscoelastic relaxation of stress induced by
the mainshock and poro-elastic rebound, both processes that are neglected in our
model. Hu and Wang (2012) present similar misfit divergences from their model
that simulates the post-seismic GPS data following the 2004 Sumatra megathrust,
and achieve the best fit when they include both afterslip and viscoelastic stress re-
laxation. However, the fact that we do not see a long wavelength spatially coherent
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Figure 2.6: The panels (a)—(j) represent 20 day time windows of up-dip afterslip as
averaged from the jackknife testing between days 82-282 of the post-seismic period. Pink
contours indicate robustly identified pulses of afterslip, with the first contour representing
the ratio (slip difference: standard deviation) of 1:1 and the second contour a ratio of 2:1.
There are no contours on panel a because this is the first time window of the analysis.
White contour represents the 25 cm contour of up-dip afterslip between post-seismic days
82-282. Light grey dashed contour encloses the region of the interface with superior
resolution (resolution > 0.1).

pattern in the magnitude of misfit (as would be expected by viscoelastic relaxation
and poro-elastic rebound which induce coherent long wave length deformation at
the surface) suggests that certain regions of the surface could also be affected by
local processes such as crustal faulting or gravitational mass movement (e.g. land-
slides). Crustal faulting in the overriding plate is a particularly likely candidate to
explain the juxtaposition of vertical motion between Mocha Island and stations on
the coast. Furthermore, large variations in magnitude and orientation of the misfit
(Fig. 2.5¢, d) in post-seismic decay at stations which are very close together make
it difficult to fit the time series with such a simple plate interface model.

Further hints that crustal fault motions are contributing to the surface defor-
mation field come from the slip vectors. The slip vectors (Fig. 2.5a) are generally
showing the continental plate moving towards the trench, especially at regions of
high afterslip and in regions of better resolution. However, there are some counter-
intuitive slip directions, albeit in poorly resolved regions of the interface. Interest-
ingly, when we constrain the rake of the slip to be up-dip, the overall slip distribution
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Figure 2.7: Time windows of slip (only up-dip slip since slip is predominantly up-dip in
the well resolved regions). Each time window is chosen so that the moment released by
up-dip slip in the top 50 km of the plate interface is the same for consecutive windows.
Moment release for each time window is roughly equivalent to a Mw = 7 earthquake. Pink
contours indicate both increases and decreases in slip between the current and previous
panel which satisfy the criteria for robustness, with the first contour representing a ratio
of slip difference to standard deviation of 1. The second contour represents a ratio of
2. Panel (a) has no contours of difference because it is the first time window in this
analysis. The white contour represents slip of 25 cm between post-seismic days 82-292.
The differences in slip for consecutive windows of near equal moment release do not show
obvious migrations of afterslip, rather a non-stationary release of slip on the plate interface.

patterns of free and constrained rake are comparable in areas of better model reso-
lution (Fig. 2.8); however, slip is much more concentrated and absolute slip values
in the model with the constrained rake are smaller by a factor of about two. As
could be expected, the misfit of the model with constrained rake is much larger
than for that with unconstrained rake, demonstrating that rake variations are nec-
essary to fit the data. The most striking difference between both models occurs in
the poorly resolved near-trench region in the northernmost part of the rupture. In
the constrained-rake model no afterslip is inferred for this region, whereas for the
unconstrained-rake model highly oblique slip with a significant backslip component
is seen.

Other non-trench-ward motions can be seen down-dip of the mainshock area,
possibly due to crustal fault motion which is neglected in our model and would be
projected onto the deep plate interface. Accordingly, there have been several strike
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Figure 2.8: Left hand panel shows the slip magnitude using a free rake and interpolated
data. The middle panel shows the slip magnitude using a free rake but without interpolated
data. The right panel shows the constrained rake slip magnitude with interpolated data.
All models span from post-seismic day 14-412. Red vectors represent the misfit between
data and model predictions (data minus predictions). The pattern of afterslip for the three
models are similar in the well resolved regions of the interface (see Fig. 2.4), although
the fixed rake model tends to have lower slip magnitudes. Although the misfits for both
free rake models are similar, the interpolated data model is preferred because misfits are
calculated only for the time period that the data was used in the model. Therefore a low
misfit can be misleading if the data was only used in one inversion. Black lines shown
on the left and middle panels give locations of crustal faults. Each panel has a dark grey
dashed line indicating the region of superior model resolution (i.e. diagonal of model
resolution matrix > 0.1).

slip events in the volcanic arc (Agurto et al., 2012), such as the recent strike slip
event (Mw = 6.0) occurring at 10 km depth on 7th June 2012. However, we must be
cautious with our interpretations in regions of the model with such poor resolution
(Fig. 2.4). Also we expect the assumptions of our simple model of plate interface
afterslip to break down as we pass the continental Moho.

Slip in the well resolved regions of the interface is predominantly in the up-dip
direction, corresponding to the roughly trench-normal GPS vectors (see animation
in Appendix A), and not opposite to the plate convergence direction as one might
expect from a release of accumulated strain on the plate interface. The reason for
this up-dip slip direction is not clear and will be investigated in future work.

2.5.3 Relation between aftershocks
and Coulomb stress changes

Agurto et al. (2012) show how the larger magnitude plate interface aftershocks for
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this megathrust have occurred at the fringes of the co-seismic slip distribution (Fig.
2.9a). This result is useful in terms of hazard assessment for identifying regions which

(a) Coseismic Slip (b) CFS normal (c) CFS shear (d) CFS total (e) CFS total
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Figure 2.9: (a) Co-seismic slip. White circles are the plate interface thrust events larger
than Mw = 5.5, pink stars are the largest aftershocks on the plate interface (from north to
south Mw = 7.2, 6.8, 7.1), and the blue star is the epicentre of the mainshock (hypocentre
from Vigny et al. 2011. All other epicentres from Agurto et al. 2012). Red contours
represent 100 cm and 200 cm of afterslip (in any direction). (b) Normal component of the
CFS calculation assuming a coefficient of friction mu = 0.1. Positive indicates a change
in stress bringing the interface closer to failure. The circles, stars, and red contours
indicate the same things stated for panel (a). (c¢) Shear component (in up-dip direction)
of the ACFS calculation. Positive indicates a change in stress bringing the interface closer
to failure. The circles, stars, and red contours indicate the same things stated for panels
(a)—(b). (d) Total ACFS. Positive indicates a change in stress bringing the interface closer
to failure. The circles, stars, and red contours indicate the same things stated for panels
(a)—(c). The grey dashed line encloses the region of the interface with superior resolution
(resolution > 0.1). (e) Total ACFS. Black dots represent the plate interface seismicity
(events which are + 5 km from the plate interface as defined by Tassara and Echaurren
(2012). Seismicity from the catalogue of Lange et al. (2012). The red contours indicate
the same things stated for panels (a)—(d). The grey dashed line encloses the region of the
interface with superior resolution (resolution > 0.1).

are more likely to sustain larger aftershocks. However, it remains unclear by which
mechanism these regions of the interface are triggered during the post-seismic phase,
and why the larger aftershocks do not completely surround the co-seismic slip. If we
assume the locations of aftershocks are controlled by static stress transfer expressed
by a positive change of Coulomb Failure Stress (ACFES) (e.g. King et al., 1994)
then this raises the question as to whether the post-seismic afterslip is providing the
additional static stress transfer to trigger these delayed aftershocks. The ACFS is
calculated from the changes of the stress tensor with

ACFS = 0,—0,- 11 (2.4)

where g is the coefficient of friction, o, is the change in shear stress (positive in
up-dip direction) and o, is the change in normal stress (compression positive). Ac-
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cording to the definition of ACFS the interface is brought closer to failure when
ACEFS is positive. The assumed failure direction needed for the shear component of
the ACFS calculation was given by the up-dip direction for each patch of the model.
Furthermore, we tested the sensitivity of the ACFS analysis results to the assump-
tion of failure direction and it was found that within the range of failure directions
captured by seismic centroid moment tensor (CMT) solutions the main findings of
the analysis are unchanged (see section 2.5.4 for more details). Using the cumulative
slip distribution from the mainshock and the time-varying post-seismic model (so
that stress change is calculated only from slip preceding any particular aftershock)
we calculated CFS for each aftershock in the catalogues of Agurto et al. (2012) and
Lange et al. (2012). We combined these two catalogues (excluding redundant events)
because the Lange et al. (2012) catalogue includes lower magnitude events but only
spans post-seismic days 14-214, whereas the Agurto et al. (2012) catalogue has a
larger magnitude cut-off but spans all the post-seismic days of our afterslip model.
We also included the Mw = 7.2 event of March 25th 2012, even though this takes
place almost one year after the termination of our afterslip model. The traction on
the plate interface (needed for ACFS) is calculated from the displacement gradient
in the lithosphere. The displacement gradient is calculated from analytical solutions
of dislocations in an elastic halfspace (Okada, 1992) using the same elastic param-
eters for the halfspace as used in the inversion models. We chose a homogeneous
effective coefficient of friction p = 0.1 (Lamb, 2006). We tested the sensitivity of
the calculations to changes in friction coefficient and found no qualitative impact.

Fig. 2.9 shows the ACFS distribution (including both normal and shear com-
ponents) and its relationship to the co-seismic slip, afterslip, and the aftershocks.
Clearly, most of the lower magnitude events occur in areas of negative ACFS (Fig.
2.9e) and therefore static stress transfer does not seem to be the physical mecha-
nism triggering these aftershocks. At the larger magnitudes (for example Mw >
5) although less data points are available, a tendency for the aftershocks to lie in
the areas of negative ACFS seems to be the result (see fig. 2.9 and section 2.5.4).
However, we must consider the effect of smoothing of the co-seismic inversion — it
is likely that the larger magnitude events (shown as white circles in Fig. 2.9) are
lying in positively stressed parts of the plate interface which are smeared over with
negative ACFS from the smoothing. Two of the three plate interface aftershocks
with Mw > 6.8 occur in regions of positive Coulomb stress but as all three events
occur in areas of large CFS gradients, minor uncertainties in slip model or epicentral
location could mean that all occurred in positive CFS regions.

Black contours in Fig. 2.9d show high afterslip (> 200 cm) in regions of positive
co-seismic ACFS for the well resolved regions south—west of the Arauco Peninsula
and south of the hypocentre. Conversely, high afterslip (> 200 c¢cm) in the well
resolved region north of the hypocentre (at around 34.6° S —72.3° W) coincides with
a stress shadow (region of negative ACFES). It is intriguing as to why we observe the
highest afterslip values in the stress shadow; one possible explanation is that this
region has undergone a significant increase in pore fluid pressure to lithostatic or even
supralithostatic levels following the mainshock. Such a mechanism might cause a
large enough drop in effective normal stress allowing high afterslip in the presence of
very low shear stresses. Alternatively, the initial (pre-mainshock) stress conditions of
this region could be the reason for high afterslip: As the ACFS calculation only takes
into account the change in stress due to the mainshock and afterslip, afterslip might
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well release high shear stresses built up during the interseismic period preceding
the mainshock. In that case a spatial correlation between afterslip and preseismic
locking should be present. From Fig. 2.5b we see that regions of high afterslip (>
150 cm) overlap considerably with areas of high locking (> 0.9) and only moderate
co-seismic slip (< 10 m) suggesting that relaxation of incomplete stress drops from
the co-seismic rupture as a dominant mechanism driving afterslip.

2.5.4 Testing sensitivity of the CFS results to the assump-
tion of failure direction

Using 122 CMT solutions for thrust events on the plate interface we calculated the
horizontal component of the 3D slip vectors from the shallower nodal plane, using
the equations relating slip direction to strike, dip, and rake (Aki and Richards, 2002):

T =cosAcos¢ + cosdsinAsin @ (2.5)

Yy = cosAsing — cosdsin\cos ¢ (2.6)

where ¢, §, and A are strike, dip, and rake, respectively; x and y are the components
of slip in the East and North directions. From the North and East slip components
we plotted a rose-plot histogram of the horizontal slip direction (failure bearing)
and compared this with a rose-plot of the failure bearings if all events were assumed
to fail in the updip direction (Fig. 2.10). When comparing the failure directions in
Fig. 2.10 one must remember that the majority of the CMT events are of larger
magnitude (typically Mw > 5) whereas the ACFS analysis includes over 9000 events
of all magnitudes (mostly lower because of the Gutenberg-Richter law). Based on
the bearings shown in the rose-plots we decided to test failure at failure bearings
ranging from 250 — 290° in 10 increments. For each test of failure bearing we defined
the failure direction of each patch as the in-plane direction for which the horizontal
component points in the direction of the failure bearing. Figure 2.11 compares the
histograms of ACFS for various magnitude bands and failure bearings. From Figure
2.11, we can see that the conclusions of the ACFS analysis outlined in the maintext
section 2.5.3 do not change significantly by varying the failure bearing. Figure 2.12
shows that the coseismic ACFS distributions do not vary significantly for the up-dip
failure direction and the failure bearings between 250-290°.

2.5.5 Implications for mechanics of the subduction interface

Since we now have preseismic geodetic locking, co-seismic slip and afterslip models
for the Maule event we can study this megathrust in terms of the pre-, co-, and post-
seismic phases of the earthquake cycle, and speculate on the physical properties and
stress field conditions that govern the kinematic and dynamic interface behaviour.
The plate interface at regions of great subduction zone earthquakes is often thought
to consist of interfingering areas of contrasting frictional properties, which are ulti-
mately controlling the feedback of pre-, co- and post-seismic processes (Kanamori
and Brodsky, 2004). The asperity model (Lay and Kanamori, 1981) describes the
subduction interface as consisting of asperities which build up stress inter-seismically
and fail suddenly while the surrounding interface creeps. The development of rate
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Figure 2.10: (a) Rose-plot histogram showing the horizontal direction (bearing) of the
slip vectors derived from 122 CMT solutions of plate interface aftershocks. Corresponding
aftershocks epicentres are plotted on Fig. 2.12b—d. Numbers moving radially outwards
indicate percentage of events. (b) Rose-plot histogram showing the horizontal up-dip
failure directions for all events used in the ACFS analysis. Numbers moving radially
outwards indicate percentage of events.

3000

T T T T
2500 - Mw 3 :
2000 - /\

— ‘ ‘ ‘ ‘ ‘ ‘ N s
wvetve (%) i —n— 50
H B3<Mw<5 K : ——
78:22 ‘ i;g ool 74:26 : i;g
74: 26 | 69: 31 -
76:24 500

..... 7030 -
75.25
No. Events = 2267

8020
No. Events = 6990

1500 -

1000 -

500~

|

! ~ve : +ve (%) H ——z50 700 : r[

|

i
|
I
i
I
i
I
I
i
I
I
i
I
i
|
o

Fve.+ve (%) : —— 250
72:28 o
6238 —
69:31

73:28

No. Events = 120

a0t ~ve : +ve (%) —e— 250
33:67 o
100: 0 il
100: 0
33:67

No. Events = 3

25 Mw>6.8

w2 En oz
A CFS (MPa) A CFS (MPa)

Figure 2.11: Histograms of ACFS (both co- and post-seismic) leading up to the plate
interface aftershocks. Events are split into magnitude bands. Black bars represent the
histograms for an up-dip failure, and red, green, and blue lines represent the histograms
for 250°, 270°, and 290° respectively. Each of the four histograms is for a different seismic
magnitude band, and the coloured ratios correspond to the non-triggered:triggered ratio
for each failure bearing.

and state friction laws over the past decades (e.g. Scholz, 1998) describes how such
asperity and creeping zones should behave when critically stressed (i.e. when a rup-
ture front propagates into the zone). In rate-weakening zones, the frictional strength
will decrease when slip rate increases leading to instability and increasing the likeli-
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Figure 2.12: (a) Co-seismic ACFS distribution assuming failure direction to be up-dip.
Vectors on each patch of the model indicate the up-dip direction. (b) Co-seismic ACFS
distribution for a failure bearing of 250°. Red arrow gives the failure bearing direction and
white circles are the hypocentre locations for the events with CMT solutions (Fig. 2.10c).
(c) Same as (b) but for failure bearing of 270°. (d) Same as (b) but for failure bearing of
290°.

hood of continued rupture propagation. Zones of rate-strengthening friction behave
in the opposite manner, increasing the friction during accelerated slip and strongly
counteracting rupture propagation. It has often been assumed that the geodetically
highly locked regions are acting as asperities and correspond to the rate-weakening
friction zones, whereas the creeping regions correspond to rate-strengthening friction
zones. However, this simplistic binary view is inconsistent with observations of post-
seismic creep on supposed asperities following the great Tohoku-Oki megathrust of
2011 (Johnson et al., 2012).

In order to analyse the frictional behaviour in more detail, we compared after-
slip to slip from aftershocks by calculating the post-seismic seismic efficiency (PSE)
(Tilmann et al., 2010); i.e. the percentage of slip which is released seismically dur-
ing the post-seismic observation period. By forward modelling the expected slip
and rupture area from scaling relationships (Wells and Coppersmith, 1994) for af-
tershock events that occurred on the plate interface during the time period of our
afterslip model (Agurto et al., 2012) then inverting the displacement field using our
time varying station coverage, we produced an approximation of the seismic contri-
bution to the cumulative afterslip model (i.e. the seismic coupling coefficient during
accelerated slip) and hence we quantified the percentage of seismic slip captured in
our model. The slip in the forward modelling is assumed to be in the local up-dip
direction and is performed on a finer mesh with an average patch area of 11 km?.
The forward modelled slip for each earthquake is consistent with the equation for
seismic moment:

SDY " A (2.7)
j=1
where S is the shear modulus of the faulted material, Aj is the area of each patch
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in the rupture area, D is the average slip on the rupture, and n is the number of
subpatches of the fault used in the forward calculation of the displacements. First we
selected a suitable source area for each aftershock by selecting the closest patch(es)
to the hypocentre. The number of patches was determined by the minimum misfit
between theoretical rupture area and cumulative area of patches. Then we adjusted
the slip to satisfy the moment according to Eq.(2.7). For lower magnitude events the
rupture areas are unrealistically large with very low values of slip which, even in such
high frequency, have a negligible effect on the surface displacement field. Therefore
we only consider the largest plate interface aftershocks as presented in the paper of
Agurto et al. (2012). Inversion of the synthetic data is performed using the same
regularization and model parameters that were used in the afterslip inversion. PSE
appears to be negative in regions where we have backslip in the cumulative afterslip
model but this only appears in poorly resolved regions of the plate interface, allowing
us to disregard the negative regions in the subsequent discussion. In general PSE is
relatively low (<10% for most areas), although we must consider that the seismic slip
is smeared during both the forward modelling and the regularization of the inversion.
In reality PSE values are likely to be larger, and so values of PSE should only be
interpreted relatively. Furthermore, the smearing of the inversion puts seismic slip
onto regions of the interface which may in reality have very little seismicity, and
this effect is exacerbated with larger events. Nevertheless, this method is useful for
showing differences in mode of afterslip release over broad spatial scales.

Figs. 2.13a-c show the PSE (clipped at 5% for clarity) versus the co-seismic
slip, afterslip and interseismic locking distributions. There seems to be no obvious
correlation between co-seismic slip and PSE (Fig. 2.13a) although we see high PSE
together with moderately high co-seismic slip at the Arauco Peninsula (a region
where the co-seismic model also has good resolution due to good station coverage;
see Fig. 2.3). Also in this region we see high interseismic coupling. From Fig. 2.13b
we see that most regions of high afterslip are aseismic with the exception of the
region near Mocha Island, where the Mw = 7.1 occurred on January 2nd 2011.

Under rate-and-state physics, the more highly seismically efficient regions of the
plate interface should correspond to the rate-weakening zones because the stress
is being released more suddenly. Therefore it seems that the Arauco peninsula is
behaving as a rate-weakening asperity which becomes highly locked in the interseis-
mic, releases large slip co-seismically, and has a relatively high PSE to surrounding
regions. Heading North along the coastline there seems to be a transition from a
rate-weakening into a rate-strengthening region with peak afterslip centred at 73° W
36.2° S, and this transition in from high to low PSE coincides with the termination
of a very highly preseismically locked slither (Fig. 2.13c). This region has under-
gone a strong increase in ACFS due to the mainshock (Fig. 2.9d) yet it releases
this stress with predominantly aseismic afterslip and was locked to a lesser degree
(i.e. creeping more) than the Arauco peninsula during the interseismic. The gradual
release of mainly aseismic slip centred at 73° W 36.2° S is of stark contrast to the
also positive ACFS region nearby to the southwest at 73.6° W 36.7° S (Fig. 2.9d)
which releases stress with some of the largest plate interface aftershocks. As the
high afterslip region extends Northwards along the coast towards 34° S it becomes
less straightforward to characterize the frictional properties of the plate interface.
As discussed in Section 2.5.3, we see high afterslip in a region with a negative ACFS
which could be due to a slip-deficit, expulsion of fluids onto the interface, or a com-
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Figure 2.13: (a) Post-seismic Seismic Efficiency (PSE) with magenta contours of co-
seismic slip (4, 8, and 12 m). Blue star is the mainshock hypocentre (Vigny et al., 2011).
The blue dashed line encloses the region of the interface with superior resolution (resolution
> 0.1). (b) PSE with magenta contours of afterslip (100 and 160 cm). Green stars are the
largest aftershocks on the plate interface (pink stars in figure 2.9). The large aftershock
at 35.2°S happens over one year later — it is not included in the calculation of PSE. The
blue dashed line encloses the region of the interface with superior resolution (resolution
> 0.1). (c) PSE with contours of interseismic locking degree (contour intervals: 0.3, 0.6,
and 0.9). The blue dashed line encloses the region of the interface with superior resolution
(resolution > 0.1).

bination of both these effects. This region of low PSE afterslip lies in an area of
high co-seismic slip (> 8 m) — a colocation that we would not expect if this region
behaved with purely rate-weakening mechanics. From the low PSE one might be
inclined to say this is a rate-strengthening region, however this seems incompatible
with the high afterslip at regions of very high interseismic locking. In the context
of conditional stability this behaviour can only be reconciled by assuming that pore
pressures increased at these locations during or shortly after the mainshocks. We
therefore interpret the creep which we see on the supposed asperity as due to a
transient elevation in pore fluid pressure. If an increase in fluids on the interface is
facilitating the large afterslip of this region then perhaps it is also facilitating the
high density of low magnitude events in this region.

Interestingly, anomalously high PSE compared to surrounding regions at 72.2° W
35.2° S coincides with the hypocentre of one of the largest plate interface aftershocks
(Mw = 7.1) that occurred on March 25th 2012 (for PSE calculation we only used
events until April 11th 2011).
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2.6 Conclusions

The proximity of ¢GPS to the seismogenic plate interface and the excellent spa-
tial coverage has allowed us to model the spatio-temporal changes of afterslip with
unprecedented resolution. We have found that afterslip accumulates in pulses in
specific regions on the plate interface, rather than decaying with a stationary pat-
tern or migrating (see animation in Appendix A). While most of the afterslip is
aseismic (Fig. 2.13), the plate interface aftershocks tend to line up over regions of
high afterslip (Fig. 2.5d). We have shown that most of the plate interface after-
shocks (which are of low magnitude) are not triggered by the transfer of co- and
post-seismic static stresses, and from this result we can speculate on other possible
mechanisms controlling aftershocks. If we assume that poro-elastic rebound and
visco-elastic stress relaxation would only result in a long-wavelength pattern of the
post-seismic GPS signals then these processes would also not explain the locations
or decay of the aftershocks. Since our model captures most of the post-seismic sig-
nal we hypothesize that the processes that control the strength are mainly due to
pore pressure diffusion due to pathways opened at the interface by the mainshock
(e.g. Shapiro et al., 2003). This might result in significant decrease of the effective
normal stress, i.e. an increase of positive ACFS. However, pore pressure changes
(particularly when they occur locally) would not leave an imprint on the GPS signal.
The hypothesis of pore pressure diffusion could also explain the high afterslip and
pulsing behaviour, both for areas with positive and negative ACFS. Additionally, we
have demonstrated that the simple rate-and-state friction based models to explain
locking, asperities, co-seismic rupture and afterslip distribution do not seem to hold
for this megathrust, with the Maule 2010 afterslip occurring in both highly preseis-
mically locked zones and in zones of lower preseismic locking. Since both afterslip
pulses and the majority of aftershocks are possibly both linked to fluid effects, a
sensible next step would be to establish whether a spatio-temporal relation exists
between afterslip pulses and aftershocks.

o1



Chapter 3

Separating Simultaneous
postseismic processes: an
application of the postseismic
straightening method

Note

This chapter is a reformatted version of a paper under internal review entitled
”Rapid re-locking of the 2010 Maule Mw 8.8 captured by curvature in
postseismic cGPS motion. Additional supplementary material has been placed
in the Appendix.

Abstract

The postseismic deformation captured with continuous Global Positioning System
(¢cGPS) monitoring following many recent mega-thrust events has been shown to
be a signal composed of two processes: afterslip on the plate interface (Miyazaki
et al., 2004; Chlieh et al., 2007) and viscoelastic relaxation of the continental and
oceanic mantles in response to the coseismic stress perturbation (Wang et al., 2012).
Following the South-Central Chile 2010 Maule Mw 8.8 earthquake, the postseismic
¢GPS network has captured a curvature in the pathway of the horizontal motion
that is not easily fit by a stationary decaying pattern of afterslip in combination with
viscoelastic relaxation. Here we show that with realistic assumptions about the long-
term decay of the afterslip signal, the postseismic signal can be decomposed into
three first-order contributing processes: plate interface re-locking, plate interface
afterslip, and mantle viscoelastic relaxation. From our analyses we conclude that
the plate interface recovers its interseismic locking state rapidly (in a negligible
amount of time compared to the length of the megathrust seismic cycle) supporting
experimental evidence. Re-locking is the main cause of the curvature in the ¢GPS
signal, and this study provides the first ever quantification of geodetic re-locking
rates following a megathrust earthquake.
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3.1 Introduction

Geodetic monitoring is a powerful tool for constraining physical properties and me-
chanical behavior of the subduction plate interface. By using analytical functions de-
scribing surface motions due to dislocation in an elastic halfspace (Okada, 1985), we
can mosaic the subduction zone plate interface kinematics according to the recorded
surface displacements for all phases of the megathrust earthquake seismic cycle (5i-
mons et al., 2011). These kinematic patterns, if correctly mapped, are crucial for
better estimating the remaining seismic potential (slip-deficit) of a margin segment
(Moreno et al., 2012). The estimation of afterslip - which can release as much as 30%
of the coseismic moment on the interface and is therefore an important consideration
in the slip-deficit calculation ( Perfettini et al., 2010) - is complicated by the presence
of other postseismic processes in the signal, with the most commonly investigated
simultaneous postseismic process being viscoelastic relaxation. In this study we are
dealing with the near-field ¢cGPS data for the first four years following the 2010
Maule Mw 8.8 earthquake of South-Central Chile with the aim of distinguishing the
major contributing postseismic processes in the cGPS time series.

Figure 3.1 shows the selection of ¢GPS used in this study, with the stations
covering an area approximately 100-300 km from the trench. This station coverage
is near enough to capture the plate interface kinematics and extends far enough to
capture the mantle relaxation processes. The Maule earthquake ruptured a segment
of the plate boundary between the Nazca and South American plates and the features
of the main earthquake have been well documented, with most models in agreement
for the main features of the coseismic rupture (Delouis et al., 2010; Vigny et al., 2011;
Moreno et al., 2010; Bedford et al., 2013). Until now, the Maule postseismic data
has been modeled with purely elastic assumptions to give a preliminary diagnosis
of the afterslip pattern and spatiotemporal characteristics (Bedford et al., 2013;
Vigny et al., 2011). However, questions remain as to the validity of such purely
elastic models when the viscoelastic response is neglected. Comparisons of afterslip,
coseismic slip, and aftershocks have yielded promising spatial relations that suggest
a predominance of afterslip contributing to the captured near-field cGPS (Bedford
et al., 2013), especially since there is a clear linear relation between the local number
of plate interface aftershocks and local cGPS motion and that location of modeled
afterslip and majority of aftershocks is in good agreement (Lange et al., 2014).

This study uses postseismic horizontal motions (fig. 3.1) that have been captured
over the first four years following the earthquake. At many stations the postseis-
mic motion in space is curved, with the curvature occuring in a clockwise direction.
Curvature in the anti-clockwise sense is not observed. Postseismic processes that
could be combining to produce this spatial curvature in time would be (1) megath-
rust plate interface afterslip, (2) viscoelastic relaxation of the mantle, and (3) the
re-locking of the megathrust plate interface. The aim of this study is to investigate
the relative contribution of these candidate postseismic processes in the signal. We
use simple models to model each process while assuming that the curvature in the
signal is due to a combination of a spatially straight afterslip signal with one of:
(a) viscoelastic relaxation, (b) re-locking, or (c) both viscoelastic relaxation and
re-locking.
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Figure 3.1: Plot of the study area. Black dashed line is the trench where the subducting
Nazca plate meets the overriding South American plate. Thick black lines show the Chilean
coastline and the border with Argentina. Blue contours show the interseismic locking
model (Moreno et al., 2011) with contour intervals at 0.7, 0.8, and 0.9 locking degree
(1 and 0 would indicate a fully locked and fully de-coupled plate interface respectively).
The coloured distribution shows the coseismic slip distribution (Bedford et al., 2013). The
black triangles indicate the location of the postseismic continuous GPS stations used in
this study. Colour scale shows the evolution of the horizontal pathway at each station.
Curvature can clearly be seen at most stations. The inset shows a zoom in of postseismic
horizontal deformation pathways for the region enclosed by the gold box.
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3.2 Methods

3.2.1 Isolating afterslip signal with a straightness assump-
tion

Curvature in the spatial pathway of the postseismic ¢GPS motions is due to ei-
ther a single postseismic process that produces curved motions, or a combination
of process with different decay rates and azimuthal tendencies. While slip on the
subduction plate interface has been shown on occasions to produce spatially curved
predictions in time (e.g. Radiguet et al., 2011), this curvature is associated with a
migration of the slip location with time. In the case of spatiotemporal models of
megathrust afterslip on the plate interface, slip migration has not been apparent
(Bedford et al., 2013; Shirzaei et al., 2014), and these models exhibit a predomi-
nantly stationary afterslip pattern that decays with time. Cumulative afterslip on
the plate interface has been shown to be linearly related to the cumulative after-
shock number (e.g. Perfettini and Avouac, 2007; Lange et al., 2014) meaning that
an independent indicator of the extent of afterslip migration is the difference be-
tween normalized cumulative aftershock decay along-strike of the rupture: Figure
3.2 shows the normalized cumulative aftershock time functions along-strike of the
Maule rupture zone for the seismic catalogue of Hayes et al. (2013). Here we see that
the normalized decay in number of aftershocks along-strike with time is very similar.
If the aftershocks and afterslip are temporally related as suggested by Perfettini and
Avouac (2007) and Lange et al. (2014), then the relative magnitudes of the afterslip
pattern are likely to be constant with time, giving a non-migrating afterslip pattern.

Proceeding with the assumptions that the afterslip following the Maule megath-
rust is stationary and decaying, with relative magnitudes of afterslip constant through
time, we can attempt to isolate the afterslip signal based on the characteristic cGPS
predictions of such an afterslip model. With the commonly used model of afterslip
as a dislocation in an elastic half-space (Okada, 1985), the cGPS signals of such an
afetrslip model have the following characteristics:

(1) - A spatially straight, non-veering, motion as a function of time.

(2) - Identical normalized time functions of cumulative motions at all prediction
locations on the surface.

The characteristic of spatial straightness in the afterslip surface signal is explained
by considering the individual components of ¢GPS signal. For simplicity, we will
consider the horizontal components (East and North), although this explanation
would hold for a consideration all three components of the signal. The individual
East and North afterslip signals are:

E(t) = Cplog(1 + 6t/T) (3.1)

N(t) = Oy log(1 + 6t/T) (3.2)

where Cr and Cy are impulse responses from the the elastic dislocation Green’s
functions relating the particular afterslip pattern to the surface motion, and the
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Figure 3.2: Maule plate interface aftershocks are shown in black (Hayes et al., 2013). The
coastline and political borders are shown in grey. The zones for the along-strike analysis
of cumulative aftershock number are the boxes, with the colours corresponding to the lines
plotted in (b). Aftershocks greater than 10 km from the plate interface geometry model
(Tassara and Echaurren, 2012) have been discarded in this analysis. (b) The normalized
cumulative aftershock count for the zones of panel (a).

logarithmic term is a typical function used in long-term plate trajectory models
(e.g. Bewvis and Brown, 2014) that characterizes the postseismic decay. Azimuth of
the horizontal motion as a function of time can be found by taking the arc-tangent
of equation 3.1 divided by 3.2, giving:

C
Gafrersiip = arctan (C—E) (3.3)
N

where @gftersiip s the azimuth of surface motion due to afterslip with the dis-
cussed assumptions. Afterslip azimuth is clearly independent of time, and therefore
produces straight motion in the cGPS, without any veering. From equations 3.1 and
3.2 it follows that the cumulative horizontal motion as a function of time is:

H(t) = (/C% + C2) log(1 + 6t/T) (3.4)

Given that the logarithmic term is dependent on the decay of the afterslip pattern,
and that C'r and Cy are the impulse response of the stations from the calculations
of the Green’s functions for that particular afterslip pattern, then we can rewrite
equation 3.4 as:

H;(t) = X;log(1+ 6t/T) (3.5)
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where X; is a constant multiplier unique to each station. If we normalize H;(t) for
each station by dividing by the final horizontal cumulative displacement, the X;
term at each time step is cancelled out and we are left with the normalized loga-
rithmic time function at each station - the same normalized time function at each
station (see figure 3.3). Note that the time function of afterslip decay does not have
to take the logarithmic form as written in the above equations: the straightness and
identical normalized time functions of the surface signal would also be valid with a
linear or power law decay of the afterslip signal.

Cumulative Horizontal Motion: AFTERSLIP Normalized Cumulative Horizontal Motion: AFTERSLIP

400 1

= 0.8

300
0.6
200
0.4

100 0.2

cumulative motion (mm)
\
Y
normalized cumulative motion

1 2 3 1 2 3
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Figure 3.3: Left panel shows the cumulative horizontal displacements as function of time
at a ¢GPS network. Displacements are predicted from a stationary afterslip pattern that
decays at the same relative rate along the whole dimensions of the slipping zone. The
right panel shows the normalized horizontal displacement time functions of the left panel.
Here we demonstrate that all cumulative horizontal displacement histories collapse to the
same normalized time function if they are coming from a stationary pattern of decaying
slip, where the relative magnitudes of adjacent slip patches are constant.

With our assumptions of afterslip behaviour and the characteristics of the con-
sequential surface signal, we can isolate the afterslip signal by removing simultane-
ous postseismic processes that cause the horizontal motion to deviate (veer) from
a straight course. Figure 3.4 shows schematically the combination of simultaneous
postseismic processes (afterslip, re-locking, and viscoelastic relaxation) in producing
the measured ¢GPS signal.

By subtracting viscoelastic relaxation and re-locking (known as backslip in the
geodetic modelling community) signals from the measured signal we leave behind
the afterslip signal. On this premise we construct a parameter search method to
explore the parameter space describing re-locking rate, and mantle viscosities below
the elastic limits of the oceanic and continental crusts. The best fitting parameters
of re-locking and viscoelastic relaxation produce a signal, that when subtracted
from the data, leave behind a straight horizontal motion in the ¢GPS and similar
normalized time functions. The first stage of the parameter search is to straighten
the data by subtracting the viscoelastic relaxation and/or re-locking predictions
(see sections 3.2.4 and 3.2.3 for details of the prediction methods and ranges in these
parameter spaces). For each combination of re-locking and/or viscoelastic relaxation
parameters we subtract the predicted signals from the data (equations 3.6 & 3.7)
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Figure 3.4: A schematic example of the simultaneous surface signals of afterslip, re-
locking (backslip) and viscoelastic relaxation which contribute to the measured signal in
East-North space. Colours correspond to the elapsed time (shown in the colourbar at the
top of the figure).

and fit a linear trend to the remaining signal with a least squares minimization of
equation 3.8 to find the gradient, m:

Ap(t) = Dig(t) = Vip(t) —p B(t) (3.6)
Ay (t) = D (t) = V(1) — By () (3.7)
Ap(tym = Ay (t) (3-8)

where Di(t), Dy (t), AL(t), AN (t), pVE(t), Vi (t), ,Bi(t), ,By(t) are the east
and north components of displacement as a function of time for the measured signal
(Data), assumed remaining Afterslip, predicted Viscoelastic relaxation, and pre-
dicted Backslip (re-locking) for each station, i. By multiplying the east component
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of the remaining signal, A%(¢), by the gradient, m, we can create predictions for the
north motion, ,A%(t) (equation 3.9) and we can evaluate the fit of the predicted
north motion to the actual north motion at all stations, ¢, by taking the sum of the
squared residuals (equation 3.10):

pAN(t) = mAp(t) (3.9)

i L
S =33/ (Aiy —, Aiy)? (3.10)
n=1 t=f;
where for each station, i, the start and end times f; and [; are determined by data
availability (gaps in the data between available epochs are not considered in the
summation). A straightness misfit S,, is thus calculated for all m model parameter
combinations.

Following the straightening, the remaining signals that are assumed to be after-
slip (A% (t) and A% (¢)) are fed into an inversion for cumulative afterslip (see section
3.2.4 for details on inversion). For this step we must have data available for as many
stations as possible and for as long an epoch as possible. We choose, therefore,
the epoch between 4th April 2010 and 7th August 2013 and take the cumulative
displacements from the A% (t) and A% (t) signals as the static displacements for the
afterslip inversion. Inverting the cumulative afterslip signals produces a set of cumu-
lative afterslip predictions. To create a time series of afterslip predictions (, A% (¢)
and , A% (t)) we multiply the cumulative predictions by the mean of the normalized
cumulative horizontal displacement of the isolated afterslip signals (e.g. 3.3). This
multiplication assumes that the cumulative isolated afterslip signals can be fit well
by an afterslip model and that the isolated afterslip signals have very similar time
functions. Isolated afterslip signals that do not adhere to these assumptions result
in a poor fit to the time series upon combination of the predicted afterslip signals
with the viscoelastic relaxation and re-locking time series predictions:

il
X?n = Z Z \/(thE P AiE P BzE P ‘/;;lE)2 + (DiN P AéN P BzN P V;tiN)Q
n=1 t=f
(3.11)
where x2, is the measure of misfit for the whole data set for each of the m model
parameter combinations of the parameter search, f and [ are the first and last days of
the time series between the epoch considered for the inversion of the afterslip model.

The results of the parameter search are separated into three ensembles (see Re-
sults section 3.3):

1. Afterslip + Viscoelastic Relaxation 4+ Backslip (AS+BS+VR / BS+VR straight-
ening).

2. Afterslip + Viscoelastic Relaxation (AS+VR / VR-only straightening).
3. Afterslip + Backslip (AS+BS / BS-only straightening).

where the process we call backslip can be also referred to as re-locking.
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3.2.2 Data processing

Following the Maule earthquake, a dense network of 67 ¢GPS stations was deployed
and maintained in a multinational effort (e.g. Vigny et al., 2011). In this study we
use 44 stations for which to perform the data straightening and 25 stations for the af-
terslip inversion and final time series misfits evaluation. The unfortunate discarding
of some stations is due to the incomplete record at some stations making the time
series unsuitable for our modelling efforts in this study. Data for all stations were
organized in 24 hour periods. Each observation was processed using the Bernese
GPS Software 5.2 (Dach et al., 2007). Precise orbit and earth rotation parameters
were used from IGS final products (Dow et al., 2009). During the processing, the
antenna phase centre was reduced using absolute calibration, and double differences
were modelled in L3, using elevation masks of 10 and a sampling rate of 30 seconds.
To form the single differences a phase strategy of maximum observations was used.
No a-priori troposphere model was applied. The troposphere parameters were esti-
mated in all steps of parameter estimation. Corrections of the troposphere zenith
delay for each station were estimated every 2 hours. We used a Vienna Mapping
Function (Boehm et al., 2006), to compute the correction. The elevation-dependent
weighting was applied using the function . We stacked the free solutions in a normal
equation file for each day. For the datum definition we used the minimum constraint
approach, applying the No Net Rotation (NNR) and No Net Translation (NNT') con-
ditions for a group of selected reference stations (see table 3.1). Coordinates for each
reference station were obtained from the global polyhedron weekly solution (Dow
et al., 2009). Our results are compatible with ITRF2008 (Altamimi et al., 2011).
The horizontal cGPS data are corrected for sudden displacements attributed to large
aftershocks by means of a step detection algorithm based on a canny filter. Steps
were removed by subtraction of the displacement between the consecutive points of
the confirmed sudden displacement.

Station name | Latitude(°®) | Longitude(°)
SANT -33.15 -70.67
AREQ -16.47 -71.49
LPGS -34.91 -57.93
UNSA -24.73 -65.41
IQQE -20.27 -70.13
COPO -27.38 -70.34
coYQ -45.51 -71.89
PARC -53.14 -70.88
RIO2 -53.79 -67.75
FALK -51.69 -07.87
VBCA -38.70 -62.27
CHPI -22.69 -44.99
BRAZ -15.95 -47.88
UFPR -25.45 -49.23
ISPA -27.12 70.66

Table 3.1: Reference stations used in the processing of the Maule postseismic time series.
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3.2.3 Modelling Viscoelastic Relaxation

Modelling of surface motions due to viscoelastic relaxation is conducted using the
finite element method (FEM). The model neglects the curvature of the Earth’s sur-
face and consists of four material blocks: oceanic crust, oceanic mantle, continental
crust, and continental mantle (figure 3.5).

2000 km 2000 km

Figure 3.5: The geometry and division of materials for the finite element method (FEM)
modelling of postseismic viscoelastic response. We consider an elastic oceanic crust with
elastic thicknesses of 30 km (purple) and an elastic continental crust with an elastic thick-
ness of 50 km (green). Below the oceanic and continental crusts we have isotropic linear
Maxwell viscoelastic mantle units (continental and oceanic mantles). In each forward
model of postseismic viscoelastic response, we assign a different combination of viscosities
to the two mantles. List of fixed elastic parameters can be found in Table 3.2

Material Block Shear Modulus (GPa) | Poisson’s Ratio
Continental Crust | 40 0.27

Oceanic Crust 46 0.3
Continental Mantle | 78 0.25

Oceanic Mantle 78 0.25

Table 3.2: Elastic parameters used in the FEM simulation

The continental crust extends to a uniform Moho depth of 50 km, and the sub-
ducting slab has an elastic thickness of 30 km. Both oceanic and continental crusts
are assumed to be perfectly elastic bodies (see table 3.2 for list of elastic parameters),
whereas the two mantles are assigned linear Maxwell viscoelastic behaviour with the
elastic parameters constrained from gravity and tomography studies (Hicks et al.,
2012; Tassara and Echaurren, 2012). The plate interface is defined by the gravity
and seismicity studies ( Tassara and Echaurren, 2012) and the mesh extends approx-
imately 2000 km both east and west from the trench, and the along strike length of
the mesh is 1800 km. The depth of the mesh is 500 km; therefore there is ample
distance in all directions from coseismic rupture zone to the bounds of the mesh to
avoid boundary artifacts. We employed controlled meshing to mesh the tetrahedral
elements more finely at the zone of interest in the vicinity of the rupture, and the
mesh size expands towards the volume boundary to save on computational expense.
The mesh consists of over 1.2 x 10° elements. The bottom of the mesh is free to slide
laterally on its plane, as are the east and west boundaries. The north and south
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boundaries are unconstrained. FEM simulation is run using the open source solver
PyLith (Aagaard et al., 2013). The coseismic rupture distribution and magnitude is
taken from Bedford et al. (2013). Combinations of oceanic and continental mantle
viscosities are varied for each simulation between 1 x 10! and 1 x 10%* Pa.S for the
continental mantle, and between 1 x 10'? and 2.5 x 10?° Pa.S for the oceanic mantle.

Figure 3.6 shows an example of the predicted time evolution of surface motions
due to different combinations of oceanic and continental mantle viscosities. The
veering of the horizontal motion can be both in a clockwise and anti-clockwise sense
for the isolated viscoelastic relaxation signal.
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Figure 3.6: Panels a-d show different surface prediction evolutions (colour bar shows cor-
responding date) for different combinations of oceanic and continental mantle viscosities.
Above each panel the viscosities are specified and are multiples of 1x10'? Pa.S.

3.2.4 Modelling Re-locking

Surface motions due to plate interface re-locking are forward modelled using the
backslip assumption, whereby the surface motions due to locking on the plate in-
terface can be modelled from dislocations on the plate interface in the direction of
plate convergence. Most of our input time functions correspond to the power law
equation:

L(t) = at’ (3.12)

where L is the fraction of original locking degree as a function of time, ¢ (in days),
and a and b are variables of the time function. Other time functions take a flat rate
of the form:

L(t)=c (3.13)

where c is the assumed fraction of locking degree and the locking degree is indepen-
dent of time. All time functions are listed in a supplementary table in Appendix
B.

For each time function of re-locking, L(t), we produce a suite of horizontal surface
predictions at the ¢GPS locations by multiplying the time function with the locking
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map of (Moreno et al., 2011) (see fig. 3.1) and predicting the evolution of displace-
ments with the Green’s functions relating surface motion due to dislocations in an
elastic half-space. The calculation of Green’s functions assumed elastic parameters
of 0.25 for Poisson’s ratio and 35 GPa for shear modulus. These parameters were
derived using average values of forearc V_s and density, using seismic tomography
and gravity studies of the region (Hicks et al., 2012; Tassara and Echaurren, 2012).
Backslip direction was assumed to be in line with the azimuth of plate convergence
(DeMets et al., 1994) and the plate interface was represented with the same geome-
try as that used in the construction of the finite element modelling. The horizontal
surface displacements calculated predicted with the backslip models produces N-E
pointing landwards signals that are are spatially straight since the relative magni-
tude in the backslip pattern is constant for all time functions (e.g. equations 3.1 -
3.3). The maximum locking rate allowed in the backslip time functions is set as 2x
the interseismic rate (Ruegg et al., 2009) which allows for super-interseismic back-
slip in case of an increase in subduction velocity during the early postseismic - a
phenomenon postulated by Heki and Mitsui (2013).

3.2.5 Modelling afterslip

The afterslip models are produced by inversion of surface motion for slip on the
plate interface. The plate interface geometry used for the inversion is the same as
the one used for the previous modelling steps. The forward problem is set out by
the following equation:

GX=A

where G is the matrix of Green’s functions relating unit motions on the plate
interface to the elastically predicted surface motions at the ¢GPS stations, X is
the vector containing slip magnitude at each patch, and A is the vector containing
the surface displacements that we are inverting (the assumed isolated afterslip cu-
mulative displacements). We apply a Laplacian smoothing constraint on the slip
distribution (e.g. Bedford et al., 2013) and for consistency this smoothing constraint
is kept constant for both the inversion of the curved and straightened data. The
azimuth of the horizontal component of the slip vector is constrained to be within
240 to 300° to avoid solutions with spurious slip directions. The Laplacian weighting
factor is chosen by means of a subjective trade-off selection between model rough-
ness (Menke, 1989a) and misfit of the predicted displacements. The patches of the
fault model extend to a maximum depth of 70 km. Displacements used in the in-
version are the cumulative time series displacements between 4th April 2010 and
7th August 2013. This time period was chosen to maximise the number of stations
with cumulative displacement coverage. Afterslip models for all favoured parameter
combinations of the three model ensembles are discussed in section 3.3.4.

3.3 Results

3.3.1 Straightening of Horizontal Motion

Figure 3.7 shows the result of the straightness misfit of the signals following the
subtraction of the predicted viscoelastic relaxation and/or backslip signal from the
data plotted as normalized straightness misfits. We normalize the straightening mis-

63



Chapter 3 3.3. RESULTS

Ensemble comparison: Straightening

24 Ty T T T L
—— BS+VR
—— BSonly
2oL VR only [
2+ _
1.8 _

121

Striaghtening misfits
N
T
|

0.8

04 L L | L L ool L L T | L L R | L L Lo
10 10 10° 10° 10 10
Parameter combinations

Figure 3.7: Comparison of the straightness for all ensemble types (legend in the top
right corresponds to colours of ensemble type). Straightening misfit is the y-axis, where
the straightening misfit is normalized by the straightness misfit of the non-straightened
data. The x-axis shows the number of parameter combinations considered, and is on
a logarithmic scale. The re-locking-only (BS only) straightening ensemble achieves the
straightest horizontal motions, closely followed by the re-locking and viscoelastic relaxation
(BS + VR) ensemble. The viscoelastic relaxation only (VR only) ensemble performs the
most poorly for straightening the horizontal motion. While there are roughly 100 re-locking
only models that straighten the motions data with near equal success, there are over 10,000
combinations of re-locking and viscoelastic relaxation parameters that straighten the data
with a near equal success.

fit of the corrected signals by dividing by the straightening misfit of the uncorrected
signals. The BS-only correction results in the straightest signals, with the best nor-
malized straightness misfit being approximately 0.43. Over 100 of the 400 input
time functions of backslip in the BS-only straightening result in a similar success
in straightening. For the BS+VR straightening, the best straightened signal has
a misfit of 0.48. This model ensemble has up to 10,000 out of 60,000 parameter
combinations that straighten the signal to a similar success. The worst perform-
ing ensemble for straightening the signal is by VR-only, which has a normalized
straightening misfit of 0.69. If we assume the assumptions of the straightness for
the afterslip model are valid (section 3.2.1) and that the assumptions of viscoelastic
rheology is not too over-simplified, then from figure 3.7 it can be stated that the
backslip is the dominant process causing the curvature in the time series. The non-
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uniqueness of the straightening performance in each ensemble type strongly depends
on the sampling interval of the parameter space; i.e. there are many more locking
time functions (600) than viscoelastic relaxation models (150) and therefore the
non-uniqueness of the solution space could be decreased considerably by discarding
the many of the similar locking time functions.

3.3.2 Time Series Misfits following Afterslip inversion

Figure 3.8 shows the result of the time series fits following the inversion for afterslip
and the recombination of the predicted afterslip time series with the backslip and/or
viscoelastic relaxation signals. We can clearly see that the ensemble of three pro-
cesses (AS+BS+VR) produces the best fits to the time series data (see 3.3.5 for more
details and examples of the time series). The time series misfit decreases by 22%
when the backslip process is considered in addition to the afterslip and viscoelastic
relaxation. Interestingly, the neglecting of a viscoelastic response, with just a model
of backslip and afterslip (AS+BS), can fit the data slightly better than a model
with just afterslip and viscoelastic response There exists some non-uniqueness in
the solutions for all ensemble types (see section 3.3.3), although this non-uniqueness
is not as pronounced as for the straightening results. This is because there are some
combinations of parameters that will straighten the horizontal motions very well,
yet the remaining signals will have too much of a variation in their time functions,
and/or the remaining signals will not be fit so well with a least squares minimization
of the afterslip on the plate interface.

3.3.3 Best fitting parameters

Figure 3.9 shows the best fitting time functions and viscosity combinations for each
ensemble of the parameter search. We can see that the best (AS+BS+VR) mod-
els have locking time functions that indicate a recovery of interseismic locking rate
within one year. Also in the locking time function solution space for this ensemble
are super-interseismic locking rates. The parameter space of the parameter search
includes super-interseismic rates since this has been postulated by Hek:i and Mit-
sui (2013) based on the postseismic velocity change of locked segments adjacent to
ruptured segments. The non-uniqueness of the solution means that we cannot distin-
guish between flat-rates and power-law time functions of locking. The best fitting
viscosity combinations of the oceanic and continental mantles for the 3 processes
(AS+BS+VR) model indicate a more viscous oceanic mantle than continental man-
tle. The oceanic mantle viscosity is between the ranges of 4 x 10! and 2.5 x 10%°
Pa.S and the continental mantle viscosity is between the ranges of 2 x 10! and
3 x 10! Pa.S, therefore the fitting of the time series with the 3 process model is
more sensitive to the continental mantle rather than the oceanic mantle viscosity,
so long as the oceanic mantle viscosity is greater than 4 x 10 Pa.S. The range
of locking time functions that produce the best time series fits in the two process
model of afterslip and re-locking (AS+BS) is similar to the solution space of the 3
process model. The difference being locking rates of the AS+BS model after 1 year
of postseismic time tend to be greater than 1.4 the interseismic rate, compared to
1.1 for the 3 processes model. For the model ensemble of viscoelastic relaxation and
afterslip (VR+AS) the oceanic mantle viscosity tends to be less than the continental
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Figure 3.8: Comparison of the total misfit to the time series after the combination of
the straightened signals with their respective with afterslip decay signals (y-axis). X axis
shows the number of parameter combinations. Ensemble type is indicated by the legend
in the top right. The inclusion of re-locking (backslip/BS) in the modelling of postseismic
time series significantly increases the fit to the time series. However, there is considerable
non-uniqueness in the solution space (see figure 3.9)

mantle viscosity. The oceanic mantle viscosity is 3 x 10*° Pa.S and the continental
mantle viscosity is between the ranges of 2 x 10* and 1 x 10* Pa.S, therefore the
fits of this model ensemble are more sensitive to the viscosity of the oceanic, rather
than the continental, mantle.

3.3.4 Comparing afterslip models

As explained in section 3.2.1, the predicted afterslip signals are obtained by inverting
the cumulative displacements before recombining with the mean of the normalized
time functions of the time series between the start and the end of the epoch of
cumulative displacement. A comparison of the assumed cumulative afterslip before
and after straightening (before and after the correction for viscoelastic relaxation
and/or backslip) is shown in figure 3.10. Here we can see the effects of the correc-
tions on the cumulative signal of the data for each model ensemble. Note that for
each ensemble we use the model parameters that result in the best fit to the time
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Figure 3.9: The left column shows re-locking rates (in grey are all the re-locking rates
in the parameter space, and in black are the best-performing re-locking rates of the pa-
rameter search). The right column shows the best-performing combinations of oceanic
and continental linear Maxwell viscosities. The top row corresponds to the combined
afterslip, re-locking, and viscoelastic relaxation model (AS+BS+VR) and shows the top
30 parameter combinations. The middle row corresponds to the afterslip and re-locking
model (AS+BS) and shows the top 10 parameter combinations. The bottom row corre-
sponds to the afterslip and viscoelastic relaxation model (AS+VR) and shows the top 9
parameter combinations. Most re-locking rates indicate a return to interseismic locking
degree or higher within one year following the earthquake. Note, the top model parameter
combinations in each case are determined by examining the distribution of misfits to the
time series. The cut-off choice for the top model combinations tends to be between the
minimum and approximately 5% of the misfit range for each ensemble.

series after inversion for afterslip and combination of all predictions. For the model
of BS+AS, the straightening from BS-only adds a significant south-westerly dis-
placement at all stations in the network meaning that the cumulative displacement
assumed to be afterslip is more consistent with the azimuth of plate convergence.
For the three processes model, the straightening affects the cumulative signal as a
function of distance to the trench. In the nearfield the displacements are increased
in the south-westerly direction. At 70-100 km inland the cumulative displacements
are increased in the south direction, and further towards the back-arc the cumulative
displacements are shortened in an east-south-easterly correction. The straightening
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Figure 3.10: Panels (a)-(c) on the top row show the differences between the straightened
and non-straightened cumulative displacements for each model ensemble. The re-locking
and viscosity parameters for each ensemble are chosen from the best fitting time series
after inversion for afterslip on the plate interface. Panels (d)-(f) on the bottom row show
the straightened cumulative displacements (red) in comparison to the non-straightened
displacements (blue) for each ensemble type indicated at the top of the column. Straight-
ened displacements seen here can be interpreted as the afterslip signal for each ensemble
type. From comparison of (d)-(f) we can see that the purely elastic re-locking and af-
terslip model (AS+BS) needs a much larger afterslip signal than the models that include
viscoelastic relaxation. The afterslip signals for the viscoelastic relaxation and afterslip
(AS+VR) and the 3 processes (AS+BS+VR) ensembles are very similar in magnitude,
but with considerable differences in the azimuth of the cumulative afterslip signal: The
afterslip signals for the 3 processes model tend to be rotated more towards the plate con-
vergence azimuth. The differences between afterslip signals of the 3 ensembles are shown
in 3.11.

corrections of the AS+VR ensemble (VR-only straightening) are similar to those
of the BS+VR straightening, but with slightly less of a southerly magnitude. The
differences between straightening corrections and cumulative afterslip signals for the
three model ensembles can be seen in figure 3.11. Figure 3.12 shows the results of
the inversion of the cumulative afterslip signal for each model ensemble, and also
for the data that has not been straightened. As also shown by Bedford et al. (2013),
an afterslip model for the data that has not been corrected for other postseismic
processes results in a large misfit in the back-arc and an unrealistically deep after-
slip. All of the correction ensembles (3.12b-d) show a clear improvement in the fit
of an afterslip model compared to the non-straightened data, with the AS+BS+VR
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Figure 3.11: Panels (a)-(c) on the top row show the differences between the cumulative
straightened (afterslip) signals for each combination of the 3 model ensembles. The re-
locking and viscosity parameters for each ensemble are chosen from the best fitting time
series after inversion for afterslip on the plate interface. Panels (d)-(f) on the bottom
row show the straightened cumulative displacements of each model type (indicated by the
colour in the title at the top of each column).

and AS+VR ensembles showing roughly the same 67-68% decrease in misfit, and
the AS+BS ensemble having a 55% decrease in misfit. Misfit is slightly larger in
the back-arc for the AS+BS ensemble, and the afterslip is of higher magnitude and
extends deeper than for the other model ensembles. All of the afterslip models fit
poorly the station at 71°W 36°S. Important to note is that these afterslip patterns
are not to be interpreted in a mechanical framework of patchwork plate interface
frictional heterogeneity since the inclusion of the vertical signal will probably shift
the afterslip up-dip as shown in Bedford et al. (2013).

3.3.5 Comparing time series fits

Figures 3.13-3.15 show examples of the misfits at cGPS locations at various distances
from the coseismic rupture zone. The time series discussed in this section use the
model parameters that best fit the time series for that particular model ensemble.
From these examples and from the rest of the fits (see animation in Appendix C)
we can see that certain ensembles do produce better fits at certain stations, but
in general the best fitting ensemble overall is the ensemble of three postseismic
processes. For example at the station CONZ (fig. 3.13) the AS+BS+VR and the
AS+BS ensemble result in the best time series fits, while at the station ANTC (fig.
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Figure 3.12: Each panel (a)-(d) shows the misfit vectors (data minus predictions) fol-
lowing the inversion for afterslip on the plate interface (blue vectors) and the afterslip
distribution on the plate interface (contours show 1 m intervals increasing from 1 m). The
title of each panel shows the straightening method applied to the data before inversion.
The re-locking and viscosity parameters for each ensemble are chosen from the best fitting
time series after inversion for afterslip on the plate interface. Inversion misfit (inv_misf)
and misfit of the time series after recombination of afterslip with the other processes in
the model ensemble are (ts_misf) are shown in the boxes inset. The inversion misfit is
normalized by the misfit of the non-straightened data. The afterslip model from the cumu-
lative displacement is greatly improved after corrections of additional processes (re-locking
and/or viscoelastic relaxation), particularly in the back-arc. The inversion misfits for the
BS+VR and VR-only straightening are very similar, whereas the BS-only straightening
results a slightly larger misfit in the back-arc stations. All straightening ensembles result
in a poor fit to easternmost station. The models that neglect viscoelasticity (i.e. panels
(a) and (c)) tend to have a deeper, higher magnitude afterslip.

3.15), the AS+BS+VR and the AS+VR model ensembles result in the best fits.

3.3.6 Checking assumptions of afterslip model

We revisit our assumptions from section 3.2.1 to check if the time functions of the
assumed remaining afterslip signal share a similar normalized time function. Figure
3.16 shows the time functions and their normalized forms for the data before and
after straightening for the AS+BS+VR ensemble. The normalized time functions
before the straightening corrections are quite dissimilar, and there is a substantially
stronger similarity in the normalized time functions following straightening. There
are a couple of stations that deviate with their normalized time functions consider-
ably even after straightening. However, the majority of normalized time functions
are grouped tightly, and therefore adhere to the expected behaviour of the assumed
afterslip model (as discussed in section 3.2.1).

Furthermore, we can compare the normalized afterslip time functions to the
normalized cumulative aftershock number. Figure 3.17 shows that decay in time of
the seismicity has a similar normalized time function as the isolated afterslip signal.
Such an agreement allows us to state that an independent measure of the normalized
decay of megathrust afterslip for the Maule earthquake is, to a good approximation,
the decay in the number of cumulative aftershocks.
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Figure 3.13: Panel (a) shows the horizontal displacement pathway of the data and the
predictions from the model ensembles (colours denoted in the legend). Panel (d) shows
the location of the station (red triangle) in the cGPS network (black triangles) and with
respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east
and north displacements as a function of time for the data and predictions.

3.3.7 Relative surface signal magnitudes of the simultane-
ous postseismic processes

Figures 3.18 - 3.20 show the relative magnitudes and time histories of the simul-
taneous signals that have been separated by the parameter search. Each model is
representative of the model parameters that create the best time series misfits after
recombination of all processes in the ensemble. The three processes model (fig. 3.18)
shows the opposing east and west motions of the backslip and viscoelastic relaxation
signals. At the coastline, the imbalance of the magnitudes of these signals leads to
a slight increase in cumulative displacement magnitude when the backslip and vis-
coelastic relaxation signals are removed from the data. Compared to the viscoelastic
signal, the magnitude of afterslip is generally much larger, with the difference in rel-
ative magnitudes decreasing with distance from the rupture zone. For the AS+VR
model ensemble, the isolated afterslip signal is visibly less straight than in the three
processes model. The viscoelastic relaxation model creates landwards motion at the
coastline, with the hingeline of trenchwards displacement at around 70 - 100 km
inland. For the AS+BS model ensemble, the removal of the large backslip signal
from the data leaves a cumulative afterslip magnitude that is much larger than for
the AS+VR and AS+BS+VR afterslip magnitude.
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Figure 3.14: Panel (a) shows the horizontal displacement pathway of the data and the
predictions from the model ensembles (colours denoted in the legend). Panel (d) shows
the location of the station (red triangle) in the cGPS network (black triangles) and with
respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east
and north displacements as a function of time for the data and predictions.

3.4 Discussion and Conclusions

3.4.1 Discussion

The deduction of the best combination of simultaneous postseismic processes de-
pends on the expectations of the sensible ranges of model parameters, the expec-
tation of the features of the isolated signals of each process, and the measures of
fit for each model ensemble. The three processes ensemble (AS+BS+VR) results
in the best fit to the time series, having a 15% lower misfit value than the mini-
mum of the other two ensembles. The realistic spatial distribution and good fit of
the afterslip model, as well as the azimuthal agreement of the cumulative isolated
afterslip signal with the plate convergence direction strongly support the credibil-
ity of the three processes model. The AS+VR and AS+BS models both result in
a significantly larger misfit to the time series, with the AS+BS model having an
unrealistic afterslip distribution consisting of high magnitude slip at great depths.
The isolated afterslip signal of the best-fitting AS+VR model exhibits the most
veering, and the combinations of mantle viscosities are opposite to what would be
expected based on the probable pressure-temperature and compositional conditions
either side of the downgoing slab (Billen and Gurnis, 2001). Additionally, these vis-
cosity combinations do not agree with viscosities obtained in other subduction zone
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Figure 3.15: Panel (a) shows the horizontal displacement pathway of the data and the
predictions from the model ensembles (colours denoted in the legend). Panel (d) shows
the location of the station (red triangle) in the cGPS network (black triangles) and with
respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east
and north displacements as a function of time for the data and predictions.

postseismic viscoelastic studies (e.g. Hu and Wang, 2012). Therefore our favoured
model ensemble is the three processes model.

This study provides the first estimates of plate re-locking rate following a megath-
rust subduction event, and as such has some important implications for the future of
seismic cycle research in similar margins. The rapid re-locking time (< 1 year) with
respect to the interseismic period means that the current assumption in slip-deficit
modelling - that the re-locking is instantaneous - is a valid one. By monitoring
seismic velocity recovery in strike slip faults, Li et al. (2006) suggested that gradual
strength recovery occurred in the years following the 2004 Parkfield earthquake. Ex-
perimental studies exploring recovery at stresses and temperatures relevant to plate
interface faulting have shown that slide-hold tests indicate rapid recovery within
minutes at the experimental scale (Tenthorey et al., 2003) with a slowing rate fol-
lowing rapid initial healing due to mechanisms such as crack closure and solution
processes (Yao et al., 2013). These initially rapid and subsequently decaying rates
are supported by our results suggesting that geodetic observations are appropriate
for constraining postseismic strength recovery.

The rate of backslip for the best AS+BS+VR parameter combinations can (but
not in all solutions) exceed the interseismic rate. From the continued monitoring
of this backslip rate we hope to determine the mechanism for such an acceleration,
such as the relaxation of a thin low viscosity layer beneath the slab (Naif et al., 2013;
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Figure 3.16: Left column shows the cumulative horizontal displacements as function of
time and the right column shows the normalized cumulative horizontal displacement time
functions, with the mean of the time functions plotted in red. The top row shows the
data time functions before and after normalization. The bottom row shows the remaining
afterslip signals following the straightening of the data with the re-locking and viscoelastic
relaxation (parameters of re-locking and viscosities are taken from the model with the
best fitting time series following afterslip inversion). The normalized time functions of the
straightened (afterslip) signals are much more tightly packed around the mean (red) than
in the case of the non-straightened data, with the exception of a couple of stations.

Heki and Mitsui, 2013). Continuing to monitor the Maule postseismic segment will
allow the possibility to track the backslip rate with time, and could constrain the
relaxation time parameters of any viscous process that could be facilitating a super-
interseismic subduction velocity. However, the consideration of a low viscosity layer
under the slab would require a re-designing of the parameter search, such that the
sensitivity of the results so that the impact of such a viscoelastic layer under the
slab on the total viscoelastic relaxation signal can be fully understood.

There is some discord between the Maule near-field observations and the near-
field 2011 Japanese Tohoku-Oki Mw 9.0 observations. Following Tohoku-Oki, the
landward motion well exceeds the background interseismic rate (Sun et al., 2014)
suggesting that another process, other than or in addition to plate interface re-
locking, is producing such displacements in the near-field. One possible explana-
tion is that the offshore GPS stations monitoring the postseismic deformation of
Tohoku-Oki are moving in response to a postseismic crustal fault afterslip following
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Figure 3.17: Comparison of the normalized time functions for cumulative aftershock
number (events with Mw > 5 taken from the IRIS catalogue www.ds.iris.edu) shown by
the pink line. Red line shows the power law fit to the pink decay. Normalized time
functions of cumulative horizontal motion due to afterslip (straightened data) are shown
by the black lines. The normalized time functions of the non-straightened data are shown
in grey. The time functions of cumulative aftershock number and cumulative afterslip are
strikingly similar, in agreement with the observations of Perfettini and Avouac (2007) and
Lange et al. (2014).

the activation of crustal faults during coseismic rupture (McKenzie and Jackson,
2012; Tsuji et al., 2011). The magnitude and pattern of viscoelastic response de-
pends on the magnitude and location of coseismic slip as well as the viscosities and
rheologies (Sun and Wang, 2015). In this sense it is conceivable that such a re-
locking signal as seen for Maule 2010 event may not be so distinguishable in the
data for a larger earthquake such as Tohoku Oki. Furthermore, we recognize that
the ongoing efforts to instrument and more frequently measure the submerged sur-
face of the overriding plate will allow a better discrimination between dislocation

and viscoelastic relaxation as a cause for curved postseismic motions (Birgmann
and Chadwell, 2014).

The separation of the afterslip signal from the other postseismic processes by
deducing and removing the veering effect of the simultaneous processes is obviously
better constrained by a longer time series. Following a megathrust earthquake,
the large aftershocks that can follow can be potentially as destructive as the larger
magnitude mainshock, depending on the location, building standards, and regional
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Figure 3.18: Separation of the relative magnitudes of postseismic processes for best fit-
ting time series model in the ensemble of afterslip, re-locking, and viscoelastic relaxation
(AS+BS+VR). Panels (a)-(b) show the contribution of backslip and viscoelastic relax-
ation processes from the optimal model that uses BS+VR straightening. Panel (c) shows
the remaining signal after straightening of the data, and this signal can be considered as
mainly afterslip. Panel (d) shows the original data before decomposition into the three
processes (a-c). Colours of horizontal deformation pathways in each panel correspond to
the time evolution in the colourbar. The deformation pathways in panel (c) are clearly
much straighter that in panel (d). Furthermore, the nearfield stations after straightening
have an increased tendency to move towards the plate convergence azimuth, rather than to
the W-N-W as in the non-straightened dataset. This rotation of azimuth in the straight-
ened data further suggests that the straightened data is the afterslip signal, since these
azimuths are reasonable for afterslip opposite to the general direction of plate-convergence.

geology of the nearest human populations. In terms of a short term hazard as-
sessment, the slip-deficit can be compared with the afterslipping regions on the
plate interface: regions with both a high remaining slip-deficit and low afterslip
are naturally the zones of highest immediate likelihood of harbouring a large after-
shock. Future studies must focus on the effects of non-afterslip signal removal on
our modelled afterslip: in other words, we should investigate whether or not neglect-
ing non-afterslip processes significantly alters the afterslip model thereby producing
assessment of zones that are at most risk of a high magnitude aftershock on the
plate interface. An example of the ability to identify regions at high risk of large
magnitude plate interface aftershocks with the afterslip model would be the subse-
quent rupture of the March 25th Constitucion 2012 Mw 7.0 aftershock on the plate
interface (Ruiz et al., 2013) inside the along strike rupture extents of the Maule
2010 Mw 8.8. This aftershock, occuring over two years after the mainshock, occured
in the pocket of low afterslip (fig. 3.21) that had been identified by a model that
assumed afterslip as the sole postseismic process contributing to the surface signal
(Bedford et al., 2013). This zone was at a similar depth to adjacent after-slipping
zones and aftershock releasing zones and so could be considered as within the seis-
mogenic depth limits. With the basic assumption that all but the highly slipping
coseismic zones have the potential to harbour some significant slip-deficit, then this
zone of low afterslip and relatively low coseismic slip could have been considered
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Figure 3.19: Separation of the relative magnitudes of postseismic processes for the best
fitting time series model in the ensemble of afterslip and viscoelastic relaxation (AS+VR).
Layout is as in the previous figure. The coastline viscoelastic response is landwards with
the hinge-line lying around approximately 50-100 km inland. The remaining straightened
signal (afterslip) following the removal of viscoelastic relaxation points generally to the
W-N-W and is notably more curved than the afterslip signal following the removal of
both re-locking and viscoelastic relaxation (also see fig.3.7), 3.18.
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Figure 3.20: Separation of the relative magnitudes of postseismic processes for best
fitting time series model in the ensemble of afterslip and re-locking (AS+BS). Layout is as
in the previous figure. Cumulative afterslip (straightened signal) magnitudes are greatly
increase in comparison to the other model ensembles.

to have a high seismic potential. Furthermore, the afterslip model is based on the
first year of surface deformation, meaning that with quick enough data retrieval and
modelling, this region could have been highlighted as especially prone to a large
aftershock in advance of it’s occurrence. In this case, it seems the contaminating
presence of viscoelastic relaxation and backslip in the postseismic surface signal did
not significantly affect the ability to model the heterogeneity in the plate interface
postseismic kinematics.
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The ability to separate the simultaneous postseismic processes in the case study
of Maule 2010 is due to the convenient spread of ¢GPS locations with respect to
the ruptured interface. The magnitude of the veering is larger at stations nearer to
the coseismic rupture, and a longer range of distances to the rupture zone makes
it easier to distinguish between backslip related veering and viscoelastic relaxation
related veering.
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Figure 3.21: Afterslip map between March 2010 and April 2011 taken from (Bedford
et al., 2013) with the addition of a black ring showing the rupture location of the future
March 2012 Mw 7.0 aftershock (Ruiz et al., 2013). Vectors shown the afterslip misfit in
the horizontal component. Note that the afterslip model puts slip further up-dip than
the models in this study, because the modelling of Bedford et al. (2013) has included the
vertical component of the postseismic signal.

3.4.2 Conclusions

e We have presented a novel approach for separating the relative contributions
of simultaneous postseismic processes, and have explored the parameter space
for different combinations (ensembles) of these processes.

e Following the well founded assumption that decaying afterslip distribution has
a constant relative magnitude, backslip is the dominant process responsible for
the postseismic veering of the cGPS.

78



3.4. DISCUSSION AND CONCLUSIONS Chapter 3

e Rapid re-locking rates of our favoured models are consistent with healing rates
that have been shown in lab experimental results and inferred from postseismic
seismic velocity observations of strike-slip faults.

e Inclusion of backslip (re-locking and possible super-interseismic subduction ve-
locity) along with viscoelastic relaxation results in approximately 15% decrease
in the fit to the time series.

e Isolation of afterslip from straightening method and subsequent fitting of time
series leaves behind a time function of afterslip that is in better agreement
with the time function of cumulative aftershock number.

e Afterslip distribution is far more realistic (i.e. less deep afterslip needed to fit
the data) and produces a much improved data fit when considering viscoelastic
relaxation in addition to the afterslip.

o Afterslip is dominant in the near-field signal in comparison to the viscoelastic
relaxation. The credibility of a purely elastic afterslip model is, to a first
order, acceptable and useful for immediate hazard monitoring. However, for
this situation one needs to have a ¢GPS network with near enough station
distances to the rupture zone.
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Chapter 4

Investigating the final seismic
swarm before the Iquique-Pisagua
2014 Mw 8.1 by comparison of
continuous GPS and seismic
foreshock data.

Note

This chapter is a reformatted version of the published Geophysical Research Let-
ters paper (Bedford et al., 2015) with the same title as this chapter. Additional
supplementary material has been placed in the appendix of this thesis.

Abstract

Pre-existing networks of seismometers and continuous GPS in Northern Chile suc-
cessfully captured surface motions and seismicity leading up to the April 1st Mw
8.1. Here, we compare ¢GPS with predictions of seismic dislocations for the final
foreshock swarm, beginning with the March 16th Mw 6.7. Results show that the
cumulative cGPS motion can be largely explained by seismic slip because evolutions
of ¢GPS positions for most stations stay within the ranges of seismic predictions
(given sensible ranges of assumed source errors). However, cGPS motions between
18th-21st and 25th-31st March outpace seismic predictions, supporting the existence
of aseismic transients that were most probably the afterslip from preceding bursts
of seismicity. A parameter search reveals that the March 16th Mw 6.7 ¢GPS dis-
placements can be recreated with a fault plane significantly rotated anticlockwise
from the strike of the plate interface, suggesting that failure was on a structure other
than the plate interface.

4.1 Introduction

The Mw 8.1 Iquique-Pisagua earthquake of April 1st 2014 was exceptionally well
monitored by the Integrated Plate Boundary Observatory Chile (IPOC: www.ipoc-
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network.org) with various geophysical instrumentations already in place due to the
expected failure of a mature seismic gap on the Andean subduction margin (Comte
and Pardo, 1991; Chlieh et al., 2011). This earthquake ruptured only a small portion
of this seismic gap leaving a remaining slip-deficit to potentially harbour an earth-
quake of Mw > 8.9 (Schurr et al., 2014). Of particular interest to the community
researching this margin is the occurrence of foreshock clusters in the year leading
up to the mainshock, with the ultimate and most active cluster lasting from March
16th (when it was initiated by a Mw 6.7) until the onset of the mainshock (Figure
4.1). This final foreshock cluster was accompanied by a transient continental surface
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Figure 4.1: (a) Map view of the subduction zone. Dashed black line represents the
subduction trench and solid black line is the coastline of Chile. Small white star is the
location of the April 1st 2014 Mw 8.1 epicentre. Focal mechanisms (geofon.gfz-potsdam.de)
shown are for the foreshock sequence beginning on March 16th and are chronologically
colour coded, corresponding to the colour bar above. Size of plotted focal mechanisms
corresponds to the magnitudes shown by the radii of the black circles and these sizes
correspond to the extents of the event if it were to fail in a circular pattern. Stations
of interest in the analyses of seismic motion are shown on the plot as coloured triangles.
The colours of these triangles correspond to the colours shown on panels (b) and (c).
The coloured lines originating from the station locations represent the time evolutions of
transient motion (available for download in supplementary information) and are colour
coded in the same way as the focal mechanisms. (b) Plot of the March 2014 eastwards
deformation at the cGPS locations shown on panel (a). Colours correspond to the colours
of the triangular station markers on panel (a). (c) Same as panel (b) but for the north
component. Data shown (b) and (c) has been de-trended and common mode filtered.

deformation recorded on land by the IPOC continuous GPS (cGPS) network (Schurr
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et al., 2014; Ruiz et al., 2014). Hence, the spatial-temporal pattern of seismicity and
deformation leading up to the Iquique-Pisagua earthquake is of particular interest
regarding precursory activity and may provide insights for improving earthquake
hazard assessment based on future margin activity.

There currently exists some discord as to whether the transient deformation
recorded by the continuous GPS (cGPS) can be explained by seismic or aseismic
slip of the plate interface. Some studies have suggested slow-slip as a significant tec-
tonic process during the final foreshock cluster, with evidence presented from either
¢GPS records (Ruiz et al., 2014) or the recognition of repeating earthquakes (Kato
and Nakagawa, 2014; Meng et al., 2015). By contrast, the cumulative preseismic
GPS displacements have been reproduced with predicted earthquake slip based on
location, mechanism and magnitude from scaling relations (Schurr et al., 2014); in
this case the centroid of slip for each event was assumed to be at the hypocentre
(from the catalogue produced by GEOFON (geofon.gfz-potsdam.de), and the fail-
ure directions of all events were assumed to be opposite to the azimuth of plate
convergence, the latter obviously not always being true. Particularly as the largest
foreshock (Mw 6.7) apparently was not on the plate interface (Schurr et al., 2014;
Hayes et al., 2014) but was modeled as such by Schurr et al. (2014) when predicting
its deformation. The Mw 6.7 foreshock is suspected to have occurred in the upper
plate, due to the peculiar rotation of the shallowest nodal plane of the focal mecha-
nism with respect to the slab geometry (Hayes et al., 2014), although there is some
variability in the moment tensor solutions (Table 4.1) leading to some uncertainties
in the most likely location and tectonics of this event.

The primary aim of this study is to contribute to the discussion concerning com-
peting hypotheses of aseismic and seismic failure during the final 16 days leading to
the earthquake. This will be achieved by producing a range of time-dependent pre-
dicted positions for the cGPS by considering the errors in the seismic catalogue. This
approach allows for the respective evolutions of actual and predicted positions to
be compared while also considering the errors in both data and prediction domains.
To investigate the seismic efficiency of the slip leading up to the Iquique-Pisagua
earthquake, we will analyze the evolution of the surface deformation predictions
at the cGPS locations modelled from the dislocations of the foreshock events. We
focus on the progression of 16 days before the mainshock. For each event in the
foreshock catalogue we consider a sensible range of errors in the focal mechanisms
and hypocentral locations to produce Probability Density Functions (PDF) of pre-
dicted displacement at each ¢GPS location. These PDFs are transformed into the
temporal format of the daily ¢GPS data so that the transient behaviour of data and
predictions can be compared on a daily basis. Additionally, the methodology for
predicting seismic displacements is reversed to conduct a parameter search for the
Mw 6.7 foreshock of March 16th with the aim of constraining the focal mechanism
of this event. Finally we interpret the results in the framework of the known plate
kinematics that have been monitored at this segment.
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4.2 Methods

4.2.1 Modelling seismic predictions

We model surface predictions of deformation using analytical solutions for disloca-
tions in an elastic half-space (Okada, 1985), with the elastic parameters G = 3.5E9
Pa and Poisson’sratio = 0.25 deduced from seismic tomography and gravity studies
(Husen et al., 2000; Tassara and Echaurren, 2012). For all events considered by our
forward modelling we set the length and width of each rectangular source according
to the scaling relations between seismic magnitude and source dimensions in sub-
duction zones (Strasser et al., 2010). The parameters varied for each event are the
hypocentral location (z,y, z), strike, dip, slip azimuth, and magnitude of uniform
slip. The strike, dip, and slip azimuth for each event are taken from focal mecha-
nisms (geofon.gfz-potsdam.de). Slip azimuth comes from the horizontal component
of the slip vector given by equations 4.1-4.3 (Aki and Richards, 2002) applied to the
strike, dip, and rake of the focal plane:

north = cos (rake) cos (strike) + cos (dip) sin (rake) sin (strike) (4.1)
east = cos (rake) sin (strike) — cos (dip) sin (rake) cos (strike) (4.2)

z = —sin (rake) sin (dip) (4.3)

The uniform slip magnitude for each event satisfies the equation from Brune (1968):

My = pAD (4.4)

where M, is the known seismic moment, p is shear modulus of the elastic medium
in the vicinity of the slipping region, A is the assumed area of the source region
(already defined by seismic scaling relations), and D is the uniform slip magnitude.
Since there is some uncertainty of the shear modulus value and its heterogeneity at
the plate interface we calculate a probability distribution of y using randomly se-
lected combinations of parameters from a range of Chilean subduction plate interface
densities (2700-3000 kgm—3), Vp wavespeeds (6250-7000 ms~!), and V}, to V; ratios
(1.8-2.0) (Tassara and Echaurren, 2012; Husen et al., 2000; Hicks et al., 2012). The
parameter ranges of density, Vp and V), : V; were discretized so that there were 100
values of each, and a value from each parameter range was taken pseudo-randomly
before being combined in the following equation for shear modulus:

pr="Vixp (4.5)

Where Vs is the shear wave speed determined by the randomly selected Vp and
Vp : Vs ratio, and p is the randomly selected density. This process was repeated
until we produced a stable histogram (probability distribution) of shear modulus
values (Fig. 4.2). The a priori probability distributions of uniform slip magnitudes
for each forward modeled event in the foreshock series were calculated according
to the probability distribution of shear moduli, using Brune’s equation to calculate
the slip values (equation 4.4). Therefore our modelling approach assumes a single
shear modulus, G, of 35 GPa for the calculation of surface motions due to elastic
dislocations, and a log-normal probability distribution of shear moduli, u, at the
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Figure 4.2: Probability distribution of the shear moduli that are used to generate an a
priori probability distribution of uniform slip magnitude for each forward modeled event.

plate interface between 28 and 44 GPa 4.2) which are solely used to calculate the
range and a priori probability distribution of uniform slip for each modelled event.
The sensitivity of the Greens functions to the uncertainty of the Poisson’s ratio and
shear modulus (G) for the elastic half-space is negligible and so we do not include
this variability in our forward modelling.

For the forward modelling of seismic predictions of the foreshock sequence, strike,
dip, and slip azimuths are varied +15°, +10°, and +15° respectively from the central
values derived from focal mechanisms. Hypocentres are varied +£15km, £15km, and
+10km in the East, North, and Vertical directions respectively. This variability
in source parameters is in keeping with the variation observed in available focal
mechanisms and hypocentres from various sources (e.g. Table 4.1).
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source lat(°) | lon(°) | z | strikel | dipl | rakel | strike2 | dip2 | rake2 | centroid z | method
GEOFON | -19.97 | -70.84 | 23 | 131 73 99 283 19 63 9 regional waves
GEOFON | -19.96 | -70.66 | 12 | 117 66 91 294 25 87 20 body waves
gCMT -19.94 | -70.92 | - 144 69 106 284 26 54 12 LP waves
USGS -19.98 | -70.7 | 20 | 127 74 108 258 24 44 15 body waves
USGS -19.98 | -70.7 | 20 | 126 74 98 277 18 63 15 w-phase

This study | -20.02 | -70.81 | - | - - - 237 11 12 17 GPS search

Table 4.1: Comparison of March 16th Mw 6.7 source parameters form seismic catalogues and GPS parameter search of this study
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For the Mw 6.7 parameter search, the parameter space is sampled more finely
and with a wider range of variability in all parameters. Strike, dip, and slip azimuths
are varied between —135° and 45° for strike, between 4° and 25° for dip, and between
—200° and 20° for slip azimuth. The hypocentre is varied +20km in both East and
North directions and between 5 and 25 km in depth. Due to computational speed,
we do not vary slip magnitude in the Mw 6.7 parameter search, assuming slip of all
parameter combinations to be in agreement with the mean value of the distribution,
35 GPa. The average of the best solutions for the Mw 6.7 is then assumed for
the default parameters for this event in the modelling of the evolution of seismic
predictions of the whole foreshock series. We neglect events with a magnitude of
less than Mw 5 since we generally did not have focal mechanisms for these events.

4.2.2 GPS data

Figure 4.1b-c shows the de-trended daily solutions at the cGPS stations closest to the
foreshock activity. A common mode filter (CMF) is applied to this data to remove
network-correlated noise Wdowinski et al. (1997). The common mode filtered cGPS
data used in this study are identical to those presented in Schurr et al. (2014).
The effects of common mode filtering can be seen in figure 4.3. The common mode
filter is applied with the aim of removing the network-correlated noise. Figure 4.4
shows the stations used to form the average signal and the stations of interest from
which this average signal is subtracted. Since the station coverage is not uniform in
time there are certain periods in the time series in which the common mode filter
is constrained by more or less stations. For times when the minimum amount of
stations required to form an average signal (8 stations) is not possible, the common
mode filter cannot be estimated and therefore there is a gap in the filtered time
series. Figure 4.5 shows the availability of stations in the network as a function
of time. Stations used for the stacked signal near to the rupture zone of the Mw
8.1 are not online during the final 16 days leading up to the mainshock, therefore
the correction at the stations of interest in this study is not influenced by signals
near-field stations, and therefore any transient signals that exist at the stations of
interest are not quashed by this method. The zero positions of the data are assigned
as the mean North and East station positions of the de-trended data between 1st and
15th March 2014. Since there is no significant transient deformation apparent in the
¢GPS and no significant seismic activity between 1st-15th March, we can evaluate
the noise in the signal during this epoch. Consequently, errors at each station are
defined by the standard deviations of the East and North components in this time
period.

For the parameter search of the 16th March Mw 6.7 we fit the displacement
obtained by the cGPS between 15th-17th March. This is due to the daily format of
the ¢GPS solutions: The daily position of the GPS is the mean position, and the Mw
6.7 occurred late in the day, meaning that the cumulative displacement of this event
is more apparent in the cGPS positions on the following day, 17th March. There is
some contamination of the fitted signal by a subsequent Mw 6.3 on the 17th March
contributing in total to 20% of moment release (M release) captured in this epoch,
therefore we removed the prediction of this event from the displacements of this
epoch. This was achieved by finding the mean predicted displacements of this event
and subtracting these from the data. Predicted displacements of the Mw 6.3 were
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Figure 4.3: Left hand side shows the East and North components of the de-trended
¢GPS time series at the stations of interest (shown figure 4.2). Right hand side shows this
de-trended data after the application of a common mode filter. The common mode filter
does a good job of removing both the long and short wavelength noise. Colours of time
series correspond to the stations written in the legend.

obtained by repeatedly forward modelling the Mw 6.3 source within its assumed
uncertainties (see section 4.2.3) and taking the mean positions of these probability
density functions in North-East model space. The Mw 6.3 displacements were then
weighted by the time of occurrence of this event and subsequently subtracted. The
predictions of lower magnitude events during this epoch were not subtracted because
they were negligible in magnitude in comparison to those of the Mw 6.7 and Mw
6.3. The parameter search for the Mw 6.7 event includes data from the station pb11
(shown on figure 4.4). In this case, the common mode filter was changed to include
this station in the list of corrected stations rather than the list of stacked stations.
The reason we do not include pbll in the seismic motion analysis is that it was
offline for the majority of the period of interest between 16th and 31st March.

4.2.3 cGPS predictions: Probability density functions

The suite of cGPS displacement predictions for each event in the foreshock series is
sampled into a probability density function in the East and North prediction man-
ifold. These PDFs are then chronologically cascaded so that for each consecutive
event the PDF is added X amount times to the positions of the prior PDF, with
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Figure 4.4: Map of the stations used to make the common mode filtered time series.
The de-trended positions of the stations in black are averaged and this average signal is
subtracted from the de-trended time series of the stations in green. Of the stations shown
in green, we use 5 in our analyses of seismic motion. This is due to the gaps in temporal
coverage in the period of interest making some of the stations in green unsuitable for this

study.
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Figure 4.5: Temporal availability of the cGPS stations used to make the common mode
filter (black stations of figure 4.3). Blue crosses on the left hand plot indicate days when
the station was available. Right hand plot shows the number of stations available to form
the common mode filter at each day in the time series.

X depending on the PDF value at each particular position of the prior PDF. After
the PDF's have been cascaded, we obtain a daily PDF for each day of the foreshock
series by sampling and appropriately weighting the cascaded PDF's according to the
time that each event occurred on the particular day. For the daily PDF calculation,
a point from each cascaded PDF' is sampled randomly before a new point is calcu-
lated by weighting the sampled points by the fraction of the day that each event
has been representative of that day’s cumulative seismic motion. This creation of
new points by random sampling and time weighting is repeated until we have a new
cloud of points thereby creating a daily PDF.

The calculations of the PDF's are performed on a binned grid in the North-East
model space with each bin a square of size 0.5 mm? and the grid extending between
-3.0 and 1.0 cm in the East direction and -2.5 and 2.5 cm in the North direction.
Choice of bin size determines the sensitivity of the method to the magnitude of
seismic prediction. The trade off between sensitivity to seismic magnitude prediction
and speed of computation has determined our bin size in this study. In evaluating
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the daily position PDF we must randomly sample the cascaded PDF's and weight
according to the time of the event in the day under consideration. This is achieved
by multiplying each cascaded PDF, P, by a discretization factor, f:

Q="Pf (4.6)

Then each point in the multiplied PDF is put into a list ¢ amount of times where ¢(7)
is the rounded value of Q(7) and i is the amount of elements in the PDF. The list of
points, L, is shuffled with a pseudo-random re-sorting algorithm and truncated at a
specified number, n. Each event, (1tok), considered in the daily position will have
its own list of points and its own weighing factor, w, so that the new list of points,
Lyew, takes the form:

Lnew = w(1)L(1) + w(2)L(2) + .. . .w(k) L(k) (4.7)

Finally the daily PDF is obtained by binning the cloud of points in L, into the
discretized grid and scaling so that the sum of each element in the PDF equals 1. In
this study we chose a discretization factor, f, of 1.5 x 10* and a truncation number,
n, of 1 x 10%. The choice of these parameters was made considering the computation
speed. Such parameter choices have an effect of the lowest probability extents of the
calculated PDFs but do not significantly alter the shape of the PDF in the higher
probability zones. In the discussion of our results we have subjectively chosen a
bound of P = 0.004 when considering the most probable predicted displacements.

4.3 Results

4.3.1 Parameter search for the source characteristics of the
March 16th Mw 6.7

The best fitting solutions are defined by those solutions that produce predictions
within the error ellipses of the data at one standard deviation. Figure 4.6a,c-d shows
the mean parameters of all the best fitting models found in the parameter search.
This average model represented by the mean of each best fitting parameter has a
strike of -123°, dip of 11°, and a rake of 12°, giving a slip azimuth roughly in line
with the direction of plate convergence). The centroid of the average model lies in
the upper plate, although the centroid location of best fitting solutions can vary
significantly, to a similar order of that of the seismically determined centroids (the
maximum distance between best fitting centroids of the parameter search being 26
km and the largest distance between seismic centroids being 21 km). The centroid
locations of the parameter search are in the vicinity of the range of centroids from
seismic estimations (fig. 4.7). The average fault plane dips to the Northwest, and
the focal mechanism for failure on such an oriented fault would be a highly oblique
thrust (fig. 4.6b). Figure 4.8 shows the variability of the strikes, dips and rakes
of the various planes that fit the data. The strikes of the best fitting planes vary
between -90° and -135°, dip is constrained between 5° and 17.5°, and slip azimuth
is constrained between 215° and 270°. Figure 4.9 shows the best-fitting suite of
focal mechanisms output by the parameter search and figure 4.10 compares the
mean solution to the seismically determined focal mechanisms. We find that the
mean fault plane solution is most similar to that of the USGS using body waves
(earthquakes.usgs.gov).
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Figure 4.6: (a) Plan view of the GPS data and predictions for the average solution of
the parameter search for the March 16th Mw 6.7. Blue vectors and ellipses represent the
data displacements estimations for this event with 67% confidence. Red vectors are the
predictions. Black line represents the Chile coastline. Average of the best-fitting fault
planes is shown along with a failure vector plotted from the centre (centroid) of the fault
plane. Colours of each side of the fault plane are repeated in panels (c¢) and (d). Plot is in
cartesian coordinate system with origin at 70°W and 20°S. Magenta star is the epicentre
from the GEOFON regional waves seismic solution (Table 4.1). (b) Focal mechanism of
the average of the best fitting fault planes of the parameter search. (c) Average fault
plane plotted with the plate interface from a South-Westerly look angle. North arrow is
plotted to help clarify the look angle. Fault plane is plotted as a mesh of green triangles.
(d) Same as (c) but from a North-East look angle.

4.3.2 Foreshock sequence

Figure 4.11-4.15 show comparisons between seismic prediction evolutions and GPS
data evolution for the stations used in our analysis (these figures are animated in
animations found in Appendix C). At psga, the data position and its associated
uncertainty ellipse stays within the most likely predicted positions as both the mean
data and prediction positions move towards the epicentres of the foreshock clusters
with time (animation of plan view seismic predictions and GPS data can be found
in Appendix C). At the other stations we see this spatiotemporal overlap between
data uncertainty and prediction range, except for the northernmost station, atjn,
where we see a divergence in time between data uncertainty and prediction range
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Figure 4.7: Panels show different look angles of the best fitting locations for the fault
plane centroid of the Mw 6.7 parameter search. North arrow is plotted to help clarify the
look angle. The blue triangular patches make the plate interface. Colours and size of the
circles indicate the number of solutions at each particular centroid. Green stars are the
locations of the seismically determined centroids (Table 4.1), and the green line is plotted
between the two most distant seismic solutions. Red line is plotted between the two most
distant centroids from the parameter search. Best fitting centroid locations are located in
the vicinity of the seismically determined centroids and the spatial range of GPS centroids
is of a similar order to the spatial range of seismic centroids.

(fig. 4.12).

Since the data generally stay within the bounds of the most likely locations pre-
dicted by forward modelling of seismic sources, it can be stated that the cumulative
surface deformation of these stations can be, with the exception of atjn, explained
by the surface displacements associated to the cluster of seismic events. Of course
this statement is subject to the consideration of the assumed errors in the seismic
source parameters: Naturally, wider and narrower ranges of input variability in the
seismic parameters would result in a broadened and restricted region of predicted
¢GPS position in the PDF, respectively, meaning that the cGPS motions fall within
the range of seismic predictions if the ranges of input parameters for each event are
wide enough.

Another pertinent comparison to make between data and prediction is the com-
parison of the rate of change in displacement magnitude. Figure 4.16 shows the
evolution of total displacement magnitude for both predictions and data for the
common mode filtered data. In this analysis we are interested in the gradient of
the cross-plotted rates of data and prediction magnitude: the greater the gradient
decrease from 1, the more likely that the motion of the GPS station is explained
by aseismic activity (assuming that all other seismic activity that is neglected by
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Figure 4.8: Panels show the variation of fault plane parameters, strike, dip, and rake
(slip azimuth is a function of these parameters) for the best fitting planes of the Mw 6.7
parameter search.

our event magnitude cut off is not responsible for the extra GPS motion). An over
prediction of GPS motion would result in a gradient greater than 1. Since we do
not see significant displacement in either prediction or data at the station crsc we
neglect this station for this analysis. At the four closest stations cgtc, iqqe, and
psga, and atjn we see an initial gradient of slightly less than 1 indicating an in-
concert evolution between mean prediction and data positions. Between the times
of 18th-21st March we suspect aseismic motion most strongly at atjn and slightly
at psga. All stations exhibit some noise at the end of the time series from 25th
March onwards and that manifests itself as a horizontal right-to-left motion on the
cross plots (as the noise occurs and corrects itself). However, despite this noise,
there is an indication that aseismic motion has occurred some time between 25th
and 31st March at all stations due to the pronounced flattening of the gradient in
all the cross-plots during this period. In summary, we can state that the cumulative
motion of the surface matches the cumulative motion of the most probable predicted
positions within the assumed error distribution of source parameters for all stations
except atjn. However this statement is subject to the confidence in our assumed
errors in our input source parameters. Furthermore, the magnitude of the mean
data predicted position initially increases at a similar rate before the data outpaces
the predictions at two stations between March 18th — 21st and at all stations on or
after March 25th, suggesting the detection of two aseismic slip transients.
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The results of the parameter search and forward modelling approaches presented
in this study must be considered within the limitations of the assumptions made
in the modelling. While we can estimate the bounds of error for input parameters
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Figure 4.10: Comparison of focal mechanisms (from Table 4.1) for seismically determined
solutions and the average solution of the best fitting fault planes from the GPS data
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Figure 4.11: Chronological evolution of the seismic predictions of station position and
the actual station position from cGPS for psga. Time increase is given by the data above
each panel. X and Y axes correspond to East and North motion. Colours represent
the probability distribution of the seismically predicted station position. The growing
magenta line represents the cumulative cGPS data motion and the ellipse at the end of
this line represents the 95% error range of this cumulative displacement. At this particular
station we see that the most probable predicted positions of the ¢GPS follow the data,
with perhaps the data growing at a slightly greater rate than the range of most likely
predictions.

using the variability found in independently obtained seismic hypocentral locations
and focal mechanism solutions, it is unknown what kind of probability distribution
these co-dependent errors should take. Sources of these errors come from oversim-
plified velocity models used in hypocentral and moment tensor inversions, noise in
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Figure 4.12: Same as figure 4.11, but for station atjn.

the seismic data, as well as artifacts introduced by the processing of moment tensor
solutions. An example of the variability of a seismic event is found by compar-
ing independently derived solutions from the Mw 6.7 foreshock (Table 4.1 figure
4.10). Nevertheless, even with conservative estimates of source parameter errors
we can state that the cumulative transient in the data is mostly explained by the
cumulative displacement along the plate interface from the foreshocks. Only at the
northernmost station (atjn) do we see an evolution of ¢GPS position that exceeds
the range of most probable predicted positions.

Given that the modelled seismic-slip can reproduce most of the cumulative signal
in the data within given error considerations, we must then ask what spatiotemporal
role the aseismic slip plays during the foreshock sequence. Certainly, the outpacing of
the data over the prediction in mean magnitude evolution, evident both between 18-
21st March and following March 25th leading to the mainshock on April 1st, strongly
suggests the occurrence of aseismic slip. However, the increased noise levels in the
data concurrent with this suspected aseismic motion in the final week leading to the
mainshock slightly decreases our confidence in occurrence of the second transient.

Detection of repeating events (Kato and Nakagawa, 2014; Meng et al., 2015) has
been taken as an additional indication of slow slip. However, neither these repeating
events, nor indeed the microseismicity have occurred with a high enough frequency
or regularity during the final 16 days leading to the Mw 8.1 mainshock to support
the case of a background slow slip forcing seismicity. Furthermore, it remains to
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Figure 4.13: Same as figure 4.11, but for station cgtc.

be demonstrated whether these repeating events did indeed break the exact same
patches, based on the source dimensions and location uncertainties. Even if the
repeating events have occurred on the same patches, forcing mechanisms other than
slow slip (for instance fluid pressure change) could explain the seismicity. Therefore
the proposed slow-slip associated with the repeating events may have occurred, but
this slow-slip is certainly not the main process contributing to the transient cGPS
motion captured during this final foreshock sequence beginning on March 16th. If
such a slow slip has occurred concurrent with repeating events, then the surface
signal is not detectable above the level of data noise. Moreover, the aseismic de-
formation transients that we have detected are not strongly correlated in time to
the repeating events. Figure 4.1 shows how the largest events occur in two bursts,
the first southerly sequence occurring between 16th and 18th March and the second
northerly sequence occurring between 22nd and 25th March. Indeed, the identifica-
tion of aseismic motion following both of these seismic bursts strongly supports the
scenario of a postseismic response to foreshocks, most likely in the form of aseismic
afterslip. The time series are too noisy to provide a reliable inverted location of
aseismic slip, although the difference in mean data and prediction displacements
leaves a signal that generally points towards the location of the foreshock activity.
The Mw 6.7 of March 16th is seen as the point at which the foreshock series
intensified and therefore its source parameters are of particular interest in trying to
understand the runaway process leading up to the mainshock. From the results of
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Figure 4.14: Same as figure 4.11, but for station crsc.

our parameter search we show that the final foreshock sequence was triggered by
a fault plane striking between -135° and -90°. This result is significant in that it
indicates a failure on a plane other than the megathrust, which would have a more
northerly-rotated strike. For other parameters of the parameter search (hypocentral
location, dip, and rake) we do not see an improvement in constraint compared to
those given by initial seismic estimations. Therefore, while our method indicates
failure on an unconventional fault plane, it does not show if such fault plane is in
contact with the plate interface or is sitting higher in the upper crust.

The significance of an intra-plate Mw 6.7 in facilitating this accelerated unlocking
of the interface remains unclear: If this event had happened on the plate interface
then the subsequent foreshock series may still have resulted in the final rupture of
the Mw 8.1. If the location and mechanism of the Mw 6.7 fault is significant then we
could speculate that this event allowed the release and migration of upper plate fluids
onto the plate interface. In this scenario, an increased fluid pressure on the plate
interface would reduce the effective normal stress thereby promoting a decrease of the
locking degree (Audet and Schwartz, 2013; Moreno et al., 2014). In an alternative
scenario, an increase in permeability in the vicinity of the Mw 6.7 rupture could
have drawn fluids away from the plate interface, thereby strengthening the interface
and pushing it into a state more susceptible to rate weakening and therefore seismic
failure.
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Figure 4.15: Same as figure 4.11, but for station iqqe.

4.5 Conclusions

This study has shown that the transient signal in cGPS data following and including
the March 16th Mw 6.7 foreshock leading up to the Mw 8.1 mainshock of April 1st
can be largely explained by seismic-slip, given a realistic range of foreshock source
parameter uncertainties. With the exception of the northernmost station, atjn, and
with the consideration of noise, the evolution of a transient signal in the data does
not fall outside of the bounds of the probable seismic prediction locations, although
the time dependent rates of mean data and prediction magnitude evolution have
revealed possible periods of aseismic motion between 18th - 21st March and between
25th - 31st March. Due to noise levels in the data we cannot rule out the possibility
of a very low-rate background aseismic slip that could be forcing the seismicity and
repeating events. However, the aseismic slip that we can detect is most likely to be
a response to the foreshocks in the form of afterslip.

The methods demonstrated in this paper have a strong potential to be applied
to other scenarios where there exists both dense ¢GPS and seismometer networks to
identify the contribution of seismic displacements to the transient signals recorded
in the GPS. Improvement of the forward modelling of seismic prediction PDF's could
be obtained by improving our knowledge of the a priori probability distributions of
the seismically obtained parameters. By comparing the seismically obtained param-
eters of the March 16th Mw 6.7 to that of our parameter search, we see that the
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Figure 4.16: Cross-plots of the cumulative mean data magnitudes and mean prediction
magnitudes are shown on each panel, with the time corresponding to the location on the
cross plot given by the colour bar. Dashed black lines represent a gradient of 1. At stations
atjn and psga do we see most clearly two decreases in gradient, suggesting two times when
the ¢GPS motion was not seismically explained, most probably due to aseismic afterslip
following the preceding bursts of foreshock activity. At all stations the days from March
25th onwards are characterized by a horizontal motion in the cross plots partially due to
noise and partially suspected to be aseismic motion (see plan-view movie in Appendix C).
Final mean magnitudes on March 31st are plotted with a black cross.

GPS displacements better constrain the strike of the event, although constraints on
hypocentral location, dip, and azimuth of seismic failure are not improved.
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Synthesis and Conclusions

Note

This chapter contains a summary of the results from the chapters 2-4 in relation
to the research aims highlighted in section 1.4. In addition to the results of the
preceding chapters, I also present in this chapter the relevant results from papers
that 1 have been involved in as a co-author (Schurr et al., 2014; Li et al., 2015;
Lange et al., 2014).

5.1 Re-cap of aims and objectives

Chapter 1 detailed the foundations and reasons for addressing the following research
questions:

e How are slip and seismicity related in space and time, and what are
the respective magnitudes of seismic and aseismic moment release?

e Can we separate the simultaneous postseismic processes and their
magnitudes as a function of time following the earthquake?

e How well do co-, post- and inter-seismic plate interface kinematics
of the Maule earthquake adhere to the current understanding of
frictional behaviour of subduction plate interface zones?

The subsequent sections further discuss and summarise the findings of our work
with relation to these questions.

5.2 Seismicity And Slip

In my studies of both earthquakes, I was able to compare the seismic efficiency of
the slip. For the Iquique foreshock series, the seismic efficiency was very high, with
most of the cGPS motion being explained by seismic slip, and with the aseismic slip
being interpreted as afterslip of the larger foreshocks. For the Maule earthquake,
the seismic efficiency for the majority of the regions of high afterslip was deemed to
be quite low. Nevertheless, the majority of aftershocks (lower magnitude events due
to Gutenberg-Richter law) were co-located with zones of high afterslip. Lange et al.
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(2014) showed that the cumulative aftershock numbers nearby to ¢GPS stations
produced a linear relationship with the cumulative displacement in time (fig. 5.1).
A similar result for the linear relationship between cumulative aftershock number
and cumulative afterslip displacement was found in chapter 3, but for a longer time
period of over 3 years and a Mw of completeness > 5. This finding alone brings
us no closer to answering whether aftershocks drive afterslip, or vice-versa. Rather,
this finding further establishes the temporal link between the two postseismic phe-
nomena. The spatiotemporal link between aftershocks and afterslip pulses was not
established but is a good candidate for further research with the time-varying af-
terslip model and the aftershock catalogue. For example, if the cumulative number
larger aftershocks (e.g. Mw > 5) are decaying at a similar rate to the cumulative
afterslip, then the whole Maule afterslip could in fact be a sequence of triggered
afterslip events of the aftershocks: the additional stress release from the afterslips
feeding-back into triggering more events in addition to the traction forces on the
interface due to the viscoelastic relaxation.

The seismicity can also show where afterslip is not on the plate interface, i.e. on
splay faults or upper crustal extensional faults (Lieser et al., 2014). Unfortunately
time constraints and priorities of other research targets meant that the investiga-
tion of afterslip magnitude on crustal faults was not undertaken within this PhD
project. Furthermore, since most of the splay-fault seismicity occurred offshore, the
occurrence of afterslip on non-plate-interface structures may not even be resolvable
from most of the on-land ¢GPS network. The unclear spatial relations of locking,
afterslip, and coseismic slip in the Northern portion of the Maule segement may be
due to the contamination of the afterslip signal with a continued crustal motion on
the Pichilemu extensional fault system, which recorded a clear extensional signal
during the Pichilemu aftershock series of 12th March 2010 (Ryder et al., 2012), and
which likely had a significant postseismic phase of its own.

The triggering of the aftershocks and afterslip by stress transfer of the coseismic
slip and ensuing afterslip was tested in chapter 2. We found that the ACFS model
of aftershock triggering is more valid for larger magnitude events: i.e. larger magni-
tude aftershocks are quite likely to be in plate interface regions that were postively
stressed by the mainshock. Also, the coseismic slip from teleseismic finite fault
solutions (Hayes et al., 2013) provides a better agreement with the ACFS model
than the coseismic slip model from GPS. The afterslip triggering by the coseismic
ACFS was less conclusive, probably due to the smearing of the slip distributions
from regularizing smoothing constraints used in the inversions.

5.3 Separation of postseismic processes

The separation of postseismic processes was achieved for the horizontal displace-
ments but the methodology is subject to the assumptions of afterslip behaviour and
also subject to the intrinsic assumptions of the subsurface elastic and viscoelastic
structure and parameters. The follow-on research from this study will need to in-
corporate the vertical signal in the Postseismic Straightening method. Use of the
vertical signal may warrant the exploration of additional rheology laws (e.g. Burg-
ers) or alternatively, the early postseismic may be omitted from the analysis so that
the solution is only a function of the steady state viscosity. Furthermore, the as-
sumption of the relative locking distribution being the same before and after the
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Figure 5.1: Figure taken from Lange et al. (2014). Total GPS displacements for the
Maule 2010 earthquake plotted versus the cumulative number of aftershocks (Lange et al.,
2012) occurring within 50-km radius around the GPS stations and for events with moment
magnitudes larger than 3.5. Note that the local seismicity catalogue begins 21 days after
the mainshock and ends 2010 September 30: the cumulative displacement was set to zero
on the first day that an event occurred within the search radius of the station in order to
make it easy to compare the slopes of the different lines.

earthquake could be improved by giving the locking model more degrees of freedom.
The computational expense of exploring the solution space was a major constraint
over the methodology, one which needs to be considered carefully in future param-
eter search efforts using the vertical signal.

As for the results, the main message must be that including a rapid re-locking
in the postseismic model significantly improves the model prediction fits to the
time series, and that the parameterization of the locking signal requires a ¢GPS
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network close enough to the ruptured interface to capture in detail the veering of
the postseismic displacments. The inclusion of locking has a significant impact on
the range of best-fitting oceanic and continental linear Maxwell viscosities. An
intriguing result is the super-interseismic locking rates in the solution space for
the three processes model. While the extent of super-interseismic subduction is
not ideally constrained (it can vary between 1 - 1.8 the interseismic subduction
velocity) postseismic increases in subduction velocity have been suggested for other
subduction margins (e.g. Heki and Mitsui, 2013). Our results suggest a competition
between viscoelastic relaxation and locking magnitude in fitting the veering signals
at the coastline, so it is not clear whether the super-interseismic rates are just
artifacts of of the non-uniqueness of the solution space. Hopefully the inclusion
of the vertical signal will narrow down the locking parameter space. Another way
of testing the validity of such a super-interseismic subduction velocity would be to
test the change in velocity of signals at segments adjacent to the Maule zone to
determine whether such a velocity change is explained by viscoelastic relaxation or
by the increase in subduction velocity. If a postseismic subduction velocity change
were to be found, then the next stage would be to look at the physical models that
would enable such a change. Therefore, the plate trajectory model (equation 1.1)
may be wrongly assuming the continuation of a constant linear component either
side of the mainshock, and will need to be revised if the subduction velocity is found
to increase following the rupture of a large enough portion of the segment.

The agreement of the cumulative aftershock decay time function with the cumu-
lative afterslip decay time function can be tested further by repeating the analysis
with multiple independent seismic catalogues. If shown to be a robust for other
catalogues, this temporal relationship may be assumed in other postseismic margins
to assess what proportion of the signal is related to afterslip. The magnitude depen-
dence of the Omori-decay should also be considered, along with the magnitude of
completeness of each catalogue, since the tempoal relationship with afterslip might
only be valid above a certain magnitude.

5.4 Seismic cycle interface kinematics

The data captured by the dense survey and continuous mode GPS instrumentation,
both in the Maule and Pisagua rupture zones, has proved invaluable for probing the
plate interface mechanical behaviour. As discussed in chapter 2, the resolution of
plate interface properties is a function of the distance of the surface measurement to
the plate interface, therefore the spatial resolution of such large megathrust earth-
quakes captured by the dense near-field coseismic and postseismic networks of cGPS
has yielded unprecedented insights into the small scale heterogeneities in plate inter-
face behaviour. The data from these segments are especially useful because we have
a record of the inter-, co-, and post- seismic phases of the seismic cycle. Therefore,
by continuing to monitor these segments from the gradual transition from post- to
inter- seismic, we are able to improve our understanding of how the heterogeneity
of the plate interface properties is linked to the distinct mechanical behaviours of
adjacent plate-interface regions during the different stress conditions.

To be able to confidently divide the plate interface into mechanically distinct
regions requires an implementation the current friction laws (i.e. rate-and-state
friction) in a numerical modelling of the short- and long- term behaviour of such het-
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erogeneous adjacent regions (e.g. Barbot et al., 2012; Kazemian et al., 2015) with the
aim of reproducing the kinematic behaviours captured by the dislocation modelling
and seismic catalogues. While I have touched on the discussion of rate-dependent
friction in the discussion of the Maule elastic dislocation modelling (section 2.5.5)
there is certainly scope to test the perceived plate interface frictional heterogeneity
of this segment by means of numerical modelling approaches. Time dependent dis-
location models (both for back-slip/locking and slip) therefore play a crucial role in
our improved understanding of plate interface properties, and the better establish-
ment of the robustness of these dislocation solutions is necessary to narrow down the
physical parameter space on the plate interface. For the both earthquakes, it has
been possible to make spatial comparisons between interseismic locking distribution
and the coseismic slip (Moreno et al., 2010; Bedford et al., 2013; Schurr et al., 2014;
Li et al., 2015). From the spatial correlations of models, one first order observation
is that the coseismic slip releases the interseismically stored stress (slip-deficit) on
the plate interface, and this spatial relation is most striking for the model of Li
et al. (2015) (Fig.5.2) which considers the viscous flow in the subduction zone as a
contributing signal to the measured interseismic surface deformation.

Moreno et al. (2010) argue for such a slip-deficit release at the highly locked
patches by comparing the coseismic slip and interseismic coupling models. The spa-
tial correlation between interseismic locking and coseismic slip does not substantially
improve following the update of the Maule coseismic model (Bedford et al., 2013)
with the newest model including the data from both Vigny et al. (2011) and Moreno
et al. (2010). Accordingly, a clear spatial correlation or anti-correlation is also lack-
ing between afterslip and interseismic locking. In the south of the Maule rupture
coseismic model, near to the Arauco peninsula, there is a prominent anti-correlation
between coseismic slip and afterslip. At this peninsula, the model resolution is su-
perior to other portions of the segment, and therefore such a spatial pattern that
fits with the assumed frictional model of coseismically slipping, rate-weakening as-
perities, transferring stress to rate-strenghtening/conditionally stable surrounding
regions that is released in a gradual aferslip decay is a convincing explanation of
the model results. Such an anti-correlation is not so prominent nearer to the high
afterslip patch in the north of the ruptured segment, although this could be due to
some contamination of the co- and post-seismic signal with crustal tectonic signal,
or due to an exceptional role of fluids transiently altering the frictional behaviour at
this region, as supported by the considerable VpVs anomaly at this portion of the
plate interface Farias et al. (e.g. 2011).

One outstanding issue that I feel that warrants immediate scrutiny is the sensi-
tivity testing of our elastic dislocation modelling assumptions. The common limit
of scrutiny paid to the dislocation model is the resolution testing with methods
such as checkerboard analysis, adaptive patch size based on the resolution matrix
(e.g. Atzori and Antonioli, 2011; Barnhart and Lohman, 2010), and experimenta-
tion with the effects of different inversion regularization approaches (e.g. Johnson
et al., 2012; Evans and Meade, 2012). In subduction zone dislocation models, a
common practice is to allow freedom in the rake direction of slip on the individual
patches, with the final rake direction of the slip on each patch often omitted from
figures with the leader left to guess as to the respective rakes of each slip patch.
Initial investigations into the sensitivity of the interseismic locking pattern to the
constrained backslip azimuth show some striking differences within 15° of assumed
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Figure 5.2: Figure taken from Li et al. (2015) showing the locking map that has consid-
ered the interseismic viscous flow of the subduction zone in the surface signal. The slip
contours for recent earthquakes are shown overlain.
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plate interface backslip azimuth (azimuth being the horizontal component of the
3-D backslip vector on each patch of the fault). Figure 5.3 show a slight change
in the assumed azimuth can change the interpretation of rupture extents and it’s
relation to locking. For example, with a backslip azimuth fixed to 77.5° the peak
rupture of the Pisagua-Iquique earthquake can be interpreted as being inhibited by
the locked zone; i.e. the locked zone is acting as a barrier (Aki, 1984) in preventing
a wider rupture on the interface. Conversely, for a backslip azimuth of 85°, the
co-location of rupture and high locking suggests that the locked patch has ruptured
as an asperity. Certainly, the ambiguity in the locking models due to freedom of the

Backslip azimuth = 70 deg. Backslip azimuth = 77.5 deg. Backslip azimuth = 85 deg.
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Figure 5.3: Locking in the Pisagua-Iquique Mw 8.1 2014 segment for three different
constrained backslip azimuths. Locking pattern is sensitive to the backslip azimuth, which
is often unconstrained in the inversion, and allowed to vary from patch to patch. Green
contours show slip of the Mw 8.1 and largest aftershock (Mw 7.6) in 1 m intervals.

backslip rake is a research challenge that should be tackled as soon as possible, since
many interpretations of the seismic cycle plate interface kinematics could change
significantly with rakes of elastic dislocation better constrained.

In Chapter 3 we applied an azimuth constrained slip inversion, with azimuths
constrained between 240-300°. The wide range of azimuths was allowed in this
instance because the direction of afterslip is not well understood, especially since
the best fitting range of parameters for simultaneous processes of re-locking and
viscoelastic relaxation is non-unique. Evidence suggesting that such a range of slip
azimuths for the inversion is valid can be found by looking at the range of failure
azimuths of the aftershocks (fig 2.10). The better constraining of afterslip azimuth
can help us to understand the interplay (respective dominance) of forces at the plate
interface during different phases of the seismic cycle.

5.5 Conclusions
The main messages of the thesis can be summed up in the following list:

e Postseismic processes can be separated if we make some assump-
tions about afterslip behaviour. We have called this approach the
Postseismic Straightening method.

e Afterslip is a dominant early postseismic process (1-3 years) that is
well captured due to the nearfield cGPS along the Maule 2010 Mw
8.8 segment. It’s spatiotemporal features are well resolved in certain
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regions: afterslip is released as non-migrating pulses to produce
the cumulative afterslip pattern. The comparison of afterslip to
coseismic slip can reveal regions of the plate interface that are more
likely to fail with large magnitude aftershocks.

e Plate re-locking is a process that when modelled in combination
with viscoelastic relaxation and afterslip significantly improves the
model fits to the time series. Re-locking, when added to afterslip
and viscoelastic relaxation, causes the horizontal displacements to
veer with time.

e For most regions on the Maule segment plate interface, the mo-
ment release of aftershocks is much less than the moment release of
afterslip, therefore the afterslip is predominantly aseismic.

e The Maule 2010 afterslip, separated using the Postseismic Straight-
ening method, has a normalized decay time function that is in good
agreement with the decay time function of the aftershocks.

e For the foreshock sequence before the Iquique-Pisagua Mw 8.1, the
transient surface deformation is mostly explained by seismic slip.
Nevertheless, we are able to distinguish bursts of aseismic slip which
are interpreted to be the postseismic responses (probably afterslip)
to the foreshocks.

e ACFS model for the spatial distribution of Maule 2010 aftershocks
works better for larger magnitude aftershocks.

¢ While promising spatial relations exist between inter-, co-, and post-
seismic elastic dislocation kinematics, the degrees of freedom for
the slip azimuth (rake) need to be further investigated, especially
for the interseismic locking models which can be very sensitive to a
constrained backslip azimuth.

e Viscoelastic relaxation becomes more of a dominant postseismic pro-
cess with increasing time and with increasing distance from the rup-
ture zone. For the 2010 Maule earthquake, the assumption of a
purely elastic afterslip model works well in the first year due to the
favourable locations of the cGPS network, with many stations close
enough to pick up the dominating afterslip signal.

5.6 Outlook and Recommendations

The insights from this study have only been possible due to the unprecedented cGPS
measurement density and proximity to the rupture zones, as well as the availability
of extensive seismic catalgues due to the excellent network of pre-existing and de-
ployed seismometers. The separation of simultaneous postseismic processes would
not have been feasible with a network as far away from the trench such as in the
Japanese Tohoku Oki 2011 segment, due to the fact that such curvature in the sig-
nal diminishes with distance to the rupture zone. The recent advances in sea-floor
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geodesy (e.g. Biirgmann and Chadwell, 2014; Sun et al., 2014) are allowing us to
take measurements even closer to the plate interface thereby improving our ability
to model the plate interface kinematics and better constraining the rheological be-
haviour due to the availability of data close to the trench as well as in the far-field.
The geodetic modelling community is moving towards an increased complexity of
materials in the subduction zone model (e.g. Hu et al., 2014) especially in an attempt
to fit the vertical component of the postseismic data with a viscoelastic signal. I feel
that significant progress needs to be made in the ways that we can efficiently ex-
plore the parameter space, taking into consideration run-times of FEM viscoelastic
relaxation simulations and the non-uniqueness of parameter combinations.

In linking inter-, co-, and post-seismic kinematics a review of the many geo-
physical models, datasets, and data-products for the Maule earthquake could yield
some additional insights and promising relationships between independently derived
models and observations. Better understanding of the often significant differences in
modelling results of independent research groups needs additional scrutiny: i.e. we
must really understand ”Why does my slip model look different to yours?”. For the
Pisagua-Iquique 2014 earthquake, the agreement within the independent research
sections at GFZ was to use the same plate interface geometry in all modelling efforts
presented between the research sections, thereby eliminating one potential source of
model differences. The excellent data set for the Pisagua-Iquique 2014 earthquake
spanning all phases of the seismic cycle (inter-, co-, and post-seismic) should allow a
similar analysis of the plate interface kinematics and subduction zone seismic cycle
processes, and will prove a useful case study to compare and contrast against the
Maule 2010 research insights.
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Appendix A

Afterslip model appendix

e Shown in this appendix chapter is the map of station locations (corresponding
to the table of station usage), and the time series fits of the models.

e Table of afterslip model station usage ” Afterslip_model_station_usage.zlsz” can
be found on the CD provided and also can be downloaded from this link. The
table shows which stations were used in the inversion each inversion (labeled in
calendar days starting at January 1st 2010) contributing to the total afterslip
model. Red background and ‘1’ indicate the station was used, whereas white
background and ‘0’ indicate that the station was not used. Green background
and ‘2’ indicate that a station was used but the data contained interpolated
points.

e Animation of the afterslip model can be found on the CD provided and can
also be downloaded from this link. The animation shows time windows of
slip updip (left panel) and cumulative slip updip (right panel) for the afterslip
model between postseismic days 20-412. Each time window has a moment
release in the top H50km of the plate interface equivalent to an Mw range of
7.3-7.6. Horizontal data vectors are show in magenta and the modelled vectors
are shown in green. Only prediction vectors are shown on the cumulative model
since the data availability of the model varies with time.
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Figure A.1: Map of ¢GPS stations. Numbers correspond to the stations numbered in
the first column of the table in file ” Afterslip_model_station_usage.xlsz” .
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Figure A.2: Alphabetically listed timeseries of model predictions and data. Blue, green,
and red points represent the data, interpolated data, and the model predictions respec-
tively. Black line represents the model fit to the data when the interpolated points (green)
are omitted from the inversion.
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Figure A.3: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.4: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.5: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.6: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the

model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.

129



Chapter A

displacement (m)

1

E

n

0
oz LNRS
\\\\\§§

LTUE

0 80

160 240 320 4000

160 240 320 4000
Postseismic Days Elapsed

1

80 160 240 320 400

Figure A.7: Continuation of the alphabetically listed timeseries of model predictions

and data.

Blue, green, and red points represent the data, interpolated data, and the

model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.8: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.9: Continuation of the alphabetically listed timeseries of model predictions

and data. Blue, green, and red points represent the data, interpolated data, and the

model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.10: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.11: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.12: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.13: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.14: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Figure A.15: Continuation of the alphabetically listed timeseries of model predictions
and data. Blue, green, and red points represent the data, interpolated data, and the
model predictions respectively. Black line represents the model fit to the data when the
interpolated points (green) are omitted from the inversion.
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Appendix B

Maule Simultaneous Postseismic
Processes appendix

e Shown in this appendix chapter are the time series fits to the data for the best
fitting models in each ensemble type. An animation of these appendix figures
can be found on the CD provided or at this link. The animation file is named
“simultaneous_processes_fits.avi”.

e The parameters describing time functions for the locking (backslip) can be
found on the CD provided in the file ”locking_time_functions.xlsz” or at this
link.
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the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
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in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.

q 1eydery)



jad!

CLLA1
(@) . Data
2001 — AS+BS+VR ||
AS+VR
= 150 F ——— AS+BS .
E
£ 100} . -32.0°
o
=2
50 F .
\ {-34.0°
of -
-400 -300 -200 -100 0 3
East (mm) 1-36.0° 2
0 50 5
(b) (c)
-50
40 1-38.0°
-100} y .
= =
c \
£ -150f '\ E 30 3 ‘ 4000
~ T — OO
k= \ = -75.0° -73.0° -71.0°
< —-200 5 % 20 % Longitude
3y P % Vi
—250 - - /'/
N 10
-300 N\ od
-350 0
1 2 3 1 2 3

Postseismic (Yrs) Postseismic (Yrs)

q 1eydery)

Figure B.5: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
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Figure B.6: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north

displacements as a function of time for the data and predictions.
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Figure B.7: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.8: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.

q 1eydery)



8V

DUAO
(a) Data
200 — AS+BS+VR ||
AS+VR
= 150} —— AS+BS R
E
£ 100 1 -32.0°
o
pz4
50 1
{-34.0°
ol ]
-400 -300 ~200 -100 0 S
East (mm) 1-36.0° 2
° o] "l .
Cc
G
100 % 1-38.0°
-50 ;7
_ = 80 74
£ R £ o
E N = ; L ‘ —_40.0°
P ~100 D L 60 7 ~75.0° -73.0° -71.0° '
2 AN g o~ Longitude
w Ry Z 40 y/
—150 Sumg Lo
20
-200 : : : 0 : : ;

Postseismic (Yrs)

Postseismic (Yrs)

Figure B.9: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.10: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.11: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.12: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.13: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.14: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north

displacements as a function of time for the data and predictions.
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Figure B.15: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.16: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.17: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.18: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.19: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.20: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.21: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.22: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.23: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.24: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Figure B.25: Panel (a) shows the horizontal displacement pathway of the data and the predictions from the model ensembles (colours denoted
in the legend). The aspect East and North scale are the same (equal aspect ratio). Panel (d) shows the location of the station (red triangle) in
the ¢GPS network (black triangles) and with respect to the coseismic slip distribution (grey contours). Panels (b)-(c) show the east and north
displacements as a function of time for the data and predictions.
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Appendix C
Iquique study appendix

e Animated versions of figures 4.11-4.15 can be found on the CD provided
or at the following link. The animation files for each station are named
"gps_seispreds_” followed by the station name.

e A plan view animation of the GPS data and seismic predictions with the file-
name “gps_seispreds_planview.avi” can be found on the CD or at the following
link. The animation shows the cumulative displacement evolution for the mean
¢GPS data and prediction since March 15th (left hand side), and an estima-
tion of the cumulative aseismic signal from subtraction of these means (right
hand side). Error ellipses of the data show the 95% confidence interval, and
the contours surrounding mean seismic predictions represent a region where
the probability density function P > 0.004.
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https://www.dropbox.com/sh/n63ujw2q8hdbyd3/AAAFHtFPyP8Pw32XgPJZzNola?dl=0
https://www.dropbox.com/sh/n63ujw2q8hdbyd3/AAAFHtFPyP8Pw32XgPJZzNola?dl=0

Appendix D

Abstrakt

Die Messung von Oberflachenverschiebungen, die mit Beginn der neuen Ara satel-
litengestiitzter Geodasie verfiighar geworden sind, haben sich als wertvolles erganzendes
Instrument neben der seismischen Uberwachung aktiver Subduktionzonen bewéhrt.
Die Moglichkeit, die jeweiligen Plattenbewegungen mit hoher raumlicher und zeitlicher
Auflésung genau zu bestimmen, hat viele Initiativen Modellierung untersuchen sowohl
heterogene platten Schnittstelle Kinematik und Subduktionszone seismischen Zyk-
lus Dynamik inspiriert. Die Isolierung von Platte Schnittstelle Kinematik von der
Oberflache Signal und dem robusten Modellierung der kinematischen Quelle bieten
die Fallstudien, gegen die mechanischen Modelle von Erdbeben Wiederauftreten
kann verglichen werden, und ist deshalb von grofiter Bedeutung fiir die langfristige
Zwischengefahrdungsbeurteilung eines Subduktion Marge.

In dieser Dissertation prasentiere ich die Untersuchungen der Subduktionszone
seismischen Zyklus platten Schnittstelle Kinematik und Dynamik des viskoelastis-
chen Subduktionszone in Reaktion auf die Uberschiebung Erdbeben. Ich vergle-
iche kinematische Modelle zur Seismizitdt, um die Heterogenitit in seismischen
Wirkungsgrad tiber den Plattenschnittstelle sowohl in der interseismischen und post-
seismischen Phasen des Erdbebenzyklus zu messen. Ich versuche, die verschiedenen
Signale, die von gleichzeitigen postseismischen Prozessen kommen zu trennen und
eine Diskussion der Uneindeutigkeit des Parameters Losungsraum fiir die getrennten
Signale zu erforschen und zu prasentieren.

Fiir diese Untersuchungen verwende ich die GPS-Daten und veroffentlichte Frd-
bebenkataloge des Chile Maule 2010 Mw 8,8 und Pisagua-Iquique 2014 Mw 8.1
Ereignisses.

Aus den Maule Untersuchungen, ist erkennbar, dass afterslip ist ein dominanter
frith postseismischer Prozess ist (verfallend tiber 3-4 Jahre), welcher sehr gut durch
die hervorragende Berichterstattung iiber Nahfeld-kontinuierliche GPS (cGPS) er-
fasst wird. Afterslip rdumlich-zeitliche Merkmale sind in bestimmten Regionen
gelost und der Vergleich der afterslip zu koseismische Schlupf Bereiche der Platte-
Schnittstelle, die eher mit groflen Gréfenordnung Nachbeben scheitern zu offen-
baren. Postseismische Prozesse konnen getrennt werden, wenn wir einige Annah-
men tber afterslip Verhalten anstellen: Um das simultane postseismische Signal
zu separieren, habe ich das postseismische Richtverfahren entwickelt. Die Tren-
nung beriicksichtigt drei postseismische Prozesse: Platte Schnittstelle Wiederver-
riegelung, afterslip und viskoelastische Entspannung. Plattenwiederverriegelung ist
ein traditionell vernachlassigter postseismischer Prozess, wenn es in Kombination
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mit viskoelastischem Entspannung modelliert und afterslip verbessert der Model-
lvorhersage passt in den Zeitreihen deutlich. Der Effekt der Wiederverriegelung,
wenn hinzugefiigt, um afterslip und viskoelastische Entspannung, ist, damit die
horizontalen Verschiebungen mit der Zeit veer. Die afterslip mit der Postseismic
Richtverfahren getrennt eine normierte Abklingzeit Funktion, die in guter Ubereinstimmung
mit der normierten Abfallzeit in Abhangigkeit von den Nachbeben in den ersten 3-4
Jahren ist, was darauf hindeutet, dass die Raumzeit-Beziehung zwischen afterslip
und Nachbeben weiterhin besteht lange in der postseismischen Zeitperiode. Die
afterslip ist jedoch iiberwiegend aseismic und pulsierenden in der Natur; die zur
Interpretation der afterslip Impulse auf einer postseismisch geschwachtrn Platten-
schnittstelle, die von den grofleren Groflenordnung Nachbeben ausgelost und mit der
Veroffentlichung von Stress afterslip Zufiihrung wieder in die Scherspannung zwingt
der Nachbeben Folge.

Fir die Pisagua-Iquique Erdbeben, untersuche ich die seismische Effizienz des
vorhergehenden foreshock Schwarm und die Quellparameter der groite foreshock das
diesen Schwarm eingeleitet. Die ¢GPS Bewegungen im Vorfeld der Mw 8.1 main-
shock werden hauptsachlich durch seismische Schlupf erklart, obwohl signifikante
aseismic postseismic Antworten konnen fiir die groferen Erdbeben im Schwarm
gelost werden. Ahnlich wie bei der Interpretation der Maule afterslip und Nach-
beben, interpretiere ich die voriibergehende aseismic Signale als afterslip der Vor-
beben.

Wahrend viel versprechende raumlichen Beziehungen zwischen internationalen,
Co- und postseismic elastische Versetzungs Kinematik gibt, die Freiheitsgrade fiir
die Schlupf Azimut (rake) miissen weiter untersucht werden, insbesondere fiir die
interseismic Sperr Modelle, die sehr empfindlich auf eine eingeschrankte backslip
sein Azimut.
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