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Abstract

To obtain the rupture history of the Parkfield, California, earthquake,

we perform 12 kinematic inversions using elliptical sub-faults. The pre-

ferred model has a seismic moment of 1.21 × 1018 Nm, distributed on

two distinct ellipses. The average rupture speed is ∼2.7 km/s. The good

spatial agreement with previous large earthquakes and aftershocks in the

region, suggests the presence of permanent asperities that break during

large earthquakes. We investigate our inversion method with several

tests. We demonstrate its capability to retrieve the rupture process. We

show that the convergence of the inversion is controlled by the space-

time location of the rupture front. Additional inversions show that our

procedure is not highly influenced by high-frequency signal, while we

observe high sensitivity to the waveforms duration. After considering

kinematic inversion, we present a full dynamic inversion for the Park-

field earthquake using elliptical sub-faults. The best fitting model has

a seismic moment of 1.18 × 1018 Nm, distributed on one ellipse. The

rupture speed is ∼2.8 km/s. Inside the parameter-space, the models are

distributed according the rupture speed and final seismic moment, defin-



ing a optimal region where models fit correctly the data. Furthermore,

to make the preferred kinematic model both dynamically correct while

fitting the data, we show it is necessary to connect the two ellipses. This

is done by adopting a new approach that uses b-spline curves. Finally, we

relocate earthquakes in the vicinity of the Darfield, New-Zealand earth-

quake. 40 years prior to the earthquake, where there is the possibility

of earthquake migration towards its epicentral region. Once it triggers

the 2010-2011 earthquake sequence, we observe earthquakes migrating

inside regions of stress increase. We also observe a stress increase on a

large seismic gap of the Alpine Fault, as well as on some portions of the

Canterbury Plains that remain today seismically quiet.
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Extended abstract

We study two problems related to seismic source seismology. Firstly, kinematic and

dynamic inversion of the 2004 Parkfield earthquake in California and secondly, the

migration of seismicity following the 2010 Darfield earthquake in New Zealand.

We explore a recently developed method for carrying out kinematic inversions. It

is based on an elliptical sub-fault approximation, where the slip history is modelled

using a small set of elliptical patches. We use it to invert near-field strong ground

motion to obtain the rupture history of the 2004 September 28, Mw6.0, Parkfield,

California, earthquake. The dataset consists of 10 digital 3-component displace-

ment seismograms. We carry out 12 kinematic inversions using different a-priori

conditions in order to assess the variability of plausible models. We then select

a preferred model based on external criteria that are independent of the inversion

procedure. The preferred rupture model has a final seismic moment of 1.21 × 1018

Nm, distributed on two distinct ellipses. The average rupture speed is ∼2.7 km/s.

This model shows a good agreement with the location of large earthquakes (Mw >

3) that have occurred prior to the 2004 Parkfield earthquake, surrounding the two

slip patches. Similar behaviour is also observed for the aftershocks. It therefore



suggests the presence of permanent asperities that break during large earthquakes.

We subjected our kinematic inversion method to a series of tests. Using artifi-

cially generated data, the capacity of the inversion procedure to retrieve the input

rupture history of an artificially created earthquake was tested. In a simple case,

the inversion retrieves the input rupture model almost perfectly, the only variation

being due to the non-uniqueness of kinematic inversions. For a more complicated

rupture process, the inversion only retrieves a low-frequency filtered version of the

input slip distribution. The behaviour of the Neighbourhood Algorithm (NA) in its

search for the optimal solution was also examined. We observed that the space-time

location of the rupture front is the main criterion that drives the convergence, the

amplitude of slip being only a secondary criterion important mostly at the end of

the inversion. We have also investigated how the data processing affects the results

of the kinematic inversion by performing another set of inversions, which differ from

the initial kinematic inversions of Twardzik et al. (2012) only in the way the data is

processed. We performed one inversion using a different frequency band (0.16-0.50

Hz instead of 0.16-1.00 Hz). It shows that the inversion is not very sensitive to high-

frequency signals, since we obtain a similar rupture process in the two frequency

band. A similar conclusion is reached when we perform an inversion in which veloc-

ity records are inverted instead of displacement records. Finally, we looked at the

influence of the length of the seismograms that are used to calculate the misfit. We

see that the progressive addition of signals from P, S and Rayleigh waves greatly

affects the result because it relates to the quantity of information about the rupture

process that is given to the algorithm.

We present a full dynamic inversion for the rupture process of the September

28, 2004, Mw6.0, Parkfield, California, earthquake, using an elliptical sub-fault ap-

proximation. By carrying out a full dynamic inversion, we attempt to obtain at the

simultaneously the geometry of the rupture area and the stress and frictional prop-

erties of the fault. In the elliptical sub-fault approximation, the rupture is restricted
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to occur within the elliptical patches. Inside of each patch, the background stress

(Te) is assumed to be uniform and the upper yield stress (Tu) follows an elliptical

distribution, with maximum rupture resistance at the centre of the ellipse. The

dataset consists of 10 digital 3-component displacement seismograms. The lowest

misfit model reached by the inversion is composed of one ellipse elongated along

strike and extending from the hypocenter to almost the north-western end of the

fault plane. The final seismic moment is 1.18 × 1018 Nm and the rupture occurs

at an approximately constant rupture speed of 2.80 km/s, compatible with a value

for κ (ratio of the available energy to energy release rate) of 1.40. In addition to

the inversion, we explore the dynamic parameter-space using a Monte-Carlo opti-

misation method. For this purpose, the geometry of the rupture area is fixed at

that obtained from the dynamic inversion. We show that the models distribution in

the parameter-space is essentially controlled by the average rupture speed and the

final seismic moment. We show that the structure of the parameter-space relative

to the rupture speed and the seismic moment defines a very narrow region within

which the data are well fitted. It is inside this region that we find models that

have an average rupture speed and final seismic moment that reproduce the strong

ground motion observed. We then use the fixed-geometry approach to investigate

the transition between kinematic models and dynamic models. The geometry of the

rupture area is defined from the rupture model obtained by kinematic inversion and

then the stress and friction conditions are obtained from a dynamic inversion. In

particular, we focus on one kinematic inversion which led to a slip distribution with

2 distinct asperities, requiring a jump of the rupture process. We show first that we

fail to find a set of dynamic parameters that reproduces this kind of rupture model

while fitting the data at the same time, unless there is a connection between the two

asperities. To build the connection between the two distinct ellipses, we developed

a new approach that uses b-spline curves in order to define the rupture area. Once

there is the connection, it becomes possible to construct a dynamic rupture model
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that has a rupture geometry similar to the one obtained by kinematic inversion,

while fitting the observed near-field ground motion well.

By using P-wave arrival-time data supplied by the International Seismological

Centre (ISC), we attempt a relocation of the earthquakes in the vicinity of the

September 3, 2010, Mw7.1, Darfield, New-Zealand earthquake, using the method

of Joint Hypocenter Determination (JHD). Even after relocation, we observe no

significant seismic activity inside the Canterbury Plains, a region that surrounds

the epicentral area of the Darfield earthquake. However, during the 40 years pre-

ceding that earthquake, we observe a hint of migration towards that region. The

P- and T-axis of the large earthquakes between January 1976 and September 2010

suggests that the whole region could have experienced a long-term stress transfer

from the Alpine Fault to the plate interior, although the signal is very weak. After

the September 2010 Darfield earthquake, we observe a clear eastward progression

of the seismic activity, essentially inside a region of positive static stress changes

(i.e. brought closer to failure). This causes the occurrence of the February 21, 2011,

Mw6.3, Christchurch earthquake. After that earthquake, the direction of the migra-

tion is slightly modified so that, after being trapped nearby the epicentral region of

the Christchurch earthquake, the seismic activity moves in the north-east direction,

again in agreement with region of positive static stress changes caused by the occur-

rence of the Christchurch earthquake. The Alpine Fault, as well as some portions of

the Canterbury Plains, remain seismically quiet at present, but static stress changes

calculations show that this sequence has brought them closer to failure.
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Chapter 1

Introduction

The study of earthquakes aims to address two important problems. One is to un-

derstand what processes are occurring during the actual rupture of a fault, such as

the nucleation, propagation and arrest of the rupture. This branch of seismology

is referred to as the study of source process. Another problem is to further under-

stand where and when earthquakes occur. Although some argue that prediction of

earthquakes is an impossible goal, the study of this aspect of seismology should at

least lead to some improvement in how prepared one can be for the occurrence of an

earthquake. In this thesis, these two different aspects will be discussed, with more

emphasise given to the study of the earthquake source processes.

The history of modern seismology goes back to Michell (1759). For the first

time, using evidences collected following the 1755 Lisbon, Portugal, earthquake,

earthquakes were understood as the result of “the transit of elastic compression,

or of a succession of these, in parallel or in intersecting lines, through the solid

substance and surface of the disturbed country”. The first attempt to estimate the

wave speed was also made, and evaluated to be about 20 miles per minute (i.e. 0.5

km/s). The hypotheses about the origin of seismic waves were later refined by Mallet

(1848). While Michell (1759) thought that the impulse for earthquake shocks were

originating under the bed of the ocean, Mallet (1848) concluded that “earthquake

shocks often come from profound depths”. With the help of his son, he also later

produced one of the first maps of world earthquake occurrence (Mallet & Mallet

1858; Figure 1.1).
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Figure 1.1: Map of world seismicity by Mallet & Mallet (1858). The brown colours
show the seriousness of the earthquake with dark brown for frequent and violent
earthquakes. Blue colour refers to area of subsidence.

About 50 years later Reid (1910) was able to provide some answers to improve

understanding of earthquake source processes with the introduction of the theory

of elastic rebound. He described the earthquake source as the result of “external

forces [that] must have produced an elastic strain in the region about the fault line,

and the stress thus induced were the forces which caused the sudden displacements,

or elastic rebounds, when the rupture occurred”. He also attempted to make the

first estimations of the energy released during earthquakes. At a similar time, in

the late 1880s and early 1900s, improvements in seismic instruments recording the

ground motion were made, notably with the creation of the horizontal pendulum

seismograph by John Milne. This new influx of observations led to the development

of models for the seismic source in order to describe observations. One of the first

attempts was made by Nakano (1923) who introduced the concept of a conical point-

source to describe the first motion pattern observed after an earthquake. In the

1950s, it was finally established that most earthquakes had a double couple source

mechanism (i.e. a quadrupole of four sources without resultant force nor moment).
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Meanwhile, some progress was also made from a purely observational point of view.

For instance, Benioff (1955) estimated the rupture speed from seismic observation.

Further advancements on the conceptual models of the earthquake source and the

growth of the available waveform dataset, led to the idea that it was possible to

get a more complete view of the source processes using seismic waveforms. Thus,

Aki (1972) stated that “since the slip motion is a function of time and two space

coordinates a complete inversion is extremely difficult. The only practical inversion

method is to describe the kinematics of rupture growth in a fault plane using a small

number of parameters, and then determine those parameters from the seismograms”,

opening the way to the development of finite-source inversion.

The Oxford dictionary defines kinematic as “the branch of mechanics concerned

with the motion of objects without reference to the forces which cause the motion”.

In order to study the kinematic source process of an earthquake from ground mo-

tion records, it first requires the development of appropriate methods for forward

modelling. As mentioned earlier, Nakano (1923) started that process with the in-

troduction of the point-source description of an earthquake. Later, Ben-Menahem

(1961, 1962) improved this model and described the radiation of surface and body

waves emitted from a moving source. It was also shown that body waves could be

used to infer the fault length and the rupture speed. The development of modern

kinematic source model then further benefited from the work of Burridge & Knopoff

(1964), Haskell (1964) and Kostrov (1964). Burridge & Knopoff (1964) established

the relation between a double-couple and slip on a fault. Haskell (1964) introduced

the dislocation model that describes the radiation from a rectangular finite-fault

that ruptures at a pre-assigned constant rupture speed. Kostrov (1964) introduced

the self-similar circular crack that propagates at a pre-assigned constant rupture

speed. The relevance of those studies was soon acknowledged by Aki (1968) who,

by using near-field records of the 1966 Parkfield, California, earthquake, validated

that the seismic source was a propagating dislocation.
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Once reliable methods to perform the kinematic forward modelling were avail-

able, it became conceivable to invert for the rupture process of an earthquake from

seismic waveforms. Trifunac (1974) was the first to perform a finite fault inver-

sion for the rupture process of 1971 San Fernando, California, earthquake using five

strong-motion accelerograms. The inversion was based on a trial-and-error method-

ology and it already acknowledged that the inverse problem solution is non-unique.

Thereafter, more elaborate inversion methods started to be used. Thus, Olson &

Aspel (1982) performed the first linear inversion (i.e. the rupture speed is fixed

and constant) for the rupture process of the 1979 Imperial Valley earthquake. They

used both a least-squares method and a constrained least-squares method, recog-

nising that constraints are necessary to stabilise the inverse problem solution. This

earthquake was also for the first time studied by different groups using kinematic

inversion. Hartzell & Heaton (1983) inferred the rupture history from both strong-

motion and teleseismic data using a least-squares inversion and Archuleta (1984)

inverted the near-source strong-motion data using a trial-and-error method. All

these studies on the same earthquake thus provided a clear illustration of the non-

uniqueness associated with kinematic inversions. A few years later, Yoshida (1986)

performed the first non-linear inversion (i.e. the rupture speed is treated as an un-

known), applying methods to an artificial dataset in order to assess the ability of the

inversion procedure to reliably determine a rupture process with variable rupture

speed. A similar approach was used by Fukuyama & Irikura (1986) to investigate

the rupture process of the 1983 Akita-Oki earthquake. In the meantime, it was

recognised by Menke (1985) that “the exact slip rate function cannot be recovered

by the data. At best, only a filtered version of it can be reconstructed. This filter

is not completely determined by the mathematics of the problem, and can therefore

be optimised to yield images of the slip rate that have good resolution”. It was

also stressed by Jackson & Matsu’ura (1985) that “to solve nonunique inverse prob-

lems, we must supply some form of prior information”. To better understand the
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behaviour of kinematic inversions and assess the reliability of the inverse problem

solution, it became necessary to investigate the non-uniqueness of kinematic inver-

sion. This led to the emergence of studies such as Das & Kostrov (1990, 1994), who

investigated the non-uniqueness and reliability of the kinematic inversion. They ad-

dressed this by examining the effects of physically based constraints on the inverse

problem solution, and advocated that they were necessary to ensure a physically

reliable solution. Henry et al. (2000), in their study of the 1998 Antarctic Plate

earthquake, “make the explicit assumption that physically realistic solutions will

be smooth in space and time”. Following the same idea, Vallée & Bouchon (2004)

introduced the concept of an elliptical sub-fault approximation to invert for the

rupture process of an earthquake. One of the advantages of this method is that it

uses a intrinsically smooth solution. It fits well with the suggestion of Aki (1972)

who said that a “practical inversion method is to describe the kinematics of rup-

ture growth in a fault plane using a small number of parameters”. This method

was applied to the 1999 Izmit, Turkey, earthquake and the 1995, Jalisco, Mexico,

earthquake both using body P- and SH-waves from teleseismic distance. The same

approach was then used by Peyrat et al. (2010); Di Carli et al. (2010) and Ruiz &

Madariaga (2013) for the study of the 2007 Tocopilla, Chile, earthquake, the 2000

Tottori, Japan, earthquake and the 2008 Iwate, Japan, earthquake.

In this thesis, we also consider the use of elliptical sub-faults for the inversion of

the rupture source process. Thus, in Chapter 1, we use the method of elliptical sub-

fault to perform a series of inversions for the rupture process of the September 28,

2004, Mw6.0, Parkfield, California earthquake from near-field data. The fact that

several inversions are carried out allows us to study the variability of the inversion

in order to extract the robust features and obtain a reliable picture of the rupture

process. Reliability of the results will also be determined using criteria independent

of the inversion, especially the seismicity preceding the Parkfield earthquake as well

as its aftershocks. In Chapter 2, we carry out a series of synthetic tests to examine
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the performance of our method in finding the robust features of an earthquake.

We show that the use of the elliptical sub-fault approximation acts as a low-pass

filter, integrating all heterogeneities into one or more ellipses. We also explore

the behaviour of the inversion algorithm using the neighbourhood algorithm, which

is a direct search method in a multidimensional parameter space in order to find

optimal solutions of non-linear inverse problems, and show that the search focuses

very quickly towards a model that fits the phase of the waveform, the amplitude

being a more local convergence criterion. Finally, we consider the influence of the

time-window used for the seismograms during the inversion. We see that because

it reflects the content of information given to the search algorithm, it has a non-

negligible influence.

Having consider kinematic inversions, we also consider in this thesis the problem

of dynamic inversion. The Oxford dictionary defines dynamic as “relating to forces

producing motion”. To understand the dynamic rupture propagation, it requires

knowledge of how a propagating crack results from the forces. Early attempts in this

field were made by Griffith (1921) who introduced a failure criterion to describe the

propagation of a crack. The idea behind it is that a rupture can only occur when the

energy is sufficient to create new surfaces within the elastic medium. Based on this

physical description of a crack, Kostrov (1966) developed a theoretical framework for

the dynamics of a crack propagating with no pre-assigned rupture speed, the latter

being determined from the use of a failure criterion. Improved understanding of the

friction on the fault was then made by Ida (1972) and Dietriech (1978), their works

being still widely used today for earthquake dynamic modelling. Madariaga (1976)

and Das & Aki (1977a,b) significantly contributed to the improvement of numerical

scheme to investigate the dynamic propagation of a crack using Finite-Difference

(FD) and Boundary Integral Method (BIE), respectively. Both were successfully

applied to the study of earthquake source (e.g. the study of the 1992 Landers

earthquake by Peyrat et al. (2001) using FD and Aochi & Fukuyama (2002) using
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BIE). The first appearance of dynamic inversion was in the work by Quin (1990).

They used a trial-and-error approach to infer stress conditions on the fault prior

to the 1979 Imperial Valley, California, earthquake and used this to produce a

dynamic rupture model compatible with the kinematic rupture model of Archuleta

(1984). Later, Fukuyama & Mikumo (1993) developed a joint kinematic/dynamic

inversion for the rupture process of the 1990 Izu-Oshima, Japan, earthquake. The

method consists in of a kinematic inversion where the source-time functions are

adjusted at each step by considering a dynamic modelling of the rupture using the

prior results from the kinematic inversion. However, the adjustment of the stresses

conditions on the fault for the dynamic modelling was still carried out by a trial-

and-error approach. Peyrat & Olsen (2004) were the first to develop a non-linear

dynamic inversion for the 2000 Tottori earthquake where the dynamic parameters

are treated as unknowns. However, the use of a checker-board discretization scheme

introduced a large number of unknowns in the inversion as well as some mathematical

issues caused by the stress discontinuities across each element of the checker-board.

Following the same approach of Vallée & Bouchon (2004) for kinematic inversion,

Di Carli et al. (2010) solved those issues by introducing the elliptical sub-fault

approximation in dynamic inversion. Recently, Ruiz & Madariaga (2011) and Ruiz

& Madariaga (2013) combined the inversion with a Monte-Carlo exploration to

investigate the uncertainties and the trade-off existing between the different dynamic

parameters.

In Chapter 3, we further develop these concepts. We perform a dynamic inversion

for the rupture process of the 2004 Parkfield earthquake. Because the dynamic

rupture is intrinsically a non-unique problem, we explore the parameter space using

a Monte Carlo method to investigate the uncertainties associated with the inversion.

The goal of the exploration is to understand the ways in which the different rupture

models fit within the parameter-space. To do that, the different models are analysed

by means of two average quantities that describe the rupture process; the average
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speed of the rupture and the final seismic moment. We also attempt to convert

the preferred model obtained by kinematic inversion into a dynamic rupture model.

We do this in order to test that the rupture model obtained by kinematic inversion

can be reproduced by a dynamic inversion, thus proving that the kinematic rupture

model is dynamically correct. We also introduce a new approach to describe the

rupture zone during the inversion using b-spline curves.

As mentioned in the first paragraph, seismology also aims to understand when

and where earthquakes occur in order to assess seismic hazards. There are two ways

to assess it within a certain region. One is the study of the seismic catalogues. For

instance, Fedotov (1965); Mogi (1969) and Sykes (1971) have identified seismic gaps

in subduction zones from the study of historical seismicity. Their results enabled

them to relate seismic gaps to potential areas for earthquake occurrence. Another is

to understand the stress and its relationship with the earthquake occurrence. Smith

& Van De Lindt (1969) were one of the first to demonstrate that earthquakes cause

strain adjustments and it was later shown that those adjustments have an effect of

the location of the seismicity following a major earthquake (e.g. Yamashina (1978)

and Das & Scholz (1981)). The review of Harris (1998) on that later topic shows

how widely this is used. However, a recent study of Delescluse et al. (2012) have

shown that this effect not only occurs at short-term, typically at the scale of the

period of aftershocks occurrence, but it also occurs at a very long time scale.

In Chapter 4, a study of the seismicity around the Canterbury Plains, New

Zealand is carried out. It is in this area that the Mw7.0 Darfield earthquake of

September 3rd, 2010 and the Mw6.2 Christchurch earthquake of February 22nd, 2011

occurred. We also calculate the static stress changes associated with the occurrence

of both earthquakes and the influences on the behaviour of the seismicity. We end by

investigating the impact of this seismic sequence on the Alpine Fault that exhibits

a major seismic gap on a plate boundary.
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Chapter 2

Robust features of the source

process for the 2004 Parkfield,

California, earthquake from

strong-motion seismograms

2.1 Introduction

The aim of earthquake source process inversion is to find the slip distribution history

that produces the best fit to the recorded ground motion. The usual approach in

kinematic inversions is to sub-divide the fault plane into rectangular sub-faults, an

approach first taken by Trifunac (1974). In each of these sub-faults, source param-

eters are then retrieved. However, this approach has the disadvantage of requiring

a large number of sub-faults to adequately model the fault plane, introducing non-

uniqueness into the problem (Das & Kostrov 1990, 1994). In this Chapter, we

investigate a recently developed procedure for kinematic inversion involving ellipti-

cal sub-faults, which, in addition to creating an intrinsically smooth slip distribution

inside the slipping region, has the advantage of reducing the number of parameters

to be inverted for. We use only a small number of ellipses, each of which is described

by seven parameters. To test this approach with near-field records, we analyse the

strong-ground motion data for the 28 September 2004 Mw6.0 Parkfield, California
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earthquake in order to obtain its robust source features.

Figure 2.1: Tectonic setting and station distribution for the 28 September 2004
Mw6.0 Parkfield, California, earthquake. The digital stations (GEOS network,
Borcherdt et al. 1985) are shown as red triangles, while the blue triangles represent
available analog stations (CGS network). The fault trace used for the inversions
is shown by the thick black line; the grey lines show the surface expression of the
San Andreas Fault. The “beach ball” is connected by a thin line to the earthquake
epicentre. By convention the compressional quadrants are shown in black while the
tensional quadrants are shown in white. Start time of each trace is the origin time
of the earthquake.

The Parkfield segment is part of the San Andreas transform fault system which

accommodates right-lateral tectonic motion between the Pacific (PAC) and the

North-American (NAM) plates (Figure 2.1). Bounded by a creeping section to the

north-west and a locked section to the south-east (the Cholame segment), the Park-

field segment has experienced 5 earthquakes of about Mw6.0 since 1881 (e.g Bakun

& McEvilly 1979; Toppozada et al. 2002; Smith & Sandwell 2006). Knowledge of

the occurrence of the 1934 and the 1966 Parkfield earthquakes and the suggestion

that the 1966 earthquake was an almost exact repeat of the 1934 earthquake, led to

the setting up of the Parkfield Prediction Experiment (Bakun & Lindh 1985). As

a consequence, the 2004 earthquake at Parkfield was widely recorded by seismic as

well as other types of instruments.

The dataset used here consists of 10 digital three-component strong-motion dis-

10



placement seismograms with a duration of 18s. Six stations are located on the

north-eastern side of the fault and four stations are on the south-western side (Fig-

ure 2.1). In addition, there are also 33 analog stations that recorded this earthquake.

The use of digital stations has two advantages: firstly, they have absolute timing,

and secondly, the first P-wave arrival is recorded. Though we do not use data from

analog stations for the inversions, we shall use them later for a cross-check on our

model by calculating the displacements at those stations and examining how well

the waveforms are matched. All the displacement records were band-pass filtered

between 0.16 and 1 Hz. The lower frequency limit is chosen based on the instrument

capability of analog stations. Though the lower frequency limit for the digital sta-

tions could be taken down to 0.1 Hz, we used 0.16 Hz to keep consistency between

different dataset. The higher frequency limit is determined by the accuracy of the

velocity structure and Green’s functions (Liu et al. 2006).

2.2 Kinematic Inversion Method

We model the fault as a rectangular plane, 40 km long (30 km to the north-west and

10 km to the south-east of the hypocenter) and 16 km deep, its surface projection

being shown as a straight black line on Figure 2.1. The size of the fault is based

on the location of the aftershocks that occurred within 24 hours of the main shock;

strike and dip are taken as N140E and 87◦, respectively; hypocentral location is

35.82◦N, 120.37◦W, at a depth of 8.3 km (Thurber et al. 2006). The velocity model

used for the computation of Green’s functions is the 1-D structure used by Liu et al.

(2006).

The method of elliptical sub-fault approximation has been used for kinematic

inversions by Vallée & Bouchon (2004),Peyrat et al. (2010) and Di Carli et al.

(2010). In this approach, each elliptical patch is defined by the 7 parameters shown

in Figure 2.2.
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Figure 2.2: Description of the elliptical sub-fault patches (based on Vallée & Bouchon
2004). Each patch can be described by the following parameters: (x0,y0): the
two coordinates of the ellipse centre. (xa,xb): size of semi-major and semi-minor
axes, respectively. α: angle between the semi-major axis and the horizontal. smax:
maximum slip. The slip distribution (S) inside each ellipse is defined as: S(x, y) =

smaxexp
[
−(x

2

x2a
+ y2

x2b
)
]
. vr: the rupture velocity within each ellipse.

In each ellipse, the slip distribution has a smooth Gaussian distribution from

the maximum slip amplitude at the centre to zero slip amplitude at boundaries.

We require that the first ellipse contains the hypocenter. The centre of the ellipse is

calculated using two parameters: hr and αh, which control the position of the ellipse

relative to the hypocenter. αh is the azimuth of the centre of the ellipse about the

hypocenter. hr is the distance between the hypocenter and the centre of ellipse (this

distance cannot be greater than the length of the semi-major axis). For the first

ellipse, the rupture time is calculated assuming a circular rupture front, starting

from the hypocenter at t = 0, and propagating at the rupture speed associated with

the first ellipse (This rupture speed is one of the parameters we invert for). The

rupture of the second ellipse is initiated at the point where the circular rupture front,

from the hypocenter, makes its first contact with the ellipse. To determine the time

when the second ellipse starts rupturing, we calculate the time needed to travel from

the hypocenter to the initiation point with the rupture speed of the second ellipse.

This rupture speed is also a parameter inverted for. The same process is repeated
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for other ellipses, when used.

During an inversion, the aim is to minimise a cost function. This function mea-

sures the difference between observed data (uo) and modelled seismograms (us). For

our study, we choose the following cost function (Spudich & Miller 1990):

E =

Nd∑
i=1

Wi

( ∑te
tb(u

o
i (t)− usi (t))2∑te

tb(u
o
i (t))

2 +
∑te

tb(u
s
i (t))

2

)
(2.1)

In Equation 2.1, Wi is the weight given to each station. A higher weight is

given to stations with a high signal-to-noise ratio, with values chosen as in Liu

et al. (2008). Nd is the number of records and (tb,te) gives the beginning and end

times. The search algorithm for the best parameters used in this Chapter is the

neighbourhood algorithm (Sambridge 1999a,b), which simultaneously searches for

the best values of the parameters. The algorithm follows that procedure: The first

step is to uniformly sample ni models inside the parameter space. The seismograms

are then computed for each model, and a misfit value is found for each, using the cost

function (ε). nr models with the smallest misfit are then selected from the initial

ni models. According to the distribution of those nr models, a Voronoi diagram

(Voronoi 1908) is built, where each model is associated with a Voronoi cell. A new

set of ni models in the regions defined by the Voronoi cells is then sampled.

Initially, tests were performed using artificially constructed data in order to ob-

tain better insight into the method of inversion, for various cases (see next Chapter).

In particular, in Test 3, we address the question of the number of ellipses to be used,

when no previous study of the earthquake exists.

During each inversion, we choose to fix two source parameters: the rise-time (τ)

and the rake, constant over the entire fault. Due to the range of frequencies used in

this study, the rise-time may not be resolvable (Liu et al. 2006). Based on a previous

kinematic inversion and dynamic modelling, we choose a value of 0.5 seconds for τ

(Liu et al. 2006; Ma et al. 2008). Previous studies also show that the rake angle

does not have large fluctuations, so it is reasonable to assume the rupture to be
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essentially right lateral (Custodio et al. 2009).

2.3 Choice of the Preferred Model

We performed 12 inversions using different parameters to find the source process for

the 2004 Parkfield earthquake. Figure 2.3 shows the final slip distributions for the

12 inversions and Table S1 in Appendix A1 gives details of the different inversions,

and the resulting source processes.

For the first 11 inversions, two ellipses were used, and in the case of Inversion

12, three ellipses is also considered. The choice of two ellipses was based on the slip

distributions inferred from other studies of this earthquake, using different methods

(for example, Murray & Langbein 2006; Allmann & Shearer 2007; Ma et al. 2008).

For some of the inversions, we also required the second ellipse to be connected to

the first one. In that case, (hr, αh) relate to the centre of the first ellipse, rather

than to the hypocenter. We also carry out some inversions in which we vary the

Figure 2.3: Final slip distribution (m) for the 12 inversions (see Table S1 in Appendix
A1 for details), using digital stations. The misfit E is given in the top right of each
fault. The red star shows the position of the hypocenter. The preferred model is
highlighted by the red rectangle.
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rise-time (τ) and the rake to examine their influence on the solutions. We discuss

next the choice of our preferred model among these inversions.

Figure 2.3 shows that several models have similar misfits, and this leads to the

problem of selection of the preferred solution. In spite of the diversity, we find that

there is consistency between the models. To highlight the robust features which

are independent of the choice of a-priori conditions (Table S1 in Appendix A1), a

simple average of all the models, inversely weighted by the misfit value, is plotted

in Figure 2.4.

Figure 2.4: Average slip distribution (m) for the 12 slip models. The star shows
the position of the hypocenter. The region within the black line shows slip which is
higher than the standard deviation. Note that the origin in the strike direction is
now at the hypocenter.

In Figure 2.4, we shade regions of slip which are smaller than the standard

deviation calculated over the 12 inversions. Therefore, the remaining area focuses

on the robust features extracted from the 12 inversions. The misfit of 0.35 for

this average model (calculated assuming a constant rupture velocity of 3.0 km/s),

falls within the range of values obtained for the 12 inversions, showing that the

features highlighted by this averaged slip distribution does not lead to a non-realistic

model. On average, two slip patches are necessary to explain the data, one close to

the hypocenter and a second one located between 15 and 20 km north-west of the

hypocenter, with no slip in the top 5 km. This suggests that the slip distribution
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of the preferred model should include these properties. It is also important to note

that we find a strong resemblance with previous models of this earthquake, obtained

from analysis of strong motion data but using different inversion methods (Ma et al.

2008, Custodio et al. 2009). This indicates that the main features are independent

of the approach used to find the slip distribution.

As we also invert for the rise-time and the rake in some of the inversions, it

is interesting to discuss their influence on the obtained solutions. The rake varies

between 140-180◦ in all the inversions, with a constant value over the entire fault.

This is consistent with the results of Liu et al. (2006) showing that some parts of the

fault exhibits a combined right-lateral and up-dip motion. The rise-time shows a

higher variability, making it difficult to discuss the reliability of the results. However,

it is interesting to see that Inversions 6 and 8 show a similar final slip distribution

with different values for the rise time (see Tables of Inversion 6 and 8 in Appendix

A1). This implies that this parameter cannot be resolved, and therefore its impact

on the final solution may not be significant.

Of the 12 inversions, 8 have significant slip at the hypocenter (Inversions 2, 3,

5, 6, 8, 9, 10, 12 - see Figure 2.3). Among these 8, only Inversion 5 does not have a

high-slip patch north-west of the hypocenter. If we also require the preferred model

to have a moment value within ±15% of the CMT value (i.e. between 0.96×1018 and

1.30×1018 N m), then of the remaining 7 models, only Inversions 2, 6, 8 and 10 satisfy

this condition. We may reject Inversion 2 from the list of acceptable models, due to

the fact that the rupture speed in the first ellipse exceeds the shear-wave speed at

the hypocentral depth by ∼30%, and no previous study found super-shear rupture

speed for this earthquake (e.g. Fletcher et al. 2006, and others referred earlier).

Finally, by generating the seismograms at the analog stations for the 3 remaining

models, we calculate the values of the misfit for digital stations and analog stations

together. Since Inversion 6 has the lowest global misfit (0.82, with 0.26 and 0.56 for

digital and analog records, respectively) we take it as our preferred model.
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2.4 Discussion of the Preferred Model

Figure 2.5 shows the comparison of the waveform data generated by the preferred

model with the seismograms recorded at the 10 digital stations. We see that the

seismograms show an excellent match in the wave shape and an excellent timing for

the main pulses. In general, the amplitude is very well retrieved in the early part

of the record, though we note that the later arrivals are not well fitted. It has been

known for some time (Li et al. 1990; Ben-Zion 1998) that waves from the fault zone

gouge exist and could have a strong effect on the recorded strong-ground motion

(Fukushima et al. 2010). The deterioration of the agreement between the data and

the solution seismograms in the later portions of the record at some stations may

stem from the fact that these fault-zone waves are not modelled in our study. The

same reason could also explain the mismatch in amplitude in the early part of some

stations (e.g. MFU), situated very close to the fault. There is also a better fit

for stations located on the north-east side of the fault compared to those on the

south-west side. This is because we use a common 1-D velocity structure for all

10 stations, and we use the one from the north-east side of the fault since more

stations (6 out of 10) are located there. The difference in the fit therefore illustrates

the impact of the use of an incorrect crustal structure as also shown for synthetic

case by Das & Suhadolc (1996).

Figure 2.6 shows the comparison between waveform data and the preferred model

solution seismograms at the 33 analog stations. In the forward direction of rupture

propagation (i.e. north-west from the hypocenter), a good agreement is observed

only for the main pulses. In the backward direction, waveforms at some stations

are not well matched. To have a more quantitative view of this mismatch, we

plot the misfit values at all the analog stations separately for our preferred model

(Figure 2.7a). The red dashed line represents the mean of the individual misfit value,

so we can consider that stations above this line exhibit a significant mismatch.

We identified 3 locations of higher mismatch (Figure 2.7b), one at the extreme
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Figure 2.5: Comparison of the solution seismograms from our preferred model (red)
with the observed data (blue) at the digital stations. The thick black line shows the
modelled fault trace used for the inversion.

north-western end of the fault (Station COAL), one near the region of the high-

slip patch (Stations FZ12, FZ15, VC1W, VC2W, VC3W and VC5W) and one in

the south-eastern end of the fault (Stations FZ1, C1E, CH2W and CH3W). It is

interesting to see that most of these stations are very close to the fault, which is a

propitious area to be influenced by fault zone trapped waves (e.g. Li et al. 2004),

and could explain the high amplitude and the highest mismatch between observed

and calculated seismograms at those stations. For stations close to the high-slip

patch, we believe that this area which released a significant amount of the total

energy during the earthquake, could have resulted in enhanced site effects, which

could explain the higher mismatch for stations at larger distances to the fault.

Previous models using seismic data (e.g. Allmann & Shearer 2007; Custodio et al.

2009) as well as our study have some slip at the hypocenter. A study of the Parkfield

earthquake using geodetic data (InSAR and GPS) by Johanson et al. (2006), has

argued that slip at hypocenter may be due to rapid after-slip. Hypocentral slip may
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Figure 2.6: Same as Figure 5 but for the analog stations. A comparison of the
observed and the solution seismograms for all inversions carried out in this study
can be found in Appendix A1.
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Figure 2.7: Figure 2.7a shows the individual misfit of each analog station, the red
dashed line giving their average. Stations with higher misfit than this are shown in
blue. Figure 2.7b shows the geographical locations of analog stations. Figure 2.7c
shows the slip distribution (m) obtained using all the digital stations and analog
stations, except high misfit stations located at the south-eastern end of the fault
(i.e. FZ1, C1E, CH2W and CH3W)

only be needed to explain the large amplitude observed at analog stations FZ1, C1E

and C2W (see Figure 2.6), as also pointed out earlier (e.g. Shakal et al. 2006).

Also, some of our inversions either have no slip or, no significant slip at hypocen-

ter (Inversions 1, 4, 5, 7 and 11). Among these, Inversions 1, 5 and 9 explain the

signal observed at analog stations even better than our preferred model. In order

to test if some slip at the hypocenter is a source signal or an artefact induced by

fault zone waves affecting stations at the south-eastern extremity of the fault, we

run an inversion using all digital and analog stations, except FZ1, C1E, CH2W, and

CH3W, which have significantly larger misfit, and the same set-up as in Inversion

6. The resulting slip distribution (Figure 2.7c), shows that even without these high-

misfit stations, which also have very high amplitudes, some slip at the hypocenter

is needed to explain the data.
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2.5 The Source Process

The slip distribution associated with our preferred model (Inversion 6) is shown

in Figure 2.8a. The average displacement over the whole fault is of ∼0.07 m, the

maximum displacement within the second ellipse being 0.91 m. This high slip patch

is located ∼17 km from the hypocenter in the north-westerly direction, and explains

the high amplitude for stations located in the north-western end of the fault. This

is one of the most robust features of the 2004 Parkfield earthquake, and has also

been found in other seismic (Allmann & Shearer 2007; Custodio et al. 2009) and

geodetic (Johnson et al. 2006; Johanson et al. 2006; Murray & Langbein 2006)

studies. It is very important to note that this area of high slip coincides spatially

with the hypocenter of the 1966 Mw6.0 Parkfield earthquake (white star in Figure

2.9). Harris & Segall (1987) and Malin et al. (1989) had earlier identified this region

of high slip as a locked zone or asperity.

Figure 2.8: (a): Slip distribution (m) for our preferred model (Inversion 6). The
red star represents the hypocenter. The black lines show the rupture front at time
steps of 1 s. (b): Moment-rate function.

We can therefore interpret this high-slip patch as a permanent asperity, which

has been re-activated during the 2004 Parkfield earthquake. Custodio & Archuleta

(2007) suggested the presence of persistent asperities in the Parkfield region that can

rupture together or individually during earthquakes. The unconstrained inversion

of the 1966 earthquake gives a high-slip patch located in the same area as the high-

slip patch observed for the 2004 Parkfield earthquake. Though the limited data for
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the 1966 earthquake is inadequate to resolve details, Custodio & Archuleta (2007)’s

study gives an idea of where slip could have occurred, which suggests that some

asperities ruptured both in 1966 and 2004, while others broke only in one of the

events.

Our preferred model shows that the rupture of the 2004 Parkfield earthquake

propagates to the north-west at an average speed of ∼2.7 km/s which is about 80%

of the local shear wave speed. Our propagation time agrees well for the first 3 s

of the total ∼8 s rupture process, with Fletcher et al. (2006), and with Allmann &

Shearer (2007) for the entire process. The hypocentral ellipse has a rupture speed

of ∼2.2 km/s. The second ellipse, located between 15 to 25 km north-west of the

hypocenter, has a higher rupture speed of ∼3.1 km/s, which is within the range of

velocities found in other studies (Liu et al. 2006; Borcherdt et al. 2006; Ma et al.

2008). After the first ellipse completes rupturing in 3 s, a short pause of ∼1 s is

observed, before the rupture starts to break the second patch, this taking ∼5 s

(Figure 2.8b).

Most inversions of the 2004 Parkfield earthquake find the slip to be continuous

over the fault (e.g. Ma et al. 2008; Custodio et al. 2009). However, as emphasised

by Vallée & Bouchon 2004, the aim of the method used here is to focus on finding

the major slip areas, which explain a large part of the waveform and are also the

best resolvable features of the co-seismic slip. This is why we do not observe any

transitional slip between patches while other models do. This gap is therefore un-

likely to be a real characteristic of the source process of Parkfield earthquake (see

Section 4.7 in Chapter 4 for further discussion on this issue).

22



2.6 Relation between High-Slip Patch and Seis-

micity prior the 2004 Parkfield Earthquake

We used the catalogue of Thurber et al. (2006) from 3 January 1984 to 28 September

2004, to examine the relationship between previous seismicity and the north-west

asperity. Figure 2.9 shows the locations of the main earthquakes (Mw > 3). This

figure shows that earthquakes, especially larger ones, surround the region of highest

slip. This observation is in good agreement with the hypothesis of an asperity in

this area, which produces stress accumulation at its edges, that is partly released

during smaller earthquakes. This correlation between prior seismicity and asperities

has been observed in previous studies (e.g. Hsu et al. 1985).

Figure 2.9: Larger background seismicity (3<Mw ≤5) prior to the 2004 Parkfield
earthquake, from January 3 1984 to the day before this earthquake, plotted over our
preferred slip distribution. The catalogue used is from Thurber et al. (2006). The
black lines show the limits of the fault plane that is used during the inversions.

Ben-Zion & Rice (1993) showed that this ”Parkfield asperity” has a major influ-

ence on prediction attempts, and must play a role in the slip budget of the Parkfield

segment (the part of the San Andreas fault which experienced the 5 last Mw6.0

Parkfield earthquakes). Toké & Arrowsmith (2006) show that the north-western

part of the Parkfield segment has a slip deficit close to zero, since this is adjacent to

the creeping section of the San Andreas Fault. However, the south-eastern part of

the Parkfield segment (the Cholame segment) has a slip deficit of ∼ 5 m since 1857.

The Parkfield segment also has a slip deficit but slightly lower than the Cholame

segment (∼ 3.5 m), due to the release of energy by the recurrent Parkfield earth-
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quakes. So, a hypothetical earthquake, which breaks the Cholame segment would

have a higher magnitude if it also breaks the Parkfield segment at the same time.

2.7 Relation between Main Shock Slip and After-

shocks

We used the relocated aftershock sequence of the 2004 Parkfield earthquake of

Thurber et al. (2006) from 28th September 2004 to 30 June 2005, to compare their

locations with our slip distribution. One salient feature is the horizontal level delin-

eated by small aftershocks around 5-6 km depth (Figure 2.10a). Waldhauser et al.

(2004) suggest that this level may represent a change from creeping (above), to

locked (below) in the inter-seismic period. Though the depth of the ellipses in our

inversion was not fixed to be below this level, the seismic data requires the ellipses

to lie below it, thereby supporting Waldhauser et al. (2004). The larger aftershocks

(Mw > 3, Figure 2.10b) mainly lie where no slip has been observed, though there

is a cluster ∼19 km north-west of the hypocenter, located at the edge of the north-

western high slip patch, where there is a sharp change from high to low slip. This

behaviour of aftershocks has been observed previously (see Das & Henry 2003 for

other examples) and provides independent support for the reliability of the position

of this high slip patch.

The co-seismic slip distribution of the preferred model shows also a good agree-

ment with post-seismic deformation observed after the earthquake. Studies using

geodetic data (e.g. Johanson et al. 2006; Murray & Langbein 2006; Bruhat et al.

2011 and Houlié et al. (2013)) show that most of the deformation (after-slip and

post-seismic slip) surrounds the region of co-seismic slip obtained by our inver-

sion. We note that no post-seismic slip is observed in the region in between the

ellipses, suggesting that this area might have slipped during the rupture. However,

as mentioned previously, our inversion procedure focuses only on the major regions
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Figure 2.10: The aftershocks from 28 September 2004-30 June 2005 (Thurber et al.
2006), shown as black circles, plotted on our preferred the slip distribution. (a): All
aftershocks (see key). (b): The larger aftershocks (3<Mw ≤5).

of slip, which could explain why no slip is observed in this area. These studies also

show that post-seismic slip has occurred on the shallow portion of the fault (<5 km

deep), above the horizontal level of aftershocks, where no co-seismic slip is observed.

At depth between 16 to 30 km, in the portion below the hypocenter, non-volcanic

tremor has been observed by Shelly 2009, with an increase of their activity 3 months

prior the 2004 Parkfield earthquake. It is believed to be indicative of an increase

of creep beneath the hypocenter, which could have influenced the nucleation of the

2004 Parkfield earthquake, especially with respect to its location compared to the

1966 Parkfield earthquake. These observations provide additional evidences about

the reliability of the source process obtained by the inversion.

2.8 Conclusion

We performed a kinematic inversion of the 28 September 2004 Mw6.0 Parkfield,

California, earthquake using a recently developed method, which defines the slip

distribution as an aggregate of ellipses. The method was tested using artificial data

(see next Chapter). We fit well the early portions of most seismograms and suggest
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that modelling of fault zone waves is required to explain some of the later waveforms.

Our preferred slip distribution (Inversion 6) is composed of two distinct ellipses, and

shows no slip in the top 5 km. A horizontal lineation of small aftershocks at this

depth of 5 km has been suggested as marking a sharp transition in the inter-seismic

slip rate. The highest slip occurs in a region located between 15 and 20 km from

the hypocenter, in the north-western direction. This patch can be interpreted as a

permanent asperity, which is activated during large earthquakes. The presence of

this asperity has important implications for seismic hazard assessment since it may

be a characteristic feature of the Parkfield earthquakes.
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Chapter 3

Stability of the Earthquake Source

Process Obtained by Kinematic

Inversions

3.1 Introduction

Kinematic inversion is used to obtain the earthquake rupture process from observed

seismic waveforms but has various sources of uncertainties.

A kinematic inversion relies in part on data processing, model parameterization

and the algorithm that is used to perform the inversion. The uncertainties associ-

ated with each of these come from “subjective choices”, i.e. choices that depend

on the group who attempt the inversion. Several studies have investigated the im-

pact of such choices. Using strong ground motion seismograms, Olson & Anderson

(1988) have tested the accuracy of the inversion scheme that was used during their

kinematic inversion. Hartzell (1989) carried out further investigation on that same

topic by testing the influence of the choice of the algorithm on the final results. The

studies of Das & Kostrov (1990, 1994) and Das & Suhadolc (1996) examined the

impact of adding constraints on the inversion procedure (e.g. positivity constraints

and constraints on the moment). Das & Suhadolc (1996) have also studied what

the effects are of constraints on the rupture speed, in the case of the inversion of

a Haskell-type rupture model, with prescribed rupture speed. Saraò et al. (1998)
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have meanwhile investigated how the spatial grid-size affects the results of an inver-

sion. Hartzell et al. (2007) examined the stability of a finite-fault inversion when

the inversion is performed under different a-priori assumptions.

Kinematic inversion also depends on constraints that are associated with the

state of knowledge at the time of the inversion. Those imposed constraints are for

instance geometrical constraints (e.g. what is the dip, rake and strike of the fault,

its size, etc.) or constraints due to a lack of knowledge of the geology of the studied

area. Using strong-motion seismograms, Beroza & Spudich (1988) have investigated

the impact of noise on the data, also studied later by Saraò et al. (1998). Das &

Suhadolc (1996) looked at the effect of incorrect crustal structure, a topic which

was studied by several other authors (e.g. Saraò et al. 1998; Graves & Wald 2001).

Saraò et al. (1998) also examined the influence of station coverage on the inference

of the rupture history. Zhou et al. (2004), meanwhile, assessed the effect of the fault

geometry on the final results.

In the present study, we focus on the first aspect, which are the uncertainties

associated with the “subjective choices” that we made prior our study of the kine-

matic rupture process of the September 2004, Parkfield, earthquake (hereinafter

abbreviated as Chapter 2). In particular, we investigate the performance of the

elliptical sub-fault approximation used along with Neighbourhood Algorithm (NA)

to find the rupture process of an earthquake. We also look at the behaviour of the

NA in the search of the optimal solution. In addition, we examine how our data

processing have influenced the obtaining of the preferred solution of Chapter 2. We

therefore perform another inversion in which we change the frequency content in our

seismograms. We also invert velocity records instead of displacement records. And

finally, we vary the duration of the seismograms used to perform an inversion and

see how it affects the final results.
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3.2 Method for Kinematic Inversion

The method for the kinematic inversion consists of using n patches of elliptical shape

to model the rupture history of the earthquake (see also Vallée & Bouchon 2004; Di

Carli et al. 2010 and Ruiz & Madariaga 2011). We invert for each elliptical patch,

the position of the centre of the elliptical (xo, yo), the size of the semi-major and

semi-minor axes (xa, ya, respectively) and α (angle between the semi-major axis

and the horizontal). Those 5 parameters thus describe the geometry of the elliptical

patch. To describe the slip history within each ellipse, we also invert for the slip

distribution (S(x, y)) and the rupture velocity vr, assumed to be constant inside

each ellipse (see Fig. 3.1). We define the distribution of slip inside the ellipse as

S(x, y) = smaxexp
[
−(x

2

x2a
+ y2

x2b
)
]
; smax is the maximum slip amplitude and is the

parameter that we invert for. Inside each ellipse, the rupture time is calculated

assuming a circular rupture front, originating from the hypocenter, starting at t = 0

and propagating at a speed vr. For the ellipses that do not touch the hypocenter,

the rupture is initiated at the point and at the time where a virtual circular rupture

front, coming from the hypocenter and propagating at a speed vr, makes its first

contact with the ellipse.

To search for the optimal solution, the inversion algorithm aims to minimise a

cost function that measures the difference between the observed data (uo) and the

modelled seismograms (us). We adopt the same criterion as that in Chapter 2 in

order to make direct comparisons of the fit between the two studies:

E =

Nd∑
i=1

Wi

( ∑te
tb(u

o
i (t)− usi (t))2∑te

tb(u
o
i (t))

2 +
∑te

tb(u
s
i (t))

2

)
. (3.1)

In Equation 3.1, Wi is the weight given to each record with values chosen as in Liu

et al. (2008). Nd is the number of records and (tb,te) are the beginning and end

times of each record.
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Figure 3.1: Description of the elliptical sub-fault patches (same as Fig. 2.2 in
Chapter 2). Each patch can be described by the following parameters: (x0,y0):
the two coordinates of the ellipse centre. (xa,xb): size of semi-major and semi-
minor axes, respectively. α: angle between the semi-major axis and the horizontal.
smax: maximum slip. The slip distribution (S) inside each ellipse is defined as:

S(x, y) = smaxexp
[
−(x

2

x2a
+ y2

x2b
)
]
. vr: the rupture velocity within each ellipse.

The search algorithm for the best parameters used here is the Neighbourhood

Algorithm (NA) developed by Sambridge (1999a,b). First, it samples ni rupture

models inside the entire parameter space. For each rupture model, the seismo-

grams are calculated and the misfit between calculated and observed seismograms

is computed using the cost function. From the ni rupture models, nr with the

smallest misfit value are selected. From the distribution of the nr models inside the

parameter-space, a Voronoi diagram (Voronoi 1908) is created, where each model is

enclosed within a Voronoi cell. Geometrically, one Voronoi cell is a polyhedron that

encloses a region of the parameter space containing models that produces waveforms

fitting similarly the data. A new set of ni models is then sampled inside the different

Voronoi cells. This process is then repeated for a certain number of iterations. In

Chapter 2, the search of the optimal solution is carried out for 2000 iterations, ni is

set to 30 and nr is set to 10. The same set-up for the NA is used in this study.
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3.3 Kinematic inversions of synthetic earthquakes

In order to analyse the performance of our kinematic inversion method, we first carry

out three inversions using three artificial datasets, generated from three different

rupture process. The artificial 3-component displacement waveforms are calculated

at 10 stations distributed around the fault plane and thus for each of the three

rupture models (see Figure 2.1 for the general configuration used during the synthetic

tests). The artificially created displacement records are “noise-free” and band-pass

filtered between 0.16 and 1.00 Hz using a 4th order Butterworth filter.

In each case, we assume a perfect knowledge of the fault plane geometry: 40 km

long and 16 km wide, with a strike of 140◦N and a dip of 87◦.The fault geometry is

chosen so that it reproduces that used for the inversions of the source process of the

Parkfield earthquake presented in Chapter 2. The Green’s functions on the fault

plane are computed for 2560 discrete points, separated by 500 m along strike and

500 m along dip. We calculated them using the code AXITRA of Cotton & Coutant

(1997), which is based on the discrete wavenumber decomposition of Bouchon (1981)

and the reflectivity method of Kennett & Kerry (1979).

The velocity structure used during the synthetic tests is a 1-D structure com-

posed of 4 layers (see Table 3.1). This is the same structure as the one used to

generate the k−2-type slip distribution used in Test 2 and Test 3 (Ruiz 2012, per-

sonal communication). During the inversions, we also assume a perfect knowledge

of the velocity structure.

Depth of the top of the layer (m) Vp (m/s) Vs (m/s) ρ (g/m3) Qp Qs

0.0 5500.0 3180.0 2400.0 600.0 300.0
5500.0 6300.0 3640.0 2670.0 800.0 400.0
16000.0 6700.0 3870.0 2800.0 1000.0 500.0
35000.0 7800.0 4500.0 3000.0 1000.0 500.0

Table 3.1: Velocity structure used to generate the artificial displacement records for
the three tests. Vp refers to the P-wave velocity, Vs to the S-wave velocity, ρ to the
bulk density, Qp to the quality factor of the P-wave and Qs to the quality factor of
the S-wave.
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We also fix the rake to a value of 180◦ and rise-time to a value of 0.5 s to create

the artificial data as well as during the inversion.

Test 1:

The first rupture history that we attempt to retrieve is that of the preferred model

found in Chapter 2. It is composed of two distinct ellipses of about equal slip

amplitude. The rupture initiates 30 km south-east of the north-western end of the

fault plane and is located 8.26 km deep. The first ellipse is located at the hypocenter

and the second one is located about 20 km away from the first one. The rupture

speed of the hypocentral ellipse is 2.14 km/s while the second ellipse breaks at

3.08 km/s. This rupture model has the advantage that it is created from the same

methodology as that used during the inversion and it is also interesting because it

shows variable rupture speed.

Figure 3.2 compares the input rupture process (i.e. the rupture process used to

generate the artificial dataset, hereafter called IRP1) and the output rupture process

(i.e. the outcome from the inversion of the artificial dataset, hereafter ORP1).

The inversion reaches a misfit value that is very small (∼0.003), which indicates

that no differences are visible between the artificial waveforms and the calculated

waveforms. IRP1 and ORP1 therefore produce the same displacement waveforms

and cannot be distinguished from one another (see Figure A2.1 in Appendices A2 for

the comparison between calculated and artificial waveforms). However, we observe

that the two rupture processes are not identical. Overall, they show the same pattern

with two distinct ellipses: one near the hypocenter and one about 15 km away of the

hypocenter. However, the final seismic moment of ORP1 is 1.64 × 1018 Nm, while

IRP1 has a seismic moment of 1.20 × 1018 Nm, showing a slight difference in the

amount of energy released in the input and the output model. The rupture speed

obtained from the inversion is 2.21 and 3.07 km/s for the hypocentral ellipse and the

second ellipse, respectively instead of 2.14 and 3.08 km/s for IRP1. The differences
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Figure 3.2: Comparison between the final slip distribution and isochrone distribution
of the rupture process used to generate the artificial dataset (IRP1) and the final
slip distribution of the outcome from the inversion of the artificial dataset (ORP1).
We also show a comparison of the time evolution of the moment-rate of IRP1 and
ORP1.

in seismic moment and rupture speed can be observed in Figure 3.2. The fact that

the two rupture models fit equally well the synthetic data is one illustration of the

non-uniqueness associated to kinematic inversion.

Test 2:

The second rupture history that we attempt to retrieve (hereafter called IRP2) has

a k−2-type slip distribution created following the method described in Ruiz et al.

(2007) (see IRP2 in Figure 3.3). To generate the synthetic displacement waveforms,

we use a circular front propagating at constant rupture speed of 3.0 km/s over the

entire fault. During the inversion we allow the rupture to occur only on a single

ellipse that is forced to be connected to the hypocenter.
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Figure 3.3: Test 2 - The top and bottom figures of IRP2 show the artificial k−2-type
slip distribution and the isochrones of a circular rupture front propagating at 3 km/s.
On the slip distribution we also show iso-contour of slip from the slip distribution
of ORP2. The top and bottom figures of ORP2 show the final slip distribution
obtained by the inversion and the isochrones of the rupture process.

The rupture model obtained by the inversion (hereafter called ORP2) is shown

in Figure 3.3. The rupture in ORP2 occurs at a speed of 3.0 km/s that is exactly

the same speed as that used for IRP2. If we look at the final slip distribution, we

observe that the main asperity of IRP2 and the ellipse of the ORP2 are spatially

close, although the ellipse is two times larger than the main asperity. The final

seismic moment of ORP2 (2.90 × 1018) is about half of the final seismic moment of

IRP2 (5.40 × 1018). The inversion is therefore blind to slip of small amplitudes that

are outside of the region where most of the energy is released. The ellipse therefore

incorporates the slip from the main asperity and from its close surrounding region

within a single patch.

We also compare the final slip distribution of the inverted model with a low-

frequency filtered version of the slip distribution of IRP2 (Figure 3.4). We used a

filter in the form of an ideal 2-D low-pass filter, which suppress spectral amplitudes

associated with wavenumbers higher than a cut-off value (D0). After several tests,

we found that if we use a D0 of 0.08 m−1, we obtain a filtered slip distribution that

is similar to the one of ORP2. The filter thus removes the structures that have

a size less than 12.5 km. This shows that the elliptical sub-fault approximation
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Figure 3.4: Test 2 - Slip distribution obtained when a low-pass spatial filter is
applied to the artificial slip distribution of IRP2.

retrieves a smoothed image of the heterogeneous slip distribution. The fact that it

recovers very well a low-frequency filtered version of the slip distribution of IRP2

suggests that the spatial resolution of the kinematic inversion blurs the details of the

source process. It focuses only on the large scale robust features of the earthquake,

creating an image of the rupture source process that reflects the resolution that one

has on the rupture process. The seismograms exhibit a good fit (E = 0.10), with

small mismatch at some stations (see Figure A2.2 in Appendices A2). This can be

explained by the asperities of small amplitude, which we do not try to extract as

the goal of this method is to obtain the main area of large slip.

Test 3:

The third rupture history that we attempt to retrieve (hereafter called IRP3) also

has a k−2-type slip distribution and shows two distinct large amplitude asperities:

one near the hypocenter and one ∼15 km away from the hypocenter. Once again, to

generate the synthetic displacement records, we use a circular rupture front propa-

gating at 3.0 km/s over the entire fault.

One goal here is to gain insight into how to choose the number of ellipses to be

used in the inversion, when no other studies of an earthquake exists. It was suggested

by Vallée & Bouchon (2004) that the number of ellipses should be increased when

part of the signal, believed to be caused by source, is not fitted, a procedure that
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they applied to the 1995 Jalisco (Mexico) earthquake. The same procedure was also

used for the study of the Tocopilla earthquake by Peyrat et al. (2010). In order to

explicitly illustrate this, we perform two inversions. In the first one, we use only one

ellipse to invert for the rupture history (hereafter called ORP3a) while in the second

one, we use two ellipses to invert for the rupture history (hereafter called ORP3b).

A comparison between IRP3 with ORP3a and ORP3b are shown in Figure 3.5 and

Figure 3.6, respectively. For both cases, we do not discuss the rupture speed because

the two inversions retrieved perfectly the 3.0 km/s used in IRP3.
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Figure 3.5: Test 3 - The top and bottom figures of IRP3 show the artificial k−2-type
slip distribution and the isochrones of a circular rupture front propagating at 3 km/s.
On the slip distribution we also show iso-contour of slip from the slip distribution
of ORP3a. The top and bottom figures of ORP3a (i.e. the rupture model obtained
from an inversion using only one ellipse) show the final slip distribution obtained by
the inversion and the isochrones of the rupture process.

In ORP3a, we see the inversion has produced a final slip distribution with an

ellipse located at the centroid of the slip distribution. However, examination of the

displacement waveforms (see Figure A2.3 in Appendices A2) shows a non-negligible

mismatch between the solution seismograms and the artificial ones (E = 0.17). In a

real problem, this would have alerted us to the fact that a higher number of ellipses

are needed.

We next used two ellipses to see if the fit is improved. The final slip distribution

of ORP3b shows that the two-ellipses inversion correctly retrieves the two major

asperities. It also shows a small patch with high amplitude between the two ellipses.
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Figure 3.6: Test 3 - The top and bottom figures of IRP3 show the artificial k−2-type
slip distribution and the isochrones of a circular rupture front propagating at 3 km/s.
On the slip distribution we also show iso-contour of slip from the slip distribution
of ORP3b. The top and bottom figures of ORP3b (i.e. the rupture model obtained
from an inversion using two ellipses) show the final slip distribution obtained by the
inversion and the isochrones of the rupture process.
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Figure 3.7: Test 3 - Slip distribution obtained when a low-pass spatial filter is
applied to the artificial slip distribution of IRP3.

This does coincide with a small peak in amplitude in the slip distribution in IRP3,

but is more likely an artefact of the inversion due to the proximity of the two

ellipses. When we compare slip distribution of ORP3b with the filtered version

of the slip distribution of IRP3, using the same 2D low-pass filter as described

previously (Figure 3.7), we observe again a very good agreement between the final

slip distribution of ORP3b and a smoothed version of the slip distribution of IRP3.

It shows that, like in the previous test, our inversion method focuses on the main

features of the earthquake. The fit to the waveforms has also significantly improved

(E = 0.09). A comparison of the synthetic data and the calculated waveforms from
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ORP3b are shown in Figure A2.4 in Appendices A2.

3.4 The Neighbourhood Algorithm to Search for

the Optimal Solutions

As mentioned earlier, each kinematic inversion in Chapter 2 involved 2000 iterations.

Each parallel iteration computes the waveforms at each station for 30 different mod-

els and one extra iteration is needed at the beginning of the procedure in order to

initiate the inversion. The additional iteration computes the waveforms for 40 dif-

ferent models. Therefore, one inversion computes the waveforms for 60040 models.

The use of 2000 iterations was chosen in Chapter I so that the NA has converged

for 11 out of the 12 inversions (see Figure A2.5 in Appendices A2). If we specif-

ically look at Inversion 6 (the preferred model in Chapter 2), the convergence is

complete. So, we can assume that there is no model that fits the data better than

the last computed model. However, it would be interesting to know if the process

could have been stopped earlier without affecting the main conclusions of Chapter

2. To explore this issue, we investigate the behaviour of the NA during this specific

kinematic inversion.

We examine all the models sampled by the NA and look at the convergence of

each of the 14 parameters (Figure 3.8). We can see that some parameters converge

very rapidly, and some show more variations, even at the end of the inversion. We do

not focus on the parameters α and hr, controlling the position of the ellipse around

the hypocenter, because the allowed range does not translate into significant change

in the position of hypocentral ellipse.

It is interesting to note that the maximum slip amplitude inside each ellipse can

vary significantly without affecting the value of the misfit by much. It is therefore

the spatial position of the ellipses and the rupture speed that control the conver-

gence. Those two characteristics control the space-time position of the rupture front,
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Figure 3.8: Convergence curve for each parameter. The top row is related to the
hypocentral ellipse and the second row is related to the second ellipse located to
the left of the hypocenter (see Figure IRP1 in Figure 3.2, which represents the slip
history obtained for Inversion 6). Each dot is colour-coded according the misfit
value with black for low and light grey for large values.

governing the position in time of the pulses on the seismograms. The significant vari-

ations of the misfit value observed when the position of the rupture front is adjusted

during the course of the inversion, is because the inversion depends very non-linearly

on the position of the rupture front. Once fixed, the seismograms become linearly

dependent on the other parameters.

As a result, the NA divides automatically the inversion procedure into three

steps. First, it stabilises the position of the ellipses as well as the rupture speed

of each of them. Once the spatial location of the ellipses is stabilised, the rupture

speed is adjusted more finely to decrease the misfit. Finally, once the rupture speed

approaches its final value and that the rupture front is more or less stable, the slip

amplitude of each ellipse starts to converge toward one specific value.

To illustrate this behaviour, we show normalised stacks obtained using the 30
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Figure 3.9: Normalised stack of the 30 slip distribution computed during one parallel
iteration. At the top of each slip distribution, we show the variation of the rupture
speed (km/s). The light curve shows the rupture speed of the first ellipse and the
dark curve shows the rupture speed of the second ellipse.
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slip distribution computed during one parallel iteration of the NA, and this for

several iterations (Figure 3.9). On the top of each sub-plot, we show the rupture

speed of each ellipse for each of the 30 rupture models. We clearly see that during

the early stages of the inversion, the NA tests a wide range of models so the stack

of slip distribution for Iteration 1 does not show any pattern. We also observe

large variations of the rupture speed. At Iteration 126, the spatial position of the

ellipses is clearly stabilised. However, we still observe variations in the rupture

speed, although significantly less than before. From Iteration 126 to iteration 626,

the range of rupture speed progressively narrows down toward the final value. At

this stage (Iteration 626), the slip amplitude of each ellipse has not reached yet its

final value. Around Iteration 751, the inversion has come close enough to the final

model that we do not see much variation for the following iterations. At this point,

the inversion could have been stopped without affecting the final conclusions of

Chapter 2. However, we observe on the misfit curve (see Figure A2.5 in Appendices

A2) that there is still significant variation on the value of the misfit at Iteration

751. Therefore, small variations on the inverted parameters can cause significant

changes on the computed waveforms, illustrating the non-uniqueness associated to

the kinematic inversions.

This investigation of the inversion procedure confirms that the NA, in combina-

tion with the elliptical sub-fault approximation, looks indeed for the most robust

features of the source process. The position of the asperity and the rupture speed

control the convergence of the inversion in order to get the right position in time

for the different pulses. Once the space and time position of the different asperi-

ties are identified, the NA adjusts the slip amplitude. Consequently, the number

of iterations has to be chosen according the aim of the study. If one studies the

long term processes (e.g. discriminating between characteristic and complementary

earthquakes), only a low number of iterations are necessary as the main aim is to

get the size and the position of the main asperities. If one focuses on the conse-
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quences of an earthquake, such as the intensity of the shaking, then more iterations

are needed to constrain the slip amplitude and the rupture speed. Indeed, we have

shown that small changes in the parameters could cause significant changes on the

calculated waveforms, illustrating the non-uniqueness of kinematic inversions. For

the latter reason, and because the inversion can be carried out rapidly due to the low

number of parameters necessary to describe the slip history, the inversions presented

in Chapter 2 were carried out using a large number of iterations.

3.5 Use of digital velocity versus digital displace-

ment records

The use of ground displacement instead of ground velocity records can affect the

inversion for the slip history of an earthquake. It is therefore important to assess

the differences that may arise when one is used instead of the other. Few studies

have compared the impact of this choice on the inferred rupture process. Shiba &

Irikura (2005), using strong motion data of the 1997 Izu-Hanto Toho-Oki earthquake

(Mjma5.9), show that the slip distribution inverted using velocity records is similar

to that inverted using displacement records. The moment released in the rupture

process obtained from velocity records however, is ∼40% smaller than that obtained

from the inversion of displacement records. Hartzell et al. (2007), using the strong-

motion data of the 2004 Parkfield earthquake (Mw6.0) reached a similar conclusion,

however, in this study, the moment released is smaller in the rupture model obtained

from displacement records than that obtained from velocity records. In Chapter 2,

we recall that the original accelerograms were integrated twice into displacement

records. We have decided therefore to investigate the response of our inversion

scheme to the use of velocity records versus displacement records.

First, we take the 12 kinematic rupture models of Chapter 2 and calculate for

each of them the 3-component velocity waveforms at each of the 10 stations. The
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misfit associated to each rupture model is calculated (χ, calculated using Equation

3.1) and compared to the values obtained in Chapter 2 (ε). The results are sum-

marised in Table 3.2 and show that the rupture model that has the lowest misfit

value when velocity records are used is Inversion 8.

Inversion # E χ
Inversion 1: 0.27 0.42
Inversion 2: 0.30 0.44
Inversion 3: 0.28 0.39
Inversion 4: 0.30 0.47
Inversion 5: 0.28 0.40
Inversion 6: 0.26 0.39
Inversion 7: 0.30 0.43
Inversion 8: 0.26 0.38
Inversion 9: 0.28 0.40

Inversion 10: 0.29 0.41
Inversion 11: 0.34 0.45
Inversion 12: 0.26 0.39

Table 3.2: Comparison between the misfit when we used displacement records or
velocity records. E is the misfit value calculated using displacement records obtained
in Chapter 2. χ is the misfit value calculated using velocity records.

The rupture model of Inversion 8 is very similar to the rupture model of Inversion

6, which is the preferred model of Chapter 2 (see Figure 2.3 in Chapter 2). The

major difference between the two is that the values of the rise-time and the rake were

fixed as a constant over the whole fault in Inversion 6 (0.5 s. and 180◦, respectively),

while in Inversion 8, those parameters were allowed to vary within each elliptical

patch. In Inversion 8, 0.32 s. and 145.96◦ were obtained for the rise-time and the

rake, respectively, while in the second ellipse, the rise-time and rake are 1.00 s. and

151.13◦.

As for inversions using displacement records, the fit at each station shows that

we fit very well the first pulse in time and amplitude. However, we still have a poor

fit for the last part of the signal. This segment contains even more high frequency

energy in the velocity records than in the displacement records, which explains why

a systematic increase of the misfit value is observed when we use ground velocity
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(see Figure A2.6 in Appendices A2 for the fit obtained at each station).

Next, we perform a inversion using velocity records. For each parameter, the NA

searches within a range that is the same as the one used for Inversion 6 in Chapter

2. The inversion reaches a misfit value of 0.37, which is smaller than the values

obtained for each of the 12 kinematic rupture models (Table 3.2). Figure 3.10 shows

the rupture process associated with the lowest misfit value.
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Figure 3.10: Top and bottom left figures show the final slip distribution and the
isochrone for the rupture model obtained from Inversion 1 in Chapter 2, from using
displacement records. Top and bottom right figures show the final slip distribution
and isochrones for the rupture model obtained by inversion of velocity records.

The best fitting inversion using velocity records is very similar to the model

obtained by Inversion 1 in Chapter 2. Unlike Inversion 1, however, we observe a

significant spreading of the slip distribution at the end of the rupture process, but,

this was also observed in Chapter 2 in some inversions (Inversion 11, 12). Thus,

whether we use velocity waveforms or displacement waveforms, we reach similar

conclusions, at least for the robust features of the rupture process. If we compare

the fit to the waveforms obtained from the inversion (Figure 3.11) with the fit to

the waveforms when we use one of the kinematic rupture model (Figure A2.6 in

Appendices A2), we have a clear improvement of the fit on the vertical component

while other components show a similar fit.

The results of this experiment show that our inversion scheme leads to similar

rupture process, whether we use velocity or displacement records. The main dif-
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Figure 3.11: Comparison between the calculated waveforms (red line) and the ob-
served waveforms (blue line) for the 10 digital stations.

ference between the two is the frequency content, which shows that the inversion

is constrained predominantly by the low frequency energy and that the addition of

higher frequency energy does not affect the results. This conclusion is similar to

those of Shiba & Irikura 2005 and Hartzell et al. (2007). Like Hartzell et al. (2007),

we obtain a final seismic moment in the rupture process obtained from velocity

records that is higher than that obtained using displacement records (1.8 × 1018

Nm instead of 1.2 × 1018 Nm). However, Shiba & Irikura (2005) reach an opposite

conclusion and, because only few examples are available, it is not possible to tell if

this is a systematic behaviour and further investigation is necessary to assess this

issue.

3.6 Influence of the Frequency Band used during

the Inversion

An important aspect of the data processing is the choice of the frequency band that

is used to process the observed records we attempt to invert. Indeed, the frequency

content of the seismograms affects directly the waveforms and therefore the content
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of information that is available during the inversion. Mendoza & Hartzell (1988)

investigated this issue by performing two inversions for each of the three earthquakes

that they have studied using teleseismic P waveforms. One inversion uses long period

P-waves and one inversion uses long and short period P-waves. Their results show

a more detailed rupture process for inversion at high frequency than for inversion at

low frequency. They also encountered difficulty to invert wavelengths between 1 and

2 s. Three hypothesis were suggested to explain this issue. First, it may relate to the

parameterization used during the inversion. It may also reflect some complexities in

the rupture process that cannot be resolved by the inversion. Finally, as suggested

in Chapter 2, it could be due to propagation effects that are not accounted. The

impact of this aspect of the data processing has also been considered by Ide (1999).

Inversions for the earthquake source process of the 1997 Yamaguchi, Japan, earth-

quake were carried out in two separate frequency bands, one low-frequency band

(0.1 - 0.5 Hz) and one high frequency band (0.5 - 2.0 Hz). The results show that

the rupture models obtained using high-frequency records release the moment at the

edges of the slip patches obtained using low-frequency records.

In Chapter 2, we recall that the original accelerograms are integrated twice into

displacement records and are then filtered using a 4th order Butterworth band-pass

filter in the frequency band (0.16 - 1.00 Hz). If we look at the comparison between

the observed and the calculated spectra for the preferred model of Chapter 2 (Figure

3.12), we observe that for the low frequency part (<0.5 Hz), the fit between the

observed and calculated spectra is good, but above 0.5 Hz, we clearly observe a

deterioration of the fit. To measure the quality of the fit, we use a simple L2 criteria

on the absolute value of the spectral amplitudes:

L2 =

∑
(obs− synth)2∑

(obs)2
(3.2)

In the frequency band 0.16-1.00 Hz, we obtain a misfit value of 0.25. Calculated
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Figure 3.12: Comparison between the spectral displacement (m) for the calculated
waveforms (red line) and the observed waveforms (blue line) for the 10 digital sta-
tions, named on the left side of the figure, in the frequency range (0.16-1.00 Hz)

in the band 0.16-0.50 Hz, we have a value of 0.20 and in the band 0.50-1.00 Hz we

obtain a value of 0.35. It clearly shows, as expected, that we have a better fit in the

low frequency range than at high frequencies.

To investigate the impact of the addition of high frequencies in the displacement

waveforms on the results of an inversion, we performed one inversion in which the

data were filtered between 0.16 and 0.50 Hz. The search of the optimal solution by

the NA is carried out within the same ranges for each parameter as those used for

Inversion 6 in Chapter 2.

Figure 3.13 shows the rupture process of the inverted model compared with the

rupture process obtained by Inversion 6 in Chapter 2. We observe that we the

two rupture models are very similar. The size of the ellipses in the low frequency

inversion have increased but the slip amplitude of each ellipse has decreased, so that
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the moment of this model (1.4 × 1018 Nm) is similar to the moment of the high

frequency model (1.2 × 1018 Nm). The similarity between the two, suggest that the

elliptical sub-fault approximation tends to fit preferentially the lower frequency part

of the signal and is therefore well suited when the aim objective to resolve the most

robust features of an earthquake.
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Figure 3.13: The top and bottom left figures show the final slip distribution and the
isochrones of the rupture model obtained by Inversion 6 (i.e. the preferred rupture
model of Chapter 2), which is obtained using displacement records filtered between
0.16 and 1.00 Hz. The top and bottom right figures show the final slip distribu-
tion and the isochrones of the rupture model obtained by inversion of displacement
records filtered between 0.16 and 0.50 Hz.

Figure A2.7 in Appendices A2 shows the fit to the waveforms. The value of

the misfit (E = 0.21; calculated using Equation 3.1), is significantly lower than the

misfit obtained when waveforms containing higher frequencies are inverted. We also

compare the observed and the calculated spectra in the frequency band of interest

(Figure A2.8 in Appendices A2). The misfit value calculated using Equation 3.2 is

0.18 which is slightly lower than the initial value of 0.20. The rupture process in

Figure A2.7 shows that in the low frequency band, we fit the last part of the signal

at most stations. As argued in Chapter 2, this last part may not represent source

processes from the earthquake because when we remove the high frequency signal, we

still obtain the same slip distribution and rupture process. As argued by Mendoza

& Hartzell (1988), this could be caused by our parameterization used during the

inversion. As shown with the synthetics tests, the elliptical sub-fault approximation
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acts as a low-frequency filter, which explains the low sensitivity to high-frequency

signals. Both explanations still support the conclusions that our inversion scheme

is well suited to extract the robust features of earthquake source processes.

3.7 Information Content

In order to perform an inversion of the rupture process, we have to define the

seismograms duration that is used during the inversion (i.e. what is the duration

of the seismograms for which the misfit value is calculated). This choice is very

important because it controls the amount of information on the source process that is

given to the algorithm. We investigate this issue by performing a series of inversions

in which the cost function uses a portion of the seismograms of a certain duration

that is progressively increased up to the duration that was used in Chapter 2 (i.e.

17.92 s). In Equation 3.1, tb is 0 and te varies for each inversion. The results are

summarised by Figure 3.14.

Figure 3.14: Final slip distribution (m.) obtained for the inversion of seismograms
of different duration (shown on top of each slip distribution). The duration of 17.92
s was used to obtain the 12 kinematic inversions presented in Chapter 2. The star
shows the position of the hypocenter.

We can see that changes in the duration of the seismograms have significant
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impacts on the final rupture history, even though all models are still within the range

of plausible models shown in Chapter 2. In most of the inversions, the hypocentral

ellipse is retrieved, which support the conclusion that this is a robust feature of the

source process. The slip patch away from the hypocenter starts to be a recurrent

feature only when we invert seismograms longer than 9 s. It is interesting to note that

this second patch gets progressively shallower when the duration of seismograms gets

longer. Zhou et al. (2004) have observed a similar behaviour in their synthetic tests,

using the September 1999, Mw7.3 Chi-Chi, Taiwan, earthquake. They suggested

that with shorter waveforms, the data has less information on deeper sub-faults and

therefore the slip on those sub-faults are less well constrained and consequently less

reliable.

Figure 3.15 shows the evolution of the misfit values against the duration of the

seismograms used in each inversion. We observe that the misfit values defines two

different groups. Comprising the first 7 inversions, we observe a group where the

misfit value is around 0.10. For inversions using longer seismograms, the misfit

value starts to increase to its final value around 0.26. Between these groups, 3

models occupy the transition from the low misfit stage to the high misfit stage.

It is interesting to note that the first tipping point is observed when seismograms

longer than ∼ 9 s are inverted, which is also the minimum duration needed for the

significant slip away from the hypocenter to become recurrent.

In order to compare the relative content of information about the rupture process

that has reached each station for each inversion, we calculate the theoretical arrival-

time of the first and last P-wave, as well as the last Rayleigh wave, using the velocity

structure used in Chapter 2. The calculations are made using the rupture history of

the inversion that used the 17.92 s long seismograms. These results are summarised

in Figure 3.16.

First, we observe that the first P-wave emitted from the hypocenter reaches the

closest station (GFU) after ∼ 2 s. Thus, the model obtained when we use waveforms
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Figure 3.15: Evolution of the misfit value with the duration of the seismograms used
for the inversion.

Figure 3.16: Theoretical arrival time for the first and last P-waves generated from
the rupture history of the preferred model in Chapter 2 (black dashed lines). Each
station is shown according its distance from the epicentre. The vertical dashed lines
correspond to the two tipping points seen in Figure 3.15.

of 1.12 s long (see Figure 3.14) is a complete artefact because nothing about the

rupture process has reached any of the stations. The first tipping point observed in

Figure 3.15 (vertical dashed line at 7.84 s in Figure 3.16) occurs when the duration
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of the waveforms are long enough that P-waves emitting from the last part of the

rupture process begin to reach each station. The second tipping point observed in

Figure 3.15 (vertical dashed line at 12.32 s in Figure 3.16) roughly occurs when the

Rayleigh waves coming from the end of the rupture process have reached most of

the stations. For waveforms longer than ∼ 16 s, the inversion produced a similar

rupture model (see Figure 3.14), and it corresponds to a duration when all stations,

excepted the two further stations located at the south-east end (KFU and RFU),

have received Rayleigh waves coming from the end of the rupture process.

The duration of the seismograms is therefore an a-priori choice that can sig-

nificantly affect the inferred rupture process. We note however that the models

obtained for each inversion are still within the range of plausible models when com-

pared to the results shown in Chapter 2. The response of our inversion procedure

to the constraint on waveforms duration occurs in three stages. First, a stage with

rupture models that have low misfit value, when the duration of the seismograms

is significantly shorter than the expected rupture process. Then, a final stage with

rupture models that have a misfit value close to the misfit value obtained for the

preferred model of Chapter 2, when the duration of the seismograms is long enough

that most stations have received signal from the end of the rupture process. In

between, there is a transition of the misfit value from the low misfit value stage to

the high misfit value stage that corresponds to the progressive arrival of information

from the last part of the rupture process at each station. These results suggest that

it is important to ensure that waves coming from the end of the rupture process are

present in the seismograms in order to get a more reliable rupture process from the

inversion. This was also pointed out by Mendoza & Hartzell (1988) in their study

of the North Palm Springs, Borah Peak and Michoacan earthquakes.
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3.8 Conclusions

We have performed here a series of tests in order to assess the stability of our

kinematic inversion procedure.

We first subjected our kinematic inversion to synthetic tests with the aim to ob-

tain the rupture source process from synthetic data generated by artificially created

earthquakes. For a k−2-type slip distribution, used simulate earthquakes, the results

from our inversions show that the elliptical sub-fault approximation tends to focus

on the robust features of the artificial slip distribution. The inversions resolved a

low-frequency filtered version of the input rupture models. The number of ellipses

can be determined by progressively increasing the number of them until one obtains

a good fit to the data.

We have also analysed the behaviour of the NA in its search of the optimal

solution. We have shown that the space-time position of the rupture front controls

the convergence of the NA and that only later in the process is the slip amplitude

adjusted. The number of iterations used in an inversion should be dictated by the

aims of the study. The final positions of the ellipses is found by the algorithm after

a small number of iterations, however, a large number of iterations is needed to

constrain the slip amplitude and the rupture velocity.

Tests on using velocity records instead of displacement records shows that both

dataset lead to compatible results. However, we observe that the final moment

found when we invert velocity records is higher than the final moment found when

we invert displacement records. Therefore, the use of one instead of the other should

not affect significantly the inferred rupture history. The same is also observed when

the frequency range of the seismograms was modified. It shows therefore that the

inversion is not very sensitive to high-frequency signals, which is why the inversion

scheme is better suited to obtain the large scale robust features of an earthquake

rupture history.

Finally, we have tested the influence of the duration of the seismograms on the
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final results. We found that the inversion is very sensitive to the duration of the

seismograms. This is because it relates to how much information on the source

process is given to the algorithm.
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Chapter 4

Dynamic Inversion for the

Rupture Process of the 2004,

Parkfield, California, Earthquake.

4.1 Introduction

In order to study the physics of the earthquake rupture process, the key is to unravel

the space-time behaviour of the rupture from records at the surface. One way to

carry this out is to create a slip model from which the radiated seismic waves produce

ground motions that are similar to surface observations. A slip model is simply a

space-time description of the rupture (i.e. the amplitude of slip and the time of

the rupture at different points along the fault). These kinematic models, however,

do not explicitly describe the rupture based on its physics. Instead the physics is

only there from a-priori assumptions on the behaviour of the slip models. On the

other hand, dynamic modelling provides a dynamically correct description of the

rupture, based on fracture mechanics, although it relies upon a description of the

stress condition on the fault plane prior to the earthquake rupture.

The normal approach to create a dynamic model is to perform first a kinematic

inversion. The stress conditions and frictional parameters are then calculated on

the fault from the kinematic slip model. Then, the propagation of the rupture is

modelled and is essentially controlled by the inferred stress and friction (e.g. Quin
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1990 with the 1979 Imperial Valley earthquake; Fukuyama & Mikumo 1993 with

the 1990 Izu-Oshima earthquake; Olsen et al. 1997 for the 1992 Landers earthquake;

Oglesby et al. 2004 for the 2002 Denali earthquake). However, recent studies have

shown that it is possible to invert directly for the stress and strength distribution

on the fault plane (Peyrat & Olsen 2004, Di Carli et al. 2010 and Ruiz & Madariaga

2011, 2013).

Also, the recent study of Konca et al. (2013) has emphasised again that kinematic

inversion is capable of providing a realistic image of the dynamic rupture process,

despite the fact that it is not based on a physical formulation of the problem of

rupture propagation. To assess the uncertainties and reduce the non-uniqueness

associated with this method, it is important to obtain a kinematic rupture model

that is dynamically correct. One way to obtain such a rupture model is to combine

the kinematic and the dynamic approaches as proposed by Fukuyama & Mikumo

(1993). Indeed, because the kinematic inversion is suited to infer the robust features

of the rupture process, we can use it to constrain the geometry of the rupture area

prior to a dynamic inversion. The latter can thus be fixed from the results of the

kinematic inversion, and the dynamic inversion is performed only in order to obtain

the stress conditions along the fault. This approach has the advantages of reducing

the degree-of-freedom for the dynamic inversion as well as ensuring a dynamically

realistic rupture model.

In this study, we first perform a full dynamic inversion for the rupture pro-

cess of the 2004, Mw6.0, Parkfield, California, earthquake. To assess the issue of

non-uniqueness associated with dynamic inversions (e.g. discussion by Peyrat et al.

2001), we explore the parameter-space using a Monte-Carlo method, fixing the ge-

ometry of the rupture area from the results of the dynamic inversion. The same

approach was used to investigate one of the kinematic rupture model of Twardzik

et al. (2012). The aim is to see if we can find stress conditions on the fault that can

make this model dynamically correct. This is combined with a new way to describe
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the rupture area that use the advantageous flexibility of the b-spline curve.

4.2 Dataset

In order to determine the dynamic rupture process of the September 2004 Parkfield,

California, earthquake, we use 3-component waveforms of 17.92 s long, sampled at

3.5×10−2s, recorded by 10 digital stations from the GEOS network (Borcherdt et al.

1985). The acceleration records are integrated twice into displacement. They are

band-pass filtered between 0.16 and 1.00 Hz using a 4th-order Butter-worth filter

(see Figure 4.1). The filter is applied both forward and backwards to obtain zero

phase shift for all frequencies.
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Figure 4.1: Map of the station distribution. The 3-component displacement records
from the 10 digital stations of the GEOS network used to perform the dynamic
inversion are shown by the blue trace. The red star shows the location of the
epicentre and the black dashes show a surface projection of the fault plane.

Despite the fact that 33 analog stations from the CGS network have also recorded

this earthquake (Shakal et al. 2006), we only use the 10 digital stations to ensure

the systematic presence of P-waves on each trace. The dataset is consequently iden-

tical to that used by Twardzik et al. (2012) for kinematic inversions, which allows
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a straightforward comparison between the results from dynamic and kinematic in-

versions.

4.3 Inversion Procedure

The inversion is carried out using the Neighbourhood Algorithm (NA) developed

by Sambridge (1999a,b). It performs a direct search of the optimal solution of

the parameter space using Voronoi cells. For each iteration, the algorithm divides

the parameter space into a set of ns Voronoi cells, one for each model of which

we calculate the waveforms. Geometrically, one Voronoi cell is a polyhedron that

encloses a region of the parameter space containing models that produces waveforms

that similarly fit the data. The fit is measured through the following cost function

proposed by Spudich & Miller (1990):

E =

Nd∑
i=1

Wi

(
(

∑te
tb(u

o
i (t)− usi (t))2∑te

tb(u
o
i (t))

2 +
∑te

tb(u
s
i (t))

2

)
. (4.1)

The cost function is the same as what we have used in the previous chapters to

allow a direct comparison between the results obtained by kinematic inversions and

those obtained by the dynamic inversions. In this equation, uoi (t) are the observed

waveforms and usi (t) are the calculated waveforms. Wi refers to the weight given

to each component, with values chosen as in Liu et al. (2008). Nd is the number of

records and (tb,te) gives the beginning and end times of the displacement records.

This cost function is the same as the one used in Twardzik et al. (2012) to allow a

direct comparison between the results from kinematic and dynamic inversion. Once

an iteration is done, a new set of ns models is re-sampled for the next iteration

within the Voronoi cells that contain the nr lowest misfit models. In this study, ns

is set to 32 and nr to 8.
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4.4 Forward Modelling

The forward modelling consists of a full spontaneous rupture propagation in a 3-D

medium on a pure right-lateral strike-slip fault that has a strike of 140◦N and a dip of

87◦. Rupture propagation is solved using a 4th-order staggered-grid finite-difference

method (Madariaga et al. 1998).

For the finite-difference, we use a grid size (∆x) of 250 m to discretize the fault

plane that is 40 km long and 16 km deep. Each simulation, which uses a time-step

(∆t) of 8.75×10−3s, which is 1/4 of the sampling rate of the displacement records,

is run for 1280 steps (i.e. equivalent to 11.2 s). The velocity structure used is

the 1-D velocity structure of the north-east side of the San Andreas Fault from

Liu et al. (2006), itself determined by interpolation of the 3-D velocity model of

Thurber et al. (2003). This process resolves all variables to measure the stability

of the finite-difference scheme by means of the Courant-Friedrichs-Lewy criterion

(C.F.L. criterion):

C.F.L. = V pmax
∆t

∆x
(4.2)

In our case, its value is 0.217, which ensures the stability of the numerical scheme

(Madariaga et al. 1998).

The fault plane is treated as an internal boundary, on which we postulate that the

rupture propagation is controlled by the slip-weakening friction law of Ida (1972):

Tf (D) = (Tu − Tr)(1− D
Dc

) + Tr for 0 < D < Dc ,

Tf (D) = Tr for D ≥ Dc .
(4.3)

Tf is the friction as a function of slip (D), Tu is the upper yield stress and Tr is

the residual stress. Because Tr cannot be determined from seismic observations

alone (Madariaga 1979), we set it to 0. Dc is the slip-weakening distance, and is the

amount of slip at the crack tip that is necessary to monotonically decrease the shear

stress from the static frictional strength (Tu) to the dynamic frictional strength (Tr).
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The finite-difference scheme also includes a flat free-surface boundary condition at

the top and a Clayton-Engquist absorbing boundary condition at the edges (Clayton

& Engquist 1977).

The background stress (Te), or tectonic stress, is assumed constant over the

whole fault plane. The rupture area is then defined using elliptical patches derived

from the approach initially suggested by Vallée & Bouchon (2004). The geometry of

an elliptical patch is described by the position of its centre on the fault plane (xo,yo),

the length of its semi-major (a) and semi-minor (b) axes and the dip of the semi-

major axis relative to the free-surface (φ). During the dynamic inversions carried

out in this study, we use two ellipses to define the rupture area, chosen according to

the results of Twardzik et al. (2012). We assume that the upper yield stress inside

each patch follows an elliptical distribution:

Tu(x, y) = Tumax

(
1− (

x2

a2
+
y2

b2
)

)
, (4.4)

where Tumax is the maximum upper yield stress located at the centre of the ellipse.

It aims to mimic the concept introduced by Das & Kostrov (1983) in which the edge

of a patch is weaker than its centre. Finally, in order to trigger the rupture, we use

a small patch of radius (Rasp) and stress (Tasp), located at the hypocenter.

The description of the geometry of the rupture area requires 10 parameters to

be determined (5 for each ellipse). The stress conditions on the fault plane are

described using 2 values for the maximum upper yield stress (one for each ellipse),

one value for the tectonic stress, the radius and stress of the triggering asperity and

the slip-weakening distance of the friction law. This leads to a total of 16 parameters

to be inverted for (see Figure 4.2).

To avoid sampling non-realistic models by the NA-algorithm, we invert for the

parameter S instead of Tumax. S represents the ratio between the strength of the

elliptical patch and the tectonic stress and was introduced by Andrews (1976) and
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Figure 4.2: (left): Initial conditions before the spontaneous rupture propagation.
(right): Rupture area in the case of one ellipse. Each parameter used during the
inversion is schematically represented.

Das & Aki (1977a). It is defined by the following expression:

S = (Tu − Te)/Te which can be rewritten as:

Tu = (1 + S)Te.
(4.5)

Because we force S>0 during the inversion, it guarantees that the distribution of

Tu inside one ellipse is always greater than or equal to Te. For the same reason, to

make sure that Tasp is always above the upper yield stress and thus ensure that the

rupture is ready to propagate in all cases, we invert for a factor α, which is defined

as:

Tasp = αTumax. (4.6)

Ruiz & Madariaga (2011), using strong motion data of the 2007, Mw6.7, Michilla,

Chile, earthquake demonstrated that dynamic inversion of seismic data alone cannot

distinguish between the asperity model (Kanamori & Stewart 1978) and the barrier

model (Das & Aki 1977b). We have therefore arbitrarily adopted a barrier model

during the inversions (i.e. the yield stress outside the rupture area (Tout) is assumed

to be positive and very large so that the rupture stops propagating because the

friction becomes too large to overcome). In our inversion, Tout is set to be 10 times

the largest value of Tumax.

The AXITRA algorithm developed by Cotton & Coutant (1997) is used to cal-
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culate the Green’s functions. It combines the discrete wavenumber decomposition

of Bouchon (1981) and the reflectivity method of Kennett & Kerry (1979).

4.5 Rupture History of the Parkfield Earthquake

from Dynamic Inversion

In order to test our dynamic inversion method, we have performed two synthetic

tests presented in Appendix A3. They show that it is possible to retrieve a reliable

rupture history from artificial “noise-free” displacement records, but they also show

that solutions are non-unique. With that in mind, we carry out a full dynamic

inversion (i.e. the geometry of the rupture zone and the stress conditions on the

fault) for the rupture process of the Parkfield, California, earthquake of September

28, 2004. Using the elliptical sub-fault approximation, we aim to obtain the robust

features of the rupture process, whilst ensuring that it is dynamically correct.

The inversion of the 3-component displacement seismograms reaches a misfit

value of 0.29, which is within the same range of the misfits obtained by Twardzik

et al. (2012) by kinematic inversion. The comparison between the calculated and the

observed waveforms (Figure 4.3) shows that the main pulses are fitted in amplitude

and phase for almost every trace. However, we do not fit well the later part of

the signal. As previously argued, it is likely that this portion of the waveforms is

affected by waves from the fault zone. Because we do not attempt to model these

kind of waves, this could explain the mismatch with observation for this part of the

signal.

We also observe a better fit for stations located on the north-east side of the

fault compared to those on the south-west side. This is because there is a strong

contrast in the velocity structure between the two sides of the San Andreas Fault at

the Parkfield area (Thurber et al. 2006). The current version of the finite-difference

scheme only works for a 1-D velocity structure and because more stations (6 out of
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Figure 4.3: Comparison between the observed displacements of the 2004 Parkfield
earthquake (blue traces) and the calculated displacements from the lowest misfit
model obtained by the non-linear full-dynamic inversion (red traces).

10) are located on the north-east side of the fault, we have chosen to use the velocity

structure associated with the north-east side of the fault.

The initial distribution of stresses and the distribution of slip and the rupture

isochrones for the lowest misfit model obtained by the dynamic inversion are shown

on Figure 4.4. The rupture essentially breaks one major ellipse elongated in the

strike direction. There is also a second ellipse with smaller slip amplitude close to

the hypocenter. The final seismic moment of the rupture model is 1.18 × 1018 Nm,

which is ∼4% larger than the CMT value. The average rupture speed, calculated

from the time needed for the rupture to reach the north-eastern end of the fault

plane, is approximately 2.80 km/s.

From snapshots of the slip-rate (see Figure A3.7 in Appendix A3), we observe

that the rupture is finished after 7.75 s, clearly below the 11.2 s that we are using

for the simulations. We also observe that the rupture of the hypocentral ellipse is

faster than that of the main ellipse (about 3.8 km/s, which is 10% higher than the

shear-wave speed at that depth). It is also important to note that the entire process

does not exhibit much variation in rupture speed so that the rupture occurs at more

63



Figure 4.4: (top-left): Initial stress conditions prior to the propagation of the rup-
ture. The whole fault is under tectonic stress and the initial asperity needed to
trigger the rupture is located at the hypocenter. (top-right): Rupture area defined
by spatial variation of the upper yield stress. (bottom-left): Final slip distribu-
tion. (bottom-right): Distribution of the rupture isochrones. In all figures the star
represents the location of the hypocenter.

or less constant speed within each ellipse.

It is interesting to note that this rupture history is similar to the rupture model

obtained from Kinematic Inversion 1 of Twardzik et al. (2012) and when we compare

the calculated waveforms from the kinematic rupture model and those from the

dynamic rupture model, there is almost no difference (see Figure A3.8 in Appendix

A3). Using the waveforms of the 2004 Parkfield earthquake, we have therefore

reached independently two similar rupture processes, one from kinematic inversion,

the other from dynamic inversion,with the two producing almost identical ground

displacements.

4.6 Investigation of the Dynamic Parameter Space

To assess the conditions under which a model can reasonably fit the observed wave-

forms, we show the Marginal Probability Density Function (M-PDF) for the 6 dy-

namic parameters obtained by the inversion (see Figure 4.5).
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Figure 4.5: M-PDF for the 6 dynamic parameters used during the dynamic inversion.
The red line shows the value towards which the NA-algorithm converged.

One of the features of the rupture model is that the two ellipses have different

strengths. The small ellipse at the hypocenter is “weak” (S1 ∼0.08 or Tu1 ∼4.5

MPa), while the major ellipse has a larger value of S (S2 ∼0.7 or Tu2 ∼6.8 MPa)

and is therefore relatively “strong”. The difference between the two is manifested

by the different rupture speed observed for each ellipse. As already mentioned,

the main asperity has a rupture speed of 2.8 km/s, whereas, the small hypocentral

asperity ruptures much faster (at about 3.8 km/s).

In terms of stress-drop (Te), the NA-algorithm converges towards a value of 4.2

MPa. When compared to the values obtained from forward dynamic modelling of

the 2004 Parkfield earthquake performed by Ma et al. (2008), we get an average

value of their stress-drop model. Indeed they have the hypocentral area that has a

stress drop of ∼10 MPa, while the remaining part of the fault plane has a stress-drop

of ∼2 MPa.

The slip-weakening distance for the lowest misfit model is 0.17 m. This value

is in agreement with the one used by Ma et al. (2008) for their dynamic modelling

of the Parkfield earthquake (0.15 m). The calculated energy release rate for the

hypocentral ellipse is 3.8 × 105 Jm−2 and that for the main ellipse is 5.8 × 105

Jm−2. Once again, it is in good agreement with the dynamic modelling of Ma et al.

(2008). It is also in agreement with the data from laboratory experiments and the

compilation of seismological estimates of Nielsen et al. (2013).

Figure 4.6 shows stress as a function of slip at each time step, taken at different
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points on the fault plane, which gives the resolution on the friction law at each of

these locations. We can see that it is not uniform. It is very well resolved near the

hypocenter (point 1 to 3) but less well resolved as we progress inside the ellipse (point

4 to 9). It then regains resolution near the tip of the ellipse (point 10). However,

we see that even in the worst case (point 8), we have 3 points to resolve the friction

law. These differences in resolution can be explained by the decrease of the cohesive

zone as the crack grows (Andrews 1976). A better resolution of the cohesive zone

can be achieved by using a finer spatial and temporal grid size (see for instance the

recent study of Bizarri & Das 2012), but the increase of the computational resources

necessary to do that, makes this beyond the scope of this study.
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Figure 4.6: Slip-weakening friction law taken at different locations on the fault plane.
The location of all the points are shown on the slip distribution on the bottom-right
corner of the figure.

We also compute the value of κ for each ellipse. κ is a non-dimensional param-

eter introduced by Madariaga & Olsen (2000). It expresses the ratio between the

available strain energy and the energy release rate:

κ = (T 2
e L)/(µTuDc), (4.7)
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where µ is the average shear modulus of the medium, L a characteristic length that

we take as the length of the semi-minor axis of the ellipse and all others parameters

have been described earlier. As explained by Madariaga & Olsen (2000), this param-

eter controls the characteristics of the rupture process. It defines a bifurcation at a

critical value (κc). If κ < κc, the rupture does not grow outside the initial asperity

and if κ > κc, the rupture propagates at increasing speed with κ. Madariaga et al.

(1998) estimated κc to be about 0.6 for a 2D circular crack.

In this study, we obtain κ1 ∼1.96 for the hypocentral ellipse and κ2 ∼ 1.40

for the major ellipse. The value of κ2 is very similar to the values obtained by

others (e.g. 1.35-1.45 found by Ruiz & Madariaga (2013) in their study of the Iwate

earthquake). The value of κ1, on the other hand, is quite large. Madariaga & Olsen

(2000) suggested that large value of κ are associated with super-shear rupture speed.

Ruiz & Madariaga (2013) have observed super-shear rupture for κ ∼ 2.06. In our

case, κ ∼ 1.96 seems large enough to trigger a super-shear rupture. The link between

κ and the rupture speed will be studied in more detail in the following section.

We have also calculated Rc, which is the minimum rupture patch necessary for

the rupture to grow. Because we use a circular initial asperity to trigger the rupture,

we determine Rc using the expression derived by Day (1982):

Rc =
7π

24

Tuµ

T 2
e

Dc, (4.8)

where Tu refers this time to the strength of the initial asperity (Ta). The rupture

model obtained by the inversion has an Rc of 1.7 km, giving a ratio Rc/Ra of about

1.25. The inversion has therefore converged towards a size for the initial asperity that

is appropriate relative to its strength. Andrews (1976) and Das & Aki (1977a) have

investigated the relationship existing between the ratio Rc/Ra and the parameter S

and how it reflects the rupture speed. In our case, depending on the ellipse, we are

in the sub-shear or super-shear domain. Further investigations on this topic will be
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done in the following section.

In addition to S, we have defined two other non-dimensional parameters that

control the behaviour of the rupture. To investigate the inter-relationship between

these parameters, we project all of the models sampled by the NA-algorithm onto a

3-D space defined by the three non-dimensional parameters S, κ and Rc/Ra. Figure

4.7(a) shows the 3-D view as well as the three cross-sections associated with Ellipse

1 (i.e. the one that will converge as the hypocentral ellipse) and Figure 4.7(b)

represents Ellipse 2 (i.e. the one that will converge as the main ellipse). On both

figures, we show the lowest misfit models (ε ≤0.35, hereafter referred to as LMMs)

with larger dots.

Figure 4.7(a,b) shows that at the scale of the whole parameter space, we can say

that the LMMs are concentrated within a specific region. This region defines there-

fore an optimum area within which all models fit the data relatively well compared

to models outside it. However, the variation of the non-dimensional parameters

within that region are significant and the LMMs do not pin point a single particular

model. This is a clear illustration of the non-uniqueness of the dynamic inversion. A

good fit of the data is associated with a large family of models rather than one model

in particular. The Monte-Carlo exploration carried out in the next section will give

further insight into the common features of that family of good fitting models.

Examination of these figures also highlights that some trade-off that exists be-

tween the different parameters. For instance, we observe a clear trade-off between

Rc/Ra and κ on both Figure 4.7(a) and Figure 4.7(b). Thus, when κ increases,

Rc/Ra decreases and conversely.

We also observe that some regions of the plane (κ,S) are practically not sampled

by the NA-algorithm (large S and large κ for Ellipse 1 and low S and large κ for

Ellipse 2). The NA-algorithm has therefore rapidly identified these zones as non-

favourable for a satisfactory fit to the data.

If we take the LMMs with the lowest ratio Rc/Ra (∼0.6), we can make a compar-
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ison with the results of Das & Aki (1977a). According to Das & Aki (1977a), these

LMMs are located in a region where the rupture speed is supposed to between 3
4
cr

and cr (cr being the Rayleigh wave speed). With the rough approximation that cr ∼

0.9vs (vs being the shear-wave speed), we obtain a rupture speed for the main ellipse

of about 3.0 km/s, in agreement with what we observe for the model obtained by

the inversion. Because Das & Aki (1977a) only applied for Rc/Ra less than 1.0, it is

difficult to assess if this can be applied for LMMs with large Rc/Ra. For this reason,

we do not attempt this calculation for the first ellipse. Although it is a convincing

result, it only relates to specific models (low Rc/Ra). Further investigations on this

issue will be conducted in the next section for a larger range of models.

The dynamic inversion of the displacement records has converged toward a model

that is compatible with the results obtained from kinematic inversions. It is inter-

esting to note that the independent convergence of the two approaches toward a

similar rupture model emphasises the robustness of the determined rupture source

process. The investigation of the parameter space shows the non-uniqueness of the

dynamic inversion. In order to further investigate this issue, we decided to perform

a Monte-Carlo (MC) exploration of the parameter space fixing the geometry of the

rupture area to focus only on the dynamic parameters.

4.7 Fixed-Geometry Dynamic Exploration (FGDE)

Performing a fixed-geometry dynamic exploration (henceforth abbreviated as FGDE)

allows a broad investigation of the entire parameter space thanks to the lowering

of the number of parameter from 16 to 6 parameters: S1, S2, Te, α, Ra and Dc.

This exploration helps to assess the uncertainties associated with the dynamic in-

version due to the non-uniqueness of the inverse problem solution. This is done by

investigating a large range of different rupture models and analysing under which

conditions it can and cannot successfully fit the data.
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Figure 4.7: (right-side): Projection of all models sampled by the NA-algorithm onto
the 3-D space defined by S, κ and Rc/Ra. (left-side): Three cross-section of the
3-D space: the plane (S,κ) (top-left); the plane (S,Rc/Ra) (top-right); the plane
(κ,Rc/Ra) (bottom-middle). In each figure, the dots are colour-coded according
the value of the misfit. Large dots are used to represent the lowest misfit models
(ε ≤0.35). The top four figures (a) are associated to the Hypocentral Ellipse or
Ellipse 1. The bottom four figures (b) are associated to the Main Ellipse or Ellipse
2.

In this section, we use two geometries. One is the geometry taken from the

dynamic inversion and the other one is taken from the preferred kinematic rupture

model of Twardzik et al. (2012).
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Geometry obtained from Dynamic Inversion:

In this case, we use the geometry that we have obtained from the dynamic inversion,

and we explore the dynamic parameter space within the range of values defined by

Table 4.1.

Parameters: S1 S2 Te (MPa) α Ra (km) Dc (m)
Lower end 0.00 0.00 0.50 1.10 1.25 0.10
Upper end 1.00 1.00 20.00 1.20 2.50 2.00
Optimal values (MC) 0.98 0.49 5.76 1.17 1.57 0.30
Optimal values (Inv) 0.08 0.62 4.16 1.13 1.33 0.17

Table 4.1: Range of values explored by Monte-Carlo method for the 6 dynamic
parameters and the optimal value associated to the lowest misfit model sampled
during the process.

Table 4.1 shows that the exploration finds a different set of optimal values. The

value of the misfit associated with the MC exploration is slightly higher than the one

reached by the Inversion (0.30 instead of 0.29), probably because the region around

the lowest misfit model is less densely sampled compared to the Inversion. Figure

4.8 shows the comparison between the observed and the calculated displacement

records and we observe that the calculated waveforms for that rupture model are

almost identical to the calculated waveforms associated with the lowest misfit model

obtained by inversion. This rupture model is therefore an equally plausible rupture

process for the Parkfield earthquake.

When we look at the details of the rupture process (Figure 4.9), we observe

some differences with the rupture process obtained by inversion (see Figure 4.4 for

comparison). First, it does not rupture the hypocentral ellipse, due to the drastic

change of the strength of the asperity (S1 ∼0.98 instead of S1 ∼0.08). It therefore

indicates that this patch might not be reliable since it does not significantly affect the

calculated waveforms. The final seismic moment is higher than the rupture model

obtained by the inversion (1.42 × 1018 Nm instead of 1.18 × 1018 Nm). Finally, the

average rupture speed of the main asperity is higher (3.28 km/s), but still below the

shear wave speed of the medium at the depth of the rupture.
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Figure 4.8: Comparison between the observed displacements (blue traces) and the
calculated displacements obtained for the best model identified by the Monte-Carlo
exploration (red traces). Compared with Figure 4.3, we observe that the fit is almost
equal to the one observed for the model obtained by the full dynamic inversion.

Figure 4.9: (top-left): Initial stress conditions prior the propagation of the rupture.
The whole fault is under the tectonic stress and an initial asperity needed to trigger
the rupture is located at the hypocenter. (top-right): Rupture area defined by spatial
variation of the upper yield stress. (bottom-left): Final slip distribution. (bottom-
right): Distribution of the rupture isochrones. In all figures the star represents the
location of the hypocenter.

In order to track the behaviour of the rupture process for each model tested dur-

ing the exploration, we have made a record of the seismic moment and the average

rupture speed for each model. To determine the latter, we use a fixed-point located
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20.75 km north-west of the hypocenter and 7.26 km deep and we use the time at

which this point starts to rupture. We do not do this for the hypocentral ellipse due

to its unreliability, as mentioned previously.

Figure 4.10(a) shows the models sampled during the MC exploration projected

onto the 3-D parameter space defined by the three non-dimensional parameters de-

scribed earlier. The dots are colour-coded according to the average rupture speed.

In order not to overload the figures, we do not display the models with infinite rup-

ture speed (i.e. the models for which the rupture time of the fixed-point is zero). We

observe a highly structured parameter space when we look at it in terms of rupture

speed. Amongst other things, we observe that if S .0.16, there is no critical value

for κ and the rupture always occurs at low rupture speeds (. 2.0 km/s). If S &

0.16, we observe a critical value of κ, below which the rupture does not propagate

over the entire asperity, and this value increases with S, going from ∼0.5 to ∼ 0.9.

We also observe that for Rc/Ra . 0.8, all of the ruptures propagate at super-shear

rupture speed regardless of the value of S. Above that, the parameter space exhibits

a transition sub-shear/super-shear structured in the same way as Andrews (1976)

and Das & Aki (1977a) have observed. The relationship between κ and Rc/Ra is a

complex. We see that when κ is about 1.7, we have some kind of a “growth”. This

occurs almost right after the first transition between sub-shear/super-shear around

κ = 0.90 and Rc/Ra = 1.50. Once we cross that limit, we fall again into a zone of

sub-shear rupture speed at the level of the “excrescence”, before penetrating again

into a region of super-shear rupture speed when Rc/Ra . 0.80.

In Figure 4.10(b), the models are colour-coded according to the seismic moment.

This time, we observe almost no structure in the parameter space. We only see that

if S . 0.16, κ . 0.55 and Rc/Ra & 2.0, we always have a rupture model that ends

up with a low seismic moment (. 1×1018 Nm).

The FGDE using the geometry obtained by dynamic inversion shows that one
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Figure 4.10: (right-side): Projection of all models sampled by the MC exploration
onto the 3-D space defined by S, κ and Rc/Ra. (left-side): Three cross-sections of
the 3-D space: the plane (S,κ) (top-left); the plane (S,Rc/Ra) (top-right); the plane
(κ,Rc/Ra) (bottom-middle). In the top four figures (a), the dots are colour-coded
according to the value of the average rupture speed, while in the bottom four figures
(b), the dots are colour-coded according to the value of the seismic moment. Larger
dots are used to represent the lowest misfit models (ε ≤0.35).

of the important factor that control the fit is the rupture speed. It also shows

that this characteristic of the rupture process is strongly controlled by the set of

dynamic parameters, while the seismic moment exhibits almost no structure within

the parameter space.
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Geometry obtained from Kinematic Inversion 6 by Twardzik

et al. (2012):

For this case, we use the geometry of the kinematic rupture model obtained from

Inversion 6 by Twardzik et al. (2012). This is an important case to study because it

evaluates the dynamic feasibility of the kinematic model. The aim is to find stress

conditions that can reproduce a similar rupture scenario to the one obtained by

kinematic inversion. That a kinematic model is dynamically plausible or not would

therefore become a criteria that will help to reduce the non-uniqueness associated

with kinematic inversion.

The rupture geometry consists of two separate ellipses. The first one is circular

and located a little below the hypocenter of about 3.2 km radius. The second one

is located about 20 km north-east of the hypocenter and has a more elliptical shape

with a major semi-axis of 6 km and a minor semi-axis 2 km. The particularity of this

model is that it contains a jump in the rupture process from the hypocentral ellipse to

the second ellipse. With the MC exploration, we explore the stress conditions under

which there is a jump in the rupture process and see if it can fit the displacement

records of the Parkfield earthquake.

The MC exploration has found a lowest misfit model with a misfit value of 0.67.

Although the rupture jumps from one ellipse to the other during its propagation,

the value of the misfit is clearly higher than for the kinematic rupture model of

Twardzik et al. (2012) (0.26) and than for the dynamic rupture model (0.29). A

comparison between the kinematic rupture model and the dynamic rupture model

as well as a comparison between the observed and calculated waveforms for the

dynamic rupture model can be found in Appendix A3, Figure A3.9 and Figure

A3.10 respectively. It seems that in the case of the Parkfield earthquake, a jump in

the rupture process is not compatible with the observed ground motion data. The

elliptical sub-fault approximation is however well suited to get the robust features

of a given rupture source process (i.e. the area(s) where most of the energy is
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released), it could therefore be that the two ellipses are not entirely disconnected

and that some ruptures could have occurred in between.

In order to investigate that possibility we have adopted a new way to describe

the rupture area that uses b-spline curves. By connecting together several b-splines,

we construct a closed curve that smoothly merge the two ellipses. Let us define n

control points (Pn), with coordinates (xn,yn). Then, each b-spline (si) is determined

using four control points (Pi, ..., Pi+3), with coordinates (xi, yi),...,(xi+3, yi+3). Each

si has the following equation:

xi(t) = 1
6

[Axi +Bxi+1 + Cxi+2 +Dxi+3] ,

yi(t) = 1
6

[Ayi +Byi+1 + Cyi+2 +Dyi+3] ;

for 0 ≤ t ≤ 1 and with :

A = (1− t)3,

B = (3t3 − 6t2 + 4),

C = (−3t3 + 3t2 + 3t+ 1),

D = t3.

(4.9)

If we then loop over all the control points, we can close the curve and define the

rupture area. Figure 4.11a shows the configuration of the control point that we

use during the inversion of the dynamic parameters. Once we have defined the

outline of the rupture area, to determine if a point on the fault plane is within

the polygon defined by the b-spline curve, we use the winding point algorithm of

Alciatore & Miranda (1995). Using this technique, we have contoured the kinematic
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slip distribution and link the two ellipses with a narrow strip (Figure 4.11b).

Figure 4.11: (a): A close b-spline curve obtained using 12 control points. (b):
Determination of the rupture area using the winding point algorithm of Alciatore &
Miranda (1995).

The inversion reaches a misfit value of 0.35, which is more compatible with the

previous results obtained from kinematic or dynamic inversions. We can see on

Figure 4.12 that despite the difference of misfit between the dynamic rupture model

obtained by the full dynamic inversion and the dynamic rupture model obtained from

the fixed-geometry dynamic inversion, there are not significant differences in the

calculated waveforms. This illustrates once again the high non-uniqueness associated

with dynamic inversion. We also note that we have fixed the spatial geometry of the

connection between the two ellipses using a trial-and-error approach. There could

therefore be a more appropriate geometry of the b-spline curve that might further

reduce the value of the misfit. When we look at the obtained dynamic rupture

process (Figure 4.13), we observe that it reproduces well the kinematic rupture

model. Its average rupture speed is however higher than for the kinematic rupture

model (3.3 km/s instead of 2.7 km/s) and its seismic moment is also higher (1.6 ×

1018 Nm instead of 1.1 × 1018 Nm) , which could be explained by the addition of

the connection between the two ellipses.
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Figure 4.12: Comparison between the observed displacements (blue traces) and the
calculated displacements obtained for the lowest misfit model from the dynamic
inversion with the geometry of the rupture area defined using b-spline curve (red
traces). Compared with Figure 4.3, we observe that the fit is almost equal to the
one observed for the model obtained by the full dynamic inversion, although the
amplitudes for EW-component records are slightly large in this case.
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Figure 4.13: Comparison between the kinematic rupture model of Inversion 6 in
Twardzik et al. (2012) and the dynamic rupture model obtained from a dynamic
inversion with fixed-geometry that is described using b-spline curve. k(a) shows the
final slip distribution of the kinematic rupture model and k(b) shows the distribu-
tion of the isochrones of the kinematic rupture model. d(a) shows the final slip
distribution of the dynamic rupture model and d(b) shows the distribution of the
isochrones for the dynamic rupture model.
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The final values of the dynamic parameters are similar to what we have obtained

in the previous cases (see Table 4.2). We believe that the addition of the connection

has allowed the inversion to access the optimal region of the parameter-space, a

region in which the rupture models have an average rupture speed and a final seis-

mic moment that is likely to match with the plausible rupture process of the 2004

Parkfield earthquake. Table 4.2 is also interesting because it shows a sample of the

variability that we get for each inverted parameters, each set producing a rupture

model that fits the data almost equally well compared with the others.

Parameters: S1 S2 Te (MPa) α Ra (km) Dc (m)
Dyn. Inv. 0.08 0.62 4.16 1.13 1.33 0.17
MC Exp. 0.98 0.49 5.76 1.17 1.57 0.30
FGDI of Kin. Mod. 0.49 0.10 4.60 0.90 1.25 0.32

Table 4.2: Comparison between the optimal values that are obtained from the differ-
ent dynamic inversion that we have been performed in this study. Dyn. Inv. refers
to the full dynamic inversion. MC Exp. refers to the Monte-Carlo exploration done
using the geometry of the rupture area from the results of the full dynamic inver-
sion. FGDI of Kin. Mod. refers to the results from the Fixed-Geometry Dynamic
Inversion that uses the geometry of the rupture area from the results of Kinematic
Inversion 6 of Twardzik et al. (2012) and with a connection between the two ellipses
created using a b-spline curve. Note that in this case, the bridge between the two
ellipses has its own value of S that is 0.40.

This example shows that the preferred kinematic model of Twardzik et al. (2012)

is not dynamically correct in its original geometry. Indeed, the different sets of

dynamic parameters that can reproduce a jump of the rupture process cannot fit

the data reasonably well at the same time. Once we add a connection between the

two ellipses, we are able to find a set of dynamic parameters that can reproduce the

kinematic rupture model as well as fit the data. Because of the low slip amplitude

in the area in between the two asperities, it is likely that the kinematic inversion

avoided it in order to focus only on the main areas of moment release.
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4.8 Conclusions

We have performed a full dynamic inversion for the rupture process of the Septem-

ber 28, 2004, Parkfield, California, earthquake using a method in which stress and

frictional properties on the fault are described using elliptical patches. The final

rupture model is essentially described by one ellipse of 4 km wide and elongated in

the strike direction. The rupture occurs at more or less constant speed of 2.8 km/s

and the final seismic moment is 1.18 × 1018 Nm. The ratio of strain to fracture

energy (κ) for this earthquake is 1.40, in agreement with other studies, which in-

dicates a rupture process occurring at sub-shear rupture speed. The stress drop of

this earthquake is about 4 MPa with a ratio between strength and stress drop (S)

is about 0.7. We have also calculated the ratio Rc/Ra that is 1.25. To investigate

the variability of plausible models, we have explored the dynamic parameter-space,

fixing the geometry of the rupture area from the results of the inversion, using a

Monte-Carlo method. In order to visualise the entire parameter-space, we reduced

it to a 3-D space defined by κ, S and Rc/Ra. We observe that the rupture models

are distributed inside this space depending on their rupture speed and final seismic

moment. There exists therefore an optimal region in which the specific combination

of κ, S and Rc/Ra produces rupture models that match the data relatively well.

It shows that there is not a unique solution and that, at fixed-geometry, there is a

range of combinations of κ, S and Rc/Ra that can produce a rupture history that

seem to be plausible to explain the rupture process of the 2004 Parkfield earthquake.

Using the fixed-geometry approach, we concluded that the kinematic rupture model

may not be dynamically correct in its original form, i.e. that by keeping the ge-

ometry of the ellipses obtained from the kinematic inversion unchanged, we could

not find a set of dynamic parameters that reproduced the kinematic rupture model

while fitting the data. Using the b-splines method to define the rupture area, we

were able to overcome this issue with the addition of a secondary feature that is a

connection between the two disconnected ellipses of the kinematic rupture model.
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This has made possible the reproduction of the general features of the kinematic

rupture model while fitting reasonably well the data at the same time. It is indeed

important that the kinematic model can be converted into a dynamically correct

rupture model to prove its likelihood.
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Chapter 5

Stress Transfer History of the

2010-2011 New-Zealand

Earthquake Sequence and its

Implication for the Alpine Fault

5.1 Introduction

New-Zealand lies on the Indo-Australia-Pacific plate boundary. North-east of North

Island, the Pacific plate subducts under the Australian plate at a rate of ∼35 mm/yr

(DeMets et al. 2010). South-west of South Island, the polarity of subduction is re-

versed and the Australian plate subducts beneath the Pacific Plate along the Puy-

segur trench. Separating these subduction zones and through the South Island,

transpressional plate motion is accommodated as right-lateral strike-slip along the

Alpine Fault (Figure 5.1). It is well established that at the plate boundaries, there

is an equilibrium reached over < 1000 years between the rates at which strain is ac-

cumulated and released during earthquakes (Calais & Stein 2009). However, away

from the plate boundary, in the plate interior, this steady-state may not be appli-

cable. Assessing the seismic hazards in such area might therefore be challenging.

Indeed, Bouchon et al. (2013) have shown that a precursory phase observed prior to

large interplate earthquakes is much less frequent for intraplate earthquakes.
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Figure 5.1: Plate configuration of New-Zealand. The red arrow indicates the plate
motion vector of the Pacific plate relative to the Indo-Australian plate (DeMets
et al. 2010), and the red triangles mark the location of the two cities after which
the major earthquakes of the 2010-2011 sequence are named.

England & Jackson (2011) have counted 100 earthquakes that have occurred

within the continental interior over the past 120 years, causing 1,400,000 deaths. The

threat associated with these earthquakes are thus considerable. In order to improve

our knowledge of the seismic hazard associated with those kind of earthquakes, we

focus our study on the sequence of earthquakes that occurred in the South Island

of New-Zealand from the end of 2010 until early 2012.

On September 3rd, 2010, a Mw7.0 earthquake occurred near the town of Darfield

(population ∼1400), located at about ∼150km east of the Alpine Fault, in the

Canterbury Plains, South Island, New Zealand. It was followed five and half months
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later, on February 21st, 2011, by a Mw6.1 near the city of Christchurch (population∼

370,000), located ∼50km east of Darfield. Although smaller in magnitude, it caused

considerably more damage and resulted in >180 casualties. A third earthquake of

Mw6.0 occurred on June 13th, 2011 in close proximity to the February 21st, 2011

earthquake. Approximately 6 months later, on December 23rd, 2012, a swarm of

earthquakes started off-shore Christchurch, with several earthquakes above Mw5.0,

terminating the 2010-2011 New-Zealand earthquakes sequence.

This sequence documents a progressive migration of the seismicity from the re-

gion near the Alpine fault toward Darfield, toward Christchurch and finally offshore

east of South Island. Many studies have demonstrated how the static stress changes

caused by the occurrence of moderate to large earthquakes appear to modulate the

location of future earthquakes (e.g. Das & Scholz (1981); Harris (1998); Stein (1999);

Toda et al. (2012)). Using seismic activity as a proxy of stress, we investigate the

stress release history of the surrounding region of the Darfield and Christchurch

earthquakes.

5.2 Earthquake Catalogue

The first catalogue that we use contains earthquake hypocenter reported by the

GeoNet project, sponsored by the Earthquake Commission (EQC), GNS Science and

Land Information New Zealand (LINZ). In a rectangular region: [171.12-173.12◦E;

44.50-42.50◦S], GeoNet reports a total of 33,526 earthquakes between 1844 to Septem-

ber 2012. The advantages of this catalogue is that it has a consistent magnitude-type

for all earthquakes as well as a low magnitude of completeness (ML2.5). Earthquakes

with ML <2.5 are not considered in this study.

We also use earthquakes from the International Seismological Centre (ISC). This

catalogue has a total of 9,821 earthquakes reported in the same area of interest be-

tween January 1964 and September 2013, with most of the earthquakes already

85



reported by the GeoNet catalogue. However, the ISC catalogue has the advantage

of including worldwide recorded phase arrival-time, which can be used to attempt

earthquakes relocation. In order maintain the consistency in magnitude-type be-

tween the two catalogues, we use the magnitude reported by the GeoNet project for

earthquakes reported by ISC.

For the relocation, we only use P-waves recorded at stations located at a distance

≤100◦. All other phases are excluded. This is motivated by the fact that phases

other than P-waves are potentially not reliably reported by the ISC (e.g. Schöffel &

Das 1999; Hurukawa et al. 2012).

5.3 Joint Hypocenter Determination (JHD)

The determination of hypocenter locations is based on arrival times of seismic waves

(ti), recorded at N stations (N ≥ 4) of spatial coordinates (φi,λi). ti can be ex-

pressed as non-linear functions of the stations coordinates, the seismic velocity struc-

ture of the Earth, and the focal parameters of the earthquake that are its spatial

location (φ0,λ0), its depth (h) and its origin time (t0). From an initial solution of

the earthquake focal parameters (φ′0,λ′0,h′,t′0) and assuming that this solution is near

enough to the true solution, the set of N equations can be linearised using a Taylor

expansion:

ti = t′i + δt+
∂ti
∂φ

δφ+
∂ti
∂λ

δλ+
∂ti
∂h
δh; (5.1)

t′i being the theoretical arrival-times calculated at each stations i (= 1, ..., N) from

the initial solution. We can express in matrix form the differences between observed

and theoretical arrival times (ri = ti - t′i) at each station (i = 1, ..., N):

ri = Aijδxj. (5.2)
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i refers to the number of stations (i.e. i = 1, ..., N) and j refers to the 4 focal

parameters. The matrix Aij is therefore composed of the partial derivative of the

travel-time at each station i with respect to the j-th focal parameter (see Equation

5.1). rj can be then minimised by progressively adjusting the focal parameters of

the initial solution.

However, the problem is frequently not well conditioned. This is often caused by

real travel-time anomalies resulting from structures not present in simplified models

of Earth’s velocity structure. It is possible to overcome this issue by introducing sta-

tions corrections that takes into account the travel-time anomalies. This is achieved

using the method of Joint Hypocenter Determination (JHD), initially proposed by

Douglas (1967) and developed by Dewey (1971), which consists of the simultaneous

determination of the focal parameters for a small set of M earthquakes, using the

arrival times observed at N stations, the same N stations for each of the M earth-

quakes. JHD needs one earthquake as a calibration earthquake for which we assume

that the focal parameters are known. In this case, the set of linearised equation

becomes:

rjk = Askjδxsk + δgj. (5.3)

The index j is used for the N stations, the index k is used for the M earthquakes

and the index s is used for the 4 focal parameters. Compared to Equation 5.2, there

is one additional term, δgj, which corresponds to the station corrections.

Once the stations corrections are calculated for the small set of M earthquakes,

they can be used to relocate all other earthquakes found in the vicinity. JHD

operates optimally for earthquakes relatively close to each other so that the stations

corrections are the same for all earthquakes, making this method suitable for our

study. To attempt the relocation of the 9,821 earthquakes reported by the ISC, we

use a set of 20 earthquakes to determine the stations corrections and we use the

Darfield earthquake hypocenter as the calibration earthquake.

Using that approach, we have relocated 5,750 earthquakes (59 % of the whole
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ISC catalogue). From the relocated earthquakes, 5,269 have their semi-major axis

of their 90% error ellipse ≤30 km (∼92% of the relocated earthquakes). 4,976 have

their semi-major axis of their 90% error ellipse ≤20 km (∼87% of the relocated

earthquakes). 2,901 have their semi-major axis of their 90% error ellipse ≤10 km

(∼50% of the relocated earthquakes). 81 have their semi-major axis of their 90%

error ellipse ≤5 km (∼1% of the relocated earthquakes). We therefore consider an

earthquake to be ’reliably relocated’ when its semi-major axis of its 90% error ellipse

is <20 km.

5.4 Seismicity Prior the Darfield Earthquake

Figure 5.2 shows the reliably relocated earthquakes (open circles). We also show

the density of earthquakes (i.e. the number of earthquake per km2) calculated from

the non-relocated earthquakes using the location reported by GeoNet. One striking

feature is the almost complete lack of seismic activity in a region that spreads over

the whole Canterbury Plains.

Studies on subduction zones have demonstrated that episodes of low seismic ac-

tivity could be indicative of the imminent occurrence of a large earthquake (Fedotov

1965; Mogi 1969; Kanamori 181; Mogi 1990). For this model to be valid, it would re-

quire observations of an intense period of seismic activity prior to the quiet episode.

Also, unlike a context of subduction, it is difficult to assess the relevance of a low

seismic activity simply because we did not know where the hazards (e.g. faults) were

located prior the occurrence of the Darfield earthquake (England & Jackson 2011).

Even if we knew, it remains difficult to assess the significance of a quiet episode and

its likelihood to lead to a major earthquake (see e.g. Wyss et al. 1996 and Rundle

et al. 2011 for a more detailed discussion).

When we look at the space-time distribution of earthquakes prior the September

2010 Darfield earthquake (Figure 5.3), there is no such pattern like the one described
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Figure 5.2: Seismic activity prior the Darfield earthquake (Jan. 1, 1964 to Sept. 2,
2010). The open circles show the reliably relocated earthquakes with size function
of their magnitude (ML). The background shows the density of earthquake (i.e. the
number of earthquake per km2). It is calculated from the non-relocated earthquakes
using the location reported by the GeoNet catalogue. It aims to show the seismic
activity. The fault traces are from the GeoNet project and are shown in grey.

for subduction zones. However, this distribution shows an interesting trend of the

seismic activity.

Between 1940 and 1950, all earthquakes are located ∼50 km away from the

epicentral area of the Darfield earthquake. After a period of low seismic activity

between 1950 and 1970, we observe an re-increase of the activity around 1970. We

also note that it has moved closer to the Darfield region (∼20 km away). From 1970,
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Figure 5.3: Space-time diagram of the seismicity (2.5≤ML) from 1940 to 2010 rela-
tive to the Darfield epicentre. Circles represent earthquakes reliably relocated, while
crosses represent non-relocated earthquakes. Large symbols are for earthquakes with
4.0≤ML, a threshold that corresponds to the magnitude of completeness in the time
period from 1940 to 2010. The black arrow shows the time of occurrence of the
September 2010, Darfield earthquake. The dashed line illustrates the hint of migra-
tion toward the Darfield epicentral area that we observe in the seismic activity.

the seismic activity progresses toward the future epicentre of the Darfield earthquake

(from about 20 km in 1970 to about 5 km away in 2010). This migration of the

seismicity toward Darfield could be indicative of a progressive stress transfer from

the plate boundary to the plate interior.

Because this behaviour is mostly observed with the non-relocated earthquakes,

it is difficult to assess its reliability. However, the implication that this could have

for seismic hazards motive further investigations in order to prove or disprove this

hypothesis.

5.5 Seismicity Following the Darfield Earthquake

We have decided to look at the seismic activity of the whole 2010-2011 sequence in

three distinct time periods. The first one (Period I) is from September 3rd, 2010

(day of the ML7.1 Darfield earthquake) to February 20th, 2011. The second one
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(Period II) is from February 21st, 2011 (day of the ML6.3 Christchurch earthquake)

to December 22nd, 2011. The third one (Period III) starts on December 23rd, 2011

(day of the beginning of the off-shore Christchurch swarm) and finishes at the end

of our catalogue (September 1st, 2013).

Period I:

Figure 5.4 shows the aftershock sequence of the Darfield earthquake. During this

earthquake, the rupture propagated ∼20 km to the west and ∼20 km to the east of

the epicentre, on generally east-west trending segmented faults. A line of aftershocks

trends north of the epicentre, in agreement with earlier studies (Gledhill et al. 2011).

A cluster of aftershocks is also seen near the eastern end of the rupture. Initial

studies suggest that the rupture may have initiated on a blind SW-NE trending

fault (Charing Cross thrust fault) and then jumped onto segments approximately

oriented east-west (Beavan et al. 2010). Only some of these individual segments are

seen in the surface rupture, so the aftershocks highlight the“blind faults” that were

activated during this earthquake (Sibson et al. 2011).

When we look at monthly snapshots of the seismic activity during Period I (see

Figure A4.1 in Appendix A4), we see that during the first month (Figure A4.1(a))

following the Darfield earthquake, the seismic activity spreads almost over the whole

northern region of the Canterbury Plains. In the following month (Figure A4.1(b)),

seismic activity dies down, except for one cluster of earthquakes at the eastern-

most end of the surface rupture of the Darfield earthquake, which lasted until the

beginning of February 2011 (Figure A4.1(b-c-d)). Interestingly, we also observe

in January 2011 a short-lived burst of earthquakes very close to the location of the

future February 21st, 2011, Christchurch earthquake (Figure A4.1(d-e)). It then dis-

appeared and there was no seismic activity observed in this region for the 3 weeks

prior to the Christchurch earthquake (Figure A4.1(f)). This is analogous to a “Mogi

doughnut” of “Type A” (Mogi 1969, 1990) in which the seismic activity in the focal
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Figure 5.4: Reliably relocated earthquakes from September 3rd, 2010 (day of the
Darfield earthquake) to February 21st (day before the Christchurch earthquake).
The time of occurrence of the earthquakes are colour-coded, according to the key.
The size of the symbols are scaled according to the local magnitude (see Figure 5.2
for key). The CMT mechanisms of earthquakes (only 3) in this period are shown.

region of the future earthquake is high but then becomes very quiet prior a large

earthquake, creating a seismic gap.

The Centroid Moment Tensor (CMT) solutions of all earthquakes in this time

period show that the Darfield earthquake had only two direct aftershocks large

enough to have a CMT solution, one at each end of the surface expression of the

fault. The one at the eastern end has the same strike-slip mechanism as the main

shock but the one at the western end is a thrust earthquake.

Period II:

Figure 5.5 shows the seismic activity following the ML6.3, Christchurch earthquake,

which is the major aftershock of the Darfield earthquake (Stramondo et al. 2011).

It occurred on February 21, 2011, at the eastern edge of the area delineated by the

Darfield aftershocks. In June 13, 2011, a second earthquake of ML6.4 occurred about

5-10 km north from the 1st Christchurch earthquake epicentre. The seismic activity
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associated to Period II is mostly limited to the eastern of the surface rupture of the

Darfield earthquake, but some seismic activity remains around the Darfield region.

Figure 5.5: Reliably relocated earthquakes from February 21, 2011 (day of the
Christchurch earthquake) to December 22nd (day before the beginning of the swarm
off-shore Christchurch city). The time of occurrence of the earthquakes are colour-
coded, according to the key. The size of the symbols are scaled according to the
local magnitude (see Figure 5.2 for key).

The snapshots of the seismic activity (see Figure A4.2 in Appendix A4) show

that during the first month following the Christchurch earthquake (Figure A4.2(a)),

all earthquakes focus within a narrow region of about 20 km radius around the ML6.3

Christchurch epicentre. The following months (Figure A4.2(b)), we observe that the

earthquakes align in a east-west trend and re-activate the cluster observed during

Period I at the easternmost end of the surface rupture of the Darfield earthquake.

This reactivation is reinforced by the occurrence of the June, 13, 2011 earthquake

(Figure A4.2(c)). During that time, two strike-slip earthquakes large enough to have

a CMT solution occurred. Li et al. 2012 suggest that the fault that ruptured during

the Christchurch earthquake (Port Hills Fault) and the main strike-slip segment

that ruptured during the Darfield earthquake (Greendale Fault) might be connected

along “blind faults”. By means of stress transfer along these faults, the cluster

east of the Greendale Fault could have been re-activated after the occurrence of the
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February 21, 2011 and the June 13, 2011, earthquakes. After July 2011 (Figure

A4.2(d-e-f)), the seismic activity of the whole region progressively shuts down and

almost no earthquakes are observed at the beginning of December 2011.

We see that the occurrence of the Christchurch earthquake has produced a large

number of earthquake with a CMT solutions compared to Period I. All of those

earthquakes are strike-slip and have a similar mechanism when compared to the

Darfield earthquake. It suggests that the whole sequence is the results of the same

stress regime.

Finally, we notice that in contrast to Period I, there is no high seismic activity

during Period II within the region where the December, 2011 off-shore Christchurch

swarm will occur.

Period III:

A swarm of earthquakes, commencing in December 2011 and finishing in January

2012, is located further north-east of the Christchurch earthquake epicentre area

(Figure 5.6). It contains three almost simultaneous earthquake of ML ≥5.5, and

also trigger one ML5.1 earthquake near the Christchurch epicentre. The locations

of the earthquake swarm is at the edge of the area delineated by the Christchurch

earthquakes aftershocks. Note how the Christchurch region remains seismically quiet

after the occurrence of the December 2011 seismic swarm. The high seismic activity

carries on for about 1-2 months before progressively reducing in frequency.

This short sequence has produced a significantly large number of earthquakes

with CMT solutions. The mechanisms show a change in the type of faulting with

thrust faulting instead of strike-slip faulting.
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Figure 5.6: Reliably relocated earthquakes from December 23rd, 2011 (beginning
of the December off-shore Christchurch swarm) to September 1st, 2013 (end of our
catalogue). The time of occurrence of the earthquakes are colour-coded, according
to the key. The size of the symbols are scaled according to the local magnitude (see
Figure 5.2 for key).

5.6 State of the Stress Before and After the Darfield

Earthquake

The pressure (P) and the tension (T) axes from the CMT solutions of all the 28

earthquakes in the region from 1976 till present are shown in Figure 5.7. The figure

shows that the whole 2010-2011 New-Zealand earthquake sequence exhibits the same

direction for the P- and T-axis, which shows that it results from the same stress

regime. The same directions are also observed for earthquakes older than 2010

and closer to the Alpine Fault. It implies that the 2010-2011 earthquakes sequence

resulted from the ambient stress of the region. Two earthquakes (one mentioned

above, occurring at the western end of the Darfield surface rupture) and another on

March 30th, 1992 are the only exceptions, both being thrust earthquakes.

We have calculated the Coulomb Static Stress Changes caused by the occurrence

of the Darfield earthquake and the February Christchurch earthquake. The calcula-
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Figure 5.7: P- and T-axis (see key for symbols) of all earthquakes from 01/01/1976
till 01/09/2013 (last access to the catalogue). A list of all the earthquakes can be
found in Table A4.1 in Appendix A4.

tions have been made by S. Steacy (2012; personal communication). The Coulomb

stress tensor was computed by a six fault slip model for the Darfield earthquake

(Beavan et al. 2010) and a single fault model for the Christchurch earthquake (Bea-

van et al. 2011). The perturbation was resolved onto 3D optimally oriented planes

assuming an effective coefficient of friction of 0.4. We used regional horizontal stress

orientations of σ1 = 115◦; σ3 = 25◦ with σ2 vertical (Sibson et al. 2011) and assumed

compressive stress values of σ1 = 10MPa, σ2 = 0.5MPa, and σ3 = 0.1MPa; the near

equal values of the latter are consistent with observations of both strike-slip and

reverse faulting in the region. A separate calculation of the static stress changes has

been also made for the Alpine fault.

Figure 5.8a shows the static stress changes caused by the Darfield earthquake

along with its aftershocks. We see that all the earthquakes occur primarily in areas
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of stress increase (77% of the reliably relocated earthquakes). We also see that

the location of the Christchurch earthquake (yellow star) lies within a region of

stress increase. As mentioned before, this suggests that it was triggered by the

Darfield earthquake due to the stress increase. It is important to note that the

stress calculation in this study were made using the slip model of Beavan et al.

(2010). However, there are a range of other model for the Darfield earthquake

(e.g. Stramondo et al. 2011; Elliott et al. 2012), highlighting the complexity of

the rupture. Therefore small changes in the static stress change field are expected

whether we use one slip model instead of the other. However, despite this diversity,

there is an common agreement that the Christchurch epicentral area was brought

closer to failure by the Darfield earthquake.

Figure 5.8: (a) Static stress changes caused by the ML7.0 September 3rd, 2010
Darfield earthquake. The white dots show the seismic activity from September 3rd,
2010 till February 20th, 2011 (day before the Christchurch earthquake). The yellow
star shows the location of the epicentre of the Christchurch earthquake. (b) Static
stress changes caused by the ML6.3, February 21st, 2011 Christchurch earthquake.
Yellow dots show the seismic activity from February 21st, 2011 till December 22nd,
2011 (day before the beginning of the off-shore Christchurch swarm). The blue star
shows the zone where the largest earthquakes of the December 2011 earthquakes
swarm occurred. In both figures, the yellow line is the zero contour of the static
stress changes field.
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Figure 5.8b shows the static stress changes caused by the Christchurch earth-

quake along with its aftershocks. Again, we observe that the aftershocks occur pri-

marily in areas of stress increase (76% of the reliably relocated earthquakes) as well

as the December 2011 off-shore Christchurch swarm (blue star), which also occurs in

a region of stress increase (84 % of the reliably relocated earthquakes after December

22nd, 2011). Interestingly, all earthquakes from the swarm are located south of the

northern edge of the bump of stress increase induced by the Christchurch earthquake

(see Figure A4.3 in Appendix A4), which marks a transition from stress increase to

stress shadow. However, that region was previously under a stress increase caused

by the Darfield earthquake. The lack of seismic activity above that limit shows that

the occurrence of the Christchurch earthquake modified the regional stress field,

affecting the location of the December 2011 swarm. We also observe that the re-

activated cluster east of the Darfield earthquake surface rupture coincides with an

region of stress increase caused by the occurrence of the Christchurch earthquake.

5.7 Discussion

The Canterbury Plains was widely considered to be a seismically quiet region. How-

ever, the occurrence of the 2010-2011 earthquakes sequence has indicated that this

region has significant potential to release stresses accumulated from the action of

the regional stress field at low strain rate (between 0.0 and 0.25 ppm/year; Beavan

& Haines 2001). Before these earthquakes, the seismic hazards were highly under

estimated because few active faults had been identified in this region prior the main

shock. It is well established that in numerous regions, faults do not show any or lit-

tle surface expression, explaining why structural studies are precluded (Sieh 1981).

As argued by England & Jackson (2011), regions of “uncharted seismic risk” should

be examined, and both from a geological and geophysical perspective, in order to

assess the potential of a region to experience a large earthquake, especially when it
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is located near a major plate boundary.

When we have attempted to look for precursors of the 2010-2011 earthquakes

sequence in the seismic activity, we did not observed any direct precursors. Never-

theless, there is a hint of migration in the seismic activity toward the epicentral area

of the Darfield earthquake. It suggests that the stress is progressively transferred

from the plate boundary toward the plate interior over a long time-scale (maybe

hundreds of years). However, further investigations are necessary to assess the va-

lidity of this observation and, once again, this is only relevant for seismic hazards if

there are faults identified as capable of producing large earthquakes.

The 2010-2011 New-Zealand earthquake sequence provide another well docu-

mented example of how the spatial pattern of static stress changes influences the

location of the seismic activity (e.g. King et al. 1994 for the Landers earthquake).

Indeed, the occurrence of the Darfield earthquake has induced a clear eastward

migration of the earthquakes. This migration correlates with the eastern lobe of

stress increase caused by the main shock, triggering the Christchurch earthquake.

Interestingly, we observe that the occurrence of the latter modifies the pattern of

stress changes, sufficiently to affect the location of the seismic activity. The pat-

tern confines the earthquakes in a narrow region around Christchurch. We observe

a reactivation of the “blind faults” in the western lobe of stress increase and we

observe that the December 2011 earthquake swarm terminated at the limit between

stress increase and stress shadow. We therefore show clearly in this study how

well the static stress changes impact on the seismic activity following the Darfield

earthquake.

We have also calculated how this earthquake sequence has changed the stress

on the Alpine fault. This fault is believed to have accumulated about 480 km of

slip since the late Jurassic (Wellman 1955). The larger earthquakes (Mw >5.0) in

New Zealand since 1976, show a clear seismic gap on the fault segment closest to

Darfield-Christchurch (see Figure 5.9). Since 1901 there has been a seismic station
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in Christchurch and the occurrence of any significant earthquake since then would

have been recorded. Paleoseismic studies carried out in this gap suggests that the

last earthquake occurred here nearly 600 years ago (Adams 1980). The stress on

the Alpine fault, which coincides with the north-western lobe in Figure 5.8a, is now

enhanced by about 0.01-0.02 MPa, a level sufficient to trigger earthquakes (Harris

1998; Stein 1999). In fact, a stress change of about 0.01 MPa is believed to have

triggered the Mw 8.7 2005 Nias, Sumatra earthquake (Nalbant et al. 2005). Recent

example from the Sumatra subduction zone (Delescluse et al. 2012) show that the

influence of stress changes can be seen several years after the occurrence of the main

shock. It is therefore important to provide a greater emphasis on this seismic gap

that is on a major plate boundary.

5.8 Conclusions

Using P-wave arrival times reported by ISC between 01 January 1964 and Septem-

ber 2013, we have relocated earthquakes in a 1◦ radius region centred about the

epicentre of the Darfield earthquake. We first observe that even after relocation, the

seismic activity is still very low within the Canterbury Plains so that there is a very

large quiet region close to a major plate boundary. From 1970, we observe a pro-

gressive migration of the seismic activity toward the epicentral area of the Darfield

earthquake, suggesting that the region experiences a long-term west to east stress

transfer. Once the Darfield earthquake triggers the whole 2010-2011 earthquake

sequence, we observe a eastward progression of the seismic activity that correlates

very well with region of stress increase caused by the Darfield earthquake, which

also triggered the February 2011, Christchurch earthquake. The latter modified in

turn the migration of the seismic activity notably by re-activating “blind faults” be-

tween the Port Hills Fault and the Greendale Fault and by stopping the December

2011 earthquake swarm at the limit between a region of stress increase and stress
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Figure 5.9: Plot of the 262 CMT mechanisms available from 01/01/1976 till
01/07/2013 for the whole New-Zealand region. The red ellipse shows a seismic gap
near the region of Darfield and which was brought closer to failure by the 2010-2011
New-Zealand earthquakes sequence.

shadow. We also observe that the whole sequence has increased the stress in the

southern region of the Canterbury Plains even though no known faults have been

mapped. Specific calculations on the Alpine Fault have shown that the effect of the

Canterbury Plains sequence is to increase the stress by 0.01 MPa on the seismic gap

observed on the Alpine Fault for more than 600 years.

This study have illustrated the two important aspects on seismic risk debated
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between England & Jackson (2011) and McCloskey (2011). Consequently, the fact

that the stress has increased in the southern part of the Canterbury Plains, where

no faults have yet been recognised, might not be irrelevant. The case of the Darfield

earthquake has demonstrated that this should not be neglected because the seismic

risk in that region might be uncharted. In addition, the 2010-2011 earthquake

sequence brought a well known active fault closer to failure, where large destructive

earthquakes could take place and that requires careful monitoring since we know

its potential risk. Therefore, these two aspects of seismic risks are significant and

neither should be overlooked because the two types can be together present, as it is

the case in New-Zealand.
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Chapter 6

Conclusion and Perspectives

We have studied the rupture history of the September 28, 2004, Mw6.0, Parkfield

earthquake from two different perspectives, first by using kinematic inversions and

second by using dynamic inversions. In both cases, the inversion were carried out

using a recently developed method that uses elliptical patches to describe the slip

history in the case of kinematic inversion or using the stress and frictional properties

of the fault in the case of the dynamic inversion.

To obtain the source process of the Parkfield earthquake using a kinematic ap-

proach, we have carried out a set of 12 inversions, each of them including different

a-priori conditions that one can have on the rupture history of this earthquake. By

doing so, we have investigated the non-uniqueness associated with the kinematic

inversion. Despite this non-uniqueness, we have been able to identify recurrent fea-

tures, regardless of the a-priori conditions used for the different inversions. Because

of the recurrence of those features, they define the robust characteristics of the source

process of the Parkfield earthquake. Although the 12 obtained rupture models are

equally plausible for explaining the rupture process of the Parkfield earthquake, we

have chosen a preferred one based on external criteria such as the presence of robust

features, a final seismic moment that does not exceed ±15% of the CMT value and

the fit to a set of analog stations that have recorded the earthquake but were not

used during the inversions. The preferred model has a slip history distributed over

two distinct ellipses, both rupturing at sub-shear speed. The final slip distribution

of the preferred model is in good agreement with the large earthquakes (Mw > 3)
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from 1984 to 2004. They are mainly located at the edges of the slip patches sug-

gesting that those regions were locked and were accumulating stress. We have also

compared the final slip distribution with the aftershocks of the Parkfield earthquake.

We observe that the inversion has put the two slip patches below 5 km depth, a level

delineated by small aftershocks and that is believed to delimit a creeping layer above

it and a locked zone below it. The distribution of large aftershocks (Mw > 3) shows

that they are located at the edges of the slip patches, where we observe a transition

from large-slip to no slip, a behaviour that has been observed for other earthquakes.

This evidence suggests that we have been able to retrieve the robust features of the

rupture process of the Parkfield earthquake.

To assess the capability of our inversion method in retrieving the rupture process

of an earthquake, we subjected it to synthetic tests with the aim of obtaining the

rupture source process from synthetic data generated by artificially created earth-

quakes. As argued for the inversions of the Parkfield earthquake, the tests show

that our method is suited to infer the robust features of an earthquake. In the

case of a complex artificial earthquake, the inversions obtain low-frequency filtered

versions of the input rupture models. We have also analysed the behaviour of the

Neighbourhood Algorithm (NA) in its search for the optimal solution. We see that

the convergence of the NA is mostly controlled by the space-time location of the

rupture front, telling us that the fit of the phase is what it is primarily sought by

the inversion algorithm. Only later in the inversion, the NA shows a sensitivity to

the fit in amplitude. To further investigate the non-uniqueness of kinematic inver-

sions, we have investigated how the data processing done prior to the inversions can

affect the results. In particular, we show that our kinematic inversion method is

not very sensitive to high-frequencies (above 0.5 Hz) contained in the signal, which

why the inversion scheme is better suited to obtain the large scale robust features

of an earthquake rupture history. We have also looked at the influence of the time-

window for the waveforms that is used during the inversion. We show that the
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results are affected by the progressive arrival of P, S and Rayleigh waves emitted

during the rupture process and that the rupture model retrieved by the inversion is

consequently highly sensitive to the content of information provided to the inversion

algorithm.

We have then looked at the rupture process of the 2004 Parkfield earthquake

from a dynamic approach. First, we have implemented a more realistic modelling of

the stress and frictional properties on the fault plane by incorporating an elliptical-

shaped distribution of the parameter S inside each elliptical patch, with S controlling

the ratio of strength over stress drop. The maximum rupture resistance is located at

the centre of the ellipse and the edges are therefore relatively weaker compared to it.

We have then carried out two synthetic tests to investigate the performances of the

dynamic inversion method. We show that, in both cases, it is capable of retrieving

a slip history in agreement with the input model. However, the solution is highly

non-unique. There exists a range of combinations of dynamic parameters that are

significantly different to the one used to create the input model but that can produce

a rupture process similar to the original one. We argue that a detailed investigation

of the parameter-space is therefore required if one wants to obtain a reliable estimate

of the stress and frictional properties of the fault plane. The full dynamic inversion

for the rupture process of the 2004 Parkfield earthquake has led to a rupture process

similar to those obtained by kinematic inversions. The rupture occurs on a single

4 km wide ellipse, elongated along strike with a relatively constant rupture speed

of 3 km/s. The value for κ (ratio of the available strain and the energy release

rate) is 1.40, in agreement with other studies and compatible with a rupture at

sub-shear speed. We have also determined the value of Rc/Ra (ratio of the critical

size of the initial asperity and the actual size used in the inversion) to be 1.25.

Along with a value of S of 0.7, it would suggest, by interpolating the results from

Das & Aki (1977a), that the rupture speed is between 3
4
cr and cr, which is in good

agreement with the the rupture speed obtained by the dynamic inversion. Fixing

105



the geometry of the rupture area using that obtained from the dynamic inversion,

we have investigated the distribution of rupture models inside the parameter-space

using a Monte-Carlo method. To obtain a simple visualisation of the entire space,

we have reduced it into a 3-D space defined by the three non-dimensional parameters

kappa, S and Rc/Ra. We show that rupture models inside this space are distributed

according to the average rupture speed and the seismic moment. Consequently, we

observe a specific region into that 3-D space inside which the average rupture speed

and the final seismic moment are in agreement with what is observed for the rupture

process of the Parkfield earthquake.

Using the Fixed-Geometry Dynamic Inversion (FGDI) method, we have investi-

gated the transition from a kinematic rupture model to a dynamic rupture model.

The aim was to see if we could obtain a set of dynamic parameters that can re-

produce our preferred kinematic rupture model, which would therefore ensure its

reliability. We first show, using a Monte-Carlo exploration, that we cannot repro-

duce a dynamic rupture model similar to the kinematic rupture model while fitting

the strong-motion data at the same time. But, because we have shown that our

kinematic inversion method is more suited to retrieve the robust features of a rup-

ture process, we have then performed a FGDI in which the two distinct ellipses

are connected together. The connection is built using a new approach that uses a

b-spline curve to define the rupture area on the fault plane, thus smoothly connect-

ing the two ellipses while keeping their geometry almost unchanged. In this case,

we are able to find a set of dynamic parameters agreeing with that obtained from

the dynamic inversion and that produces a rupture history similar to the kinematic

rupture model. The low slip amplitude inside the bridge in between the two ellipses

could explained why the kinematic inversion using elliptical patch did not show this

region.

This work on kinematic and dynamic inversions has opened perspectives for

further improvements, especially on the methodology. All the inversions were carried
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out using a 1-D velocity structure. However, it is well established that there is a

strong contrast of velocity structure from the north-east and south-west side of the

San Andreas Fault at the region of Parkfield (Thurber et al. 2003). An obvious

improvement of our inversion method will be to enable handling of a more complex

velocity structure. It could simply use a different 1-D velocity structure for each

side of the fault but it could also use a different 1-D velocity structure for each

station, which would account for site effects. We have also argued that part of

the misfit observed during the kinematic and dynamic inversions were caused by

fault-zone trapped waves. It would therefore be interesting to develop a forward

model that can account for those waves and thus produce more realistic strong

ground motion. In this study, we have used the NA to search for the optimal

solution but it would be interesting to investigate the performance of other inversion

algorithms. For instance, the recent development of an algorithm using a neural

network to invert for focal mechanism (Käufl et al. 2014) is one of the possibilities

that we could investigate. During the dynamic inversions, we have also started to

develop a new approach to model the stress and frictional properties of the fault

plane that uses b-spline curve. This is an interesting approach because it keeps the

number of parameters low whilst being more flexible than the elliptical sub-fault

approximation. It could even be developed further with the implementation of bi-

harmonic spline interpolation that can create an interpolated surface, which could be

for instance the strength field on the fault plane, from a set of unevenly distributed

points. It would allow for including higher variability of the field that we are trying

to model (strength, stress) while keeping the number of parameter low and being

intrinsically smooth. Also the fact that it uses unevenly spaced points could be used

to force the inversion to focus on region of the fault where the resolution is believed

to be better.

Some aspects of seismic hazard were also studied, with the investigation of

the 2010-2011 earthquake sequence following the occurrence of the 2010, Mw7.1,
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Darfield, New-Zealand earthquake. First earthquakes in the vicinity of the epicen-

tral area of the Darfield earthquake from January 1964 till September 2013 were

relocated. Looking at the seismic activity from 1964 to 2010, it shows that the

Canterbury Plains remain seismically quiet even after the relocation of earthquakes.

Although there was no clear precursors of the Darfield earthquake, we however ob-

serve a hint of migration of the seismic activity toward the future epicentre of the

Darfield earthquake that could relate to a progressive stress transfer from the plate

boundary to the plate interior. Because this migration is very weak, it would re-

quire further investigation to assess its plausibility. Following the occurrence of

the Darfield earthquake, the seismic activity shows a clear migration to the east,

enhanced by the occurrence of the February 2011 Mw6.3 Christchurch earthquake,

and by the earthquake swarm off shore of Christchurch in December 2011. Using

calculation of the static stress changes caused by the Darfield earthquake and then

the Christchurch earthquake, we show that this migration occurs in regions of pos-

itive static stress changes (i.e. region brought closer to failure). We also show that

the occurrence of the Christchurch earthquake has modified the static stress changes

pattern in the region significantly enough to slightly change the direction of the mi-

gration of the seismic activity. Those calculations also show that some portions of

the southern part of the Canterbury Plains, where the seismic risk is likely to be

uncharted, have been brought closer to failure by the occurrence of the Darfield and

Christchurch earthquake. We also show that a portion of the Alpine Fault, which is

a major plate boundary, exhibits a large seismic gap that is also brought closer to

failure by the 2010-2011 earthquake sequence.

The entire earthquake sequence demonstrates the high degree of interaction be-

tween earthquakes. One explanation for the interaction mechanism is poroelastic

triggering. It would therefore be interesting to see if this mechanism could explain

the triggering of the Christchurch earthquake by the Darfield earthquake, in a simi-

lar fashion to what has been observed for the 9-22 January 2008 Nima-Gaize earth-
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quakes in Tiber (He & Peltzer 2010). Because liquefaction effects in the Canterbury

Plains, New-Zealand, were observed subsequent to the Darfield and Christchurch

earthquake (e.g. Orense et al. 2011), this suggests an abundant presence of fluids.

A long-term poroelastic triggering of the Christchurch earthquake caused by the

Darfield earthquake could be a possibility.
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A1 Appendices of Chapter 2

Inversion 1

(a): Comparison of the solution seismograms from Inversion 1 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 1 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.93
αr 0.00 1.00 0.42
xa (km) 2.00 20.0 17.35
xb (km) 2.00 7.00 2.00
α (◦) 0.00 1.00 0.82
s1 (m) 0.00 1.00 0.76
v1 (km/s) 2.00 3.80 3.00
Ellipse2
hr 5.00 35.0 0.99
αr 4.00 15.0 0.54
xa (km) 2.00 20.0 4.91
xb (km) 2.00 10.0 2.02
α (◦) 0.00 1.00 0.77
s2 (m) 0.00 1.00 0.43
v2 (km/s) 2.00 3.80 3.30

(c): Summary of all parameters describing
Inversion 1, associated with the range of
values for each parameter used during the
inversion.
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Inversion 2

(a): Comparison of the solution seismograms from Inversion 2 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 2 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.81
αr 0.00 1.00 0.87
xa 2.00 20.0 2.24
xb 2.00 7.00 3.11
α 0.00 180.0 142.02
s1 0.00 1.00 0.56
v1 2.00 5.00 4.96
τ 0.20 2.00 1.18
rake 120.0 180.0 126.73
Ellipse2
hr 0.00 1.00 1.00
αr 0.00 1.00 0.68
xa 2.00 20.0 2.12
xb 2.00 10.0 7.51
α 0.00 180.0 103.17
s2 0.00 1.00 0.98
v2 2.00 5.00 3.36
τ 0.20 2.00 0.54
rake 120.0 180.0 101.56

(c): Summary of all parameters describing
Inversion 2, associated with the range of
values for each parameter used during the
inversion.
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Inversion 3

(a): Comparison of the solution seismograms from Inversion 3 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 3 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.26
αr 0.00 1.00 0.60
xa 2.00 20.0 2.39
xb 2.00 7.00 4.56
α 0.00 180.0 60.32
s1 0.00 1.00 0.50
v1 2.00 5.00 2.15
τ 0.20 2.00 0.36
rake 120.0 180.0 179.13
Ellipse2
x0 5.00 35.0 5.05
y0 4.00 15.0 7.33
xa 2.00 20.0 16.00
xb 2.00 10.0 2.82
α 0.00 180.0 174.9
s2 0.00 1.00 0.58
v2 2.00 5.00 3.51
τ 0.20 2.00 0.87
rake 120.0 180.0 146.48

(c): Summary of all parameters describing
Inversion 3, associated with the range of
values for each parameter used during the
inversion.
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Inversion 4

(a): Comparison of the solution seismograms from Inversion 4 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 4 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.37
αr 0.00 1.00 0.44
xa 2.00 20.0 18.09
xb 2.00 7.00 3.56
α 0.00 1.00 0.89
s1 0.00 1.00 0.31
v1 2.00 3.80 3.76
τ 0.20 2.00 1.25
rake 120.0 180.0 136.28
Ellipse2
hr 0.00 1.00 0.41
αr 0.00 1.00 0.61
xa 2.00 20.0 8.08
xb 2.00 10.0 2.67
α 0.00 1.00 0.87
s2 0.00 1.00 0.45
v2 2.00 3.80 2.98
τ 0.20 2.00 0.48
rake 120.0 180.0 173.14

(c): Summary of all parameters describing
Inversion 4, associated with the range of
values for each parameter used during the
inversion.
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Inversion 5

(a): Comparison of the solution seismograms from Inversion 5 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 5 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.27
αr 0.00 1.00 0.56
xa 2.00 20.0 4.72
xb 2.00 7.00 5.07
α 0.00 1.00 0.61
s1 0.00 1.00 0.19
v1 2.00 3.80 2.46
Ellipse2
x0 5.00 35.0 17.99
y0 4.00 15.0 8.82
xa 2.00 20.0 9.36
xb 2.00 10.0 3.02
α 0.00 1.00 0.00
s2 0.00 1.00 0.57
v2 2.00 3.80 3.01

(c): Summary of all parameters describing
Inversion 5, associated with the range of
values for each parameter used during the
inversion.
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Inversion 6

(a): Comparison of the solution seismograms from Inversion 6 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 6 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.63
αr 0.00 1.00 0.52
xa 2.00 20.0 3.18
xb 2.00 7.00 3.34
α 0.00 180.0 54.34
s1 0.00 1.00 0.88
v1 2.00 5.00 2.22
Ellipse2
x0 5.00 35.0 17.06
y0 4.00 15.0 13.02
xa 2.00 20.0 6.01
xb 2.00 10.0 2.29
α 0.00 180.0 17.06
s2 0.00 1.00 0.92
v2 2.00 5.00 3.08

(c): Summary of all parameters describing
Inversion 6, associated with the range of
values for each parameter used during the
inversion.
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Inversion 7

(a): Comparison of the solution seismograms from Inversion 7 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 7 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.58
αr 0.00 1.00 0.56
xa 2.00 20.0 2.04
xb 2.00 7.00 5.59
α 0.00 180.0 82.87
s1 0.00 1.00 0.27
v1 2.00 5.00 2.46
Ellipse2
hr 0.00 1.00 1.00
αr 0.00 1.00 0.42
xa 2.00 20.0 16.07
xb 2.00 10.0 2.04
α 0.00 180.0 5.93
s2 0.00 1.00 1.00
v2 2.00 5.00 3.38

(c): Summary of all parameters describing
Inversion 7, associated with the range of
values for each parameter used during the
inversion.
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Inversion 8

(a): Comparison of the solution seismograms from Inversion 8 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 8 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.60
αr 0.00 1.00 0.43
xa 2.00 20.0 2.50
xb 2.00 7.00 3.44
α 0.00 1.00 0.28
s1 0.00 1.00 0.69
v1 2.00 3.80 2.01
τ 0.20 2.00 0.32
rake 120.0 180.0 145.96
Ellipse2
x0 5.00 35.0 12.37
y0 4.00 15.0 8.21
xa 2.00 20.0 6.68
xb 2.00 10.0 3.01
α 0.00 1.00 0.86
s2 0.00 1.00 0.99
v2 2.00 3.80 3.57
τ 0.20 2.00 1.00
rake 120.0 180.0 151.13

(c): Summary of all parameters describing
Inversion 8, associated with the range of
values for each parameter used during the
inversion.
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Inversion 9

(a): Comparison of the solution seismograms from Inversion 9 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 9 with the observed
data at analog stations locations. the
thick black line shows the modelled fault
trace. For each station, the observed seis-
mograms are in blue and the solution
seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 0.00 0.00
αr 0.00 0.00 0.00
xa 2.50 3.00 2.99
xb 2.50 3.00 2.81
α 0.00 0.00 54.34
s1 0.40 1.00 0.74
v1 2.00 3.80 2.00
Ellipse2
x0 0.00 40.0 7.82
y0 0.00 10.0 7.36
xa 2.00 20.0 13.79
xb 2.00 10.0 2.65
α 0.00 1.00 0.89
s2 0.00 1.00 0.92
v2 2.00 3.80 3.08

(c): Summary of all parameters describing
Inversion 9, associated with the range of
values for each parameter used during the
inversion.
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Inversion 10

(a): Comparison of the solution seismograms from Inversion 10 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 10 with the ob-
served data at analog stations locations.
the thick black line shows the modelled
fault trace. For each station, the ob-
served seismograms are in blue and the
solution seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.63
αr 0.00 1.00 0.41
xa 2.00 20.0 3.13
xb 2.00 7.00 3.48
α 0.00 1.00 025
s1 0.00 1.00 0.42
v1 2.00 3.80 2.33
Ellipse2
hr 0.00 1.00 1.00
αr 0.00 1.00 0.49
xa 2.00 20.0 10.09
xb 2.00 10.0 2.01
α 0.00 1.00 0.88
s2 0.00 1.00 0.82
v2 2.00 3.80 3.10

(c): Summary of all parameters describing
Inversion 10, associated with the range of
values for each parameter used during the
inversion.
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Inversion 11

(a): Comparison of the solution seismograms from Inversion 11 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 11 with the ob-
served data at analog stations locations.
the thick black line shows the modelled
fault trace. For each station, the ob-
served seismograms are in blue and the
solution seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 1.00 0.97
αr 0.00 1.00 0.61
xa 2.00 20.0 19.92
xb 2.00 7.00 2.47
α 0.00 1.00 0.51
s1 0.00 1.00 0.30
v1 2.00 3.80 3.06
Ellipse2
hr 0.00 1.00 1.00
αr 0.00 1.00 0.50
xa 2.00 20.0 11.76
xb 2.00 10.0 5.28
α 0.00 1.00 0.99
s2 0.00 1.00 0.30
v2 2.00 3.80 3.29

(c): Summary of all parameters describing
Inversion 11, associated with the range of
values for each parameter used during the
inversion.
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Inversion 12

(a): Comparison of the solution seismograms from Inversion 12 with the observed
data at the digital stations. The thick black line shows the modelled fault trace. For
each station, the observed seismograms are in blue and the solution seismograms
are in red.

(b): Comparison of the solution seismo-
grams from Inversion 12 with the ob-
served data at analog stations locations.
the thick black line shows the modelled
fault trace. For each station, the ob-
served seismograms are in blue and the
solution seismograms are in red.

Parameter Min.
Value

Max.
Value

Final
Value

Ellipse1
hr 0.00 0.00 0.00
αr 0.00 0.00 0.00
xa 2.50 3.00 2.99
xb 2.50 3.00 2.85
α 0.00 0.00 0.00
s1 0.40 1.00 0.61
v1 2.00 3.80 2.02
Ellipse2
x0 0.00 40.0 5.88
y0 0.00 10.0 8.31
xa 2.00 20.0 12.43
xb 2.00 10.0 8.01
α 0.00 1.00 0.18
s2 0.00 1.00 0.30
v2 2.00 3.80 2.80
Ellipse3
x0 0.00 40.0 7.46
y0 0.00 10.0 9.58
xa 2.00 20.0 18.47
xb 2.00 10.0 2.85
α 0.00 1.00 0.53
s3 0.00 1.00 0.47
v3 2.00 3.80 3.38

(c): Summary of all parameters describing
Inversion 12, associated with the range of
values for each parameter used during the
inversion.
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Table S1

Inversion Set-up of the inversion Summary of the rupture process
Inversion 1 Inversion using two connected ellipses; use of

a-priori conditions; The rise-time and rake
were not inverted

Misfit for the digital stations: 0.27; Misfit for
the analog stations: 0.52; Moment: 1.78 ×
1018 N.m;
The rupture front propagates mostly in the for-
ward direction at a speed of 3.00 km/s. A
propagation of the rupture front in the back-
ward direction is also observed for the first 1.7
sec. About 4.5 sec. after the start of the pro-
cess, the high slip amplitude patch starts to
break at a slightly higher rupture speed (3.30
km/s). The whole process is finished after 10.6
sec. of rupture.

Inversion 2 Inversion using two connected ellipses; No use
of a-priori conditions; The rise-time and rake
were inverted

Misfit for the digital stations: 0.30; Misfit for
the analog stations: 0.54; Moment: 1.13 ×
1018 N.m;
No backward propagation is observed for this
inversion. The rupture front reaches the peak
of slip amplitude almost instantaneously (0.8
sec. after the start of the earthquake) at a
really high rupture speed (4.96 km/s). This
hypocentral patch finishes rupturing about 1.3
sec. later. The rupture front then propagates
across the second ellipse at a slower speed (3.36
km/s). 5.8 sec. are needed by the rupture front
to break all asperities.

Inversion 3 Inversion using two disconnected ellipses; No
use of a-priori conditions; The rise-time and
rake were inverted

Misfit for the digital stations: 0.28; Misfit for
the analog stations: 0.50; Moment: 2.03 ×
1018 N.m;
We observed a bilateral propagation of the
rupture front for about 2.5 sec., which is about
the time taken to rupture the all hypocentral
asperity (2.9 sec.). In this first part, the rup-
ture starts at a low rupture speed of 2.15 km/s.
Almost straight after that, the second ellipse
start to rupture at higher speed (3.51 km/s).
The whole process takes about 9.3 sec., when
the rupture front reaches the end of the fault
plane.

Inversion 4 Inversion using two connected ellipses; use of
a-priori conditions; The rise-time and rake
were inverted

Misfit for the digital stations: 0.30; Misfit for
the analog stations: 0.59; Moment: 1.56 ×
1018 N.m;
For this inversion, we observed a bilateral
propagation of the rupture front at a speed of
3.8 km/s. In the backward direction, the rup-
ture front reaches the end of the fault about 3.6
sec. after the initiation of the earthquake. In
the forward direction, the high amplitude slip
patch starts to break after 5.0 sec and ruptures
at a speed of 2.98 km/s. It takes 10.7 sec. for
the whole process to be achieved.

Inversion 5 Inversion using two connected ellipses; use of
a-priori conditions; The rise-time and rake
were not inverted

Misfit for the digital stations: 0.28; Misfit for
the analog stations: 0.53; Moment: 1.14 ×
1018 N.m;
The rupture front starts to propagate bilater-
ally for about 2.4 sec. Then it only propagates
in the forward direction at a speed of about
2.5-3.0 km/s. The peak of amplitude of the
second ellipse is reached by the rupture front
about 3.3 sec. after the start of the earth-
quake. After 7.9 sec., the process is termi-
nated.

Summary of the rupture process for the 12 inversions.
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Inversion 6
PREFERRED
MODEL

Inversion using two disconnected el-
lipses; No use of a-priori conditions; The
rise-time and rake were not inverted

Misfit for the digital stations: 0.26; Mis-
fit for the analog stations: 0.56; Mo-
ment: 1.21 × 1018 N.m;
For this inversion, the rupture is only
propagating in the forward direction. It
takes 3.2 sec. for the first ellipse to
be break at a slow rupture speed of 2.2
km/s. After 3.8 sec. the rupture front
reaches the second ellipse. The rup-
ture front slightly accelerates to a speed
of 3.1 km/s. After 8.2 sec., the sec-
ond ellipse is entirely broken. For this
inversion, we also calculated the stress
drop associated with each ellipse using
the method described in Kostrov & Das
(1984). The stress drop is about 15 MPa
for the hypocentral ellipse, and 17 MPa
for the second ellipse.

Inversion 7 Inversion using two connected ellipses; No use
of a-priori conditions; The rise-time and rake
were not inverted

Misfit for the digital stations: 0.30; Misfit for
the analog stations: 0.55; Moment: 2.08 ×
1018 N.m;
A backward propagation of the rupture front is
observed at the very beginning (first 1.5 sec.),
but mostly propagates in the forward direc-
tion. As the first ellipse is almost non-existent
in term of amplitude, we can consider that the
rupture front only propagates at the speed of
the second ellipse (3.4 km/s). The peak of slip
amplitude of the second ellipse is reached by
the rupture front about about 3.2 sec. after
the earthquakes initiated. The process then
stops after 9.5 sec.

Inversion 8 Inversion using two disconnected ellipses; use
of a-priori conditions; The rise-time and rake
were inverted

Misfit for the digital stations: 0.26; Misfit for
the analog stations: 0.57; Moment: 1.20 ×
1018 N.m;
In this inversion, the rupture front propagates
only the forward direction. It breaks the first
asperity at a rupture speed of 2 km/s and takes
about 3.2 sec. to get across the ellipse. Then,
the second asperity starts rupturing after 3.6
sec. It takes 4.2 sec to finish breaking the sec-
ond asperity at a speed of 3.6 km/s.

Inversion 9 Inversion using two disconnected ellipses; use
of a-priori conditions; The rise-time and rake
were not inverted; We forced each model to
have some slip the the hypocenter

Misfit for the digital stations: 0.28; Misfit for
the analog stations: 0.67; Moment: 1.90 ×
1018 N.m;
In this inversion, the rupture front propagates
in the forward direction, breaking the first as-
perity after 2.3 sec at a speed of 2.00 km/s.
Then, the second asperity starts rupturing af-
ter 3.4 sec. The rupture front then propagates
at higher speed (3.1 km/s) It takes 7 sec to fin-
ish breaking the second asperity and terminate
the process, when the rupture front reaches the
end of the fault plane.

Inversion 10 Inversion using two connected ellipses; use of
a-priori conditions; The rise-time and rake
were not inverted; We constrain the moment
to be within +/−15% of the CMT value

Misfit for the digital stations: 0.29; Misfit for
the analog stations: 0.53; Moment: 1.22 ×
1018 N.m;
We observed only a forward propagating of the
rupture front for this inversion. The hypocen-
tral high amplitude slip patch starts to break
after 0.9 sec, at a speed of 2.3 km/s. The rup-
ture front gets across it 0.6 sec. later. Then
it breaks the second ellipse at a speed of 3.1
km/s,reaching its peak of slip amplitude about
3.5 sec. after the earthquake initiation. 7.8
sec. of rupture, are needed before the process
stops.
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Inversion 11 Inversion using two connected ellipses; use of
a-priori conditions; The rise-time and rake
were not inverted; The 1D velocity model of
the south-western side were used

Misfit for the digital stations: 0.34; Misfit for
the analog stations: 0.63; Moment: 1.92 ×
1018 N.m;
During the first 2.5 sec., the rupture front
propagates bilaterally and then propagates
only in the forward direction. After 5 sec., the
rupture front reaches the high slip amplitude
patch and breaks it until it reaches the end of
the fault plane after 9.8 sec. of process. The
rupture speed is nearly constant in the whole
process (3.1-3.3 km/s)

Inversion 12 Inversion using three connected ellipses; use
of a-priori conditions; The rise-time and rake
were not inverted;

Misfit for the digital stations: 0.26; Misfit for
the analog stations: 0.60; Moment: 2.71 ×
1018 N.m;
The rupture front propagates bilaterally in the
first ellipse at a speed of 2 km/s. After 2.0 sec.,
the first ellipse is entirely broken. The rupture
front continues to propagate through the sec-
ond ellipse at a speed of 3.4 km/s. 4 sec. af-
ter the earthquake initiation, the rupture front
reaches the high slip amplitude patch. It then
takes about 5 sec. before the rupture front
breaks the high slip patch and reaches the end
of the fault plane. The small slip amplitude
patch, surrounding the high slip patch breaks
at a slightly lower rupture speed (2.8 km/s).
The process is finished 11 sec. after the start
of the earthquake.
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A2 Appendices of Chapter 3

Additional Figures

−60 −40 −20 0 20 40
−30

−20

−10

0

10

20

30

Dist. from the hypocenter (East−West direction) (km)

D
is

t.
 f

ro
m

 t
h
e 

h
y
p
o
ce

n
te

r 
(N

o
rt

h
−

S
o
u
th

 d
ir

ec
ti

o
n
) 

(k
m

)

DFU 
EFU 

FFU 

GFU 

JFU 

KFU 

MFU 

PHOB

RFU 

VFU 

17.92s

NS−cmp. EW−cmp. UD−cmp.

0.00

0.05

−0.06

D
is

p
. 
(m

)

Calculated

Observed

Figure A2.1: Test 1 : Comparison between the calculated displacement waveforms
obtained by the inversion (ORP1) and the artificial displacement waveforms gener-
ated by the Input Rupture Process 1 (IRP1) for the 10 digital stations.
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Figure A2.2: Test 2 : Comparison between the calculated displacement waveforms
obtained by the inversion (ORP2) and the artificial displacement waveforms gener-
ated by the Input Rupture Process 2 (IRP2) for the 10 digital stations.
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Figure A2.3: Test 3 - 1 ellipse: Comparison between the calculated displacement
waveforms obtained by the inversion using only one ellipse (ORP3a) and the artificial
displacement waveforms generated by the Input Rupture Process 2 (IRP3) for the
10 digital stations.
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Figure A2.4: Test 3 - 2 ellipses: Comparison between the calculated displacement
waveforms obtained by the inversion using two ellipses (ORP3b) and the artificial
displacement waveforms generated by the Input Rupture Process 2 (IRP3) for the
10 digital stations.
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Figure A2.5: Convergence curve for each inversion carried out in Twardzik et al.
(2012).
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Figure A2.6: Comparison between the calculated velocity waveforms (red line) and
the observed velocity waveforms (blue line) at the 10 digital stations, from the slip
history obtained by Inversion 8 in Twardzik et al. (2012).
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Figure A2.7: Comparison for the inversion at low-frequency (0.16-0.50 Hz) between
the calculated waveforms (red line) and the observed waveforms (blue line) at the
10 digital stations.
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A3 Appendices of Chapter 4

Synthetic Tests

To test the performance of our inversion scheme, we carry out two synthetic tests in

which we attempt to invert the rupture history from two artificially created “noise-

free” dataset. Each one is generated from a different dynamic rupture process and

the artificial data are processed the same way as the real dataset that we will use

to infer the rupture process of the 2004 Parkfield earthquake.

Test 1:

In the first test (T1), the input rupture process (IM1) ruptures essentially one patch,

propagates at about 3 km/s on average and reaches a final seismic moment of 1.38

× 1018 Nm (Figure A3.1). The inversion is carried out using two ellipses in order to

investigate how the algorithm behaves when only one ellipse is necessary to describe

IM1. We use a common value of Tu for the two ellipses to create the input rupture

model as well as during the inversion.

The lowest misfit model from the inversion shows that the two ellipses have

merged so that the geometry of its rupture area is very similar to IM1 (Figure

A3.1). The final seismic moment for the model obtained by inversion is 25% higher

than IM1 (1.72 × 1018 Nm). This is caused by the fact that the rupture area is

more spread than in the other rupture model. Also, the use of two ellipses intro-

duces an additional region of moment release compared to IM1. However, it does

not significantly affect the fact that the main features of IM1 are retrieved by the

inversion. We also observe that the average rupture speed is slower in the rupture

model of the inversion (2.8 km/s instead of 3.0 km/s).

The marginal probability density functions (M-PDF) for the 5 dynamic parame-

ters (see Figure A3.2) show that the algorithm has converged towards different values

than the one we used to create IM1. This clearly demonstrates the non-uniqueness
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Figure A3.1: (top-left): Slip distribution of the input rupture model (IM1) that
is used to generate the synthetic dataset. (top-right): Distribution of the rupture
isochrones (time of rupture of a point on the fault) for IM1. (bottom-left): Final
slip distribution of the rupture model obtained from the inversion. (bottom-right):
Distribution of the rupture isochrones for rupture model obtained by inversion. In
all sub-figures, the red star shows the location of the hypocenter.

inherent to inverse problems. However, it is interesting to note that despite this

non-uniqueness, we are still able to retrieve the main features of the rupture process

of IM1.
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Figure A3.2: Marginal probability density functions (M-PDF) represented for the 5
dynamic parameters from the inversion. The red line shows the value that is used
to create IM1 and the blue line shows the value towards which the NA-algorithm
converged.

The inversion reaches a very low value of misfit (ε = 0.03) and there are almost

no visible differences between the calculated waveforms and the artificial waveforms,

except for displacement records with low amplitude (Figure A3.3). This means that

different source models produce the same or very similar seismograms.
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Figure A3.3: Comparison between the artificially waveforms generated by IM1 (blue
traces) and the waveforms calculated for the inverted model (red traces).

Test 2:

In our second test (T2), we use a more complicated rupture process to generate

the artificial data (Figure A3.4). It induces a jump of the rupture between the first

ellipse located at the hypocenter and a second ellipse located about 15 km away from

it. The rupture process is also faster compared to the rupture model we created for

T1. It has an average rupture speed above the shear wave speed of the medium (4

km/s on average for T2 instead of 3 km/s for T1). Again, we use a common value

of Tu for the two ellipses in order to create the input rupture process (IM2) as well

as during the inversion.

In this case the geometry of the rupture area is less well retrieved than in the

previous case (Figure A3.4). However, the regions of large moment release are still

located in the same area as those for IM2. The final seismic moment of the rupture

model obtained by inversion is almost identical to IM2, however its rupture occurs

at a much faster speed than for IM2 (5.2 km/s instead of 4.0 km/s, i.e. +30%).

In T2, the comparison between the value of the dynamic parameters used to

create IM2 and the value retrieved by inversion, shows that they are relatively close

to each other (see Figure A3.5). We think that this is because only a limited set of
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Figure A3.4: (left): Slip distribution of the second synthetic model (IM2) that is
used to generate the artificial dataset. (right): Distribution of the rupture isochrones
of IM2. (bottom-left): Final slip distribution of the rupture model obtained from
the inversion. (bottom-right): Distribution of the rupture isochrones for the model
obtained by inversion. In all sub-figures, the red star shows the location of the
hypocenter.

dynamic parameters can create a rupture process that jumps from one asperity to

another. As a consequence the jump reduces the non-uniqueness associated to the

dynamic inversion. It is however interesting to note that despite the fact that the

dynamic parameters obtained by inversion fall in the vicinity of the ones used to

create IM2, we have two rupture models with noticeable differences on the rupture

speed.
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Figure A3.5: Marginal probability density functions (M-PDF) of the 5 dynamic
parameters used during the inversion. The red line shows the value that was used
to create IM2 and the blue line shows the value towards which the NA-algorithm
converged.

Despite the discrepancy between the rupture speed between IM2 and the rupture
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speed of the lowest misfit model obtained by inversion, the inversion reaches again a

very low misfit (ε = 0.08), showing an excellent agreement between the waveforms

calculated from IM2 and the calculated waveforms from the lowest misfit model (see

Figure A3.6).
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Figure A3.6: Comparison between the artificial waveforms generated by IM2 (blue
traces) and the waveforms calculated from the inversion of Test 2 (red traces).

Those two synthetic tests, although they are “noise-free” and assume a perfect

knowledge of the velocity structure and geometry of the fault plane, show that it is

possible to retrieve the rupture process from seismic records. However, the values

of the dynamic parameters obtained by the inversion are less reliable. It shows

therefore the non-uniqueness associated with dynamic inversion. It is non-unique

at first order because an earthquake can be equally explained by an asperity or a

barrier model. But, it is also non-unique at the second order because a significant

variation of the dynamic parameters can produce two similar rupture processes,

which is caused by the trade-off between the parameters of the friction law. This

suggests that detailed investigation of the parameter space is necessary to assess

the uncertainty associated with it. Because the results indicate that solutions are

non-unique, it will motivate later in the study our use of a Monte-Carlo exploration

(Metropolis & Ulam 1949) of the parameter space. However, the two tests show

that we can perform a full dynamic inversion to obtain a reliable rupture process
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for the 2004 Parkfield earthquake.
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Additional Figures
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Figure A3.7: Snapshots of the slip-rate of the lowest misfit rupture model obtained
by the dynamic inversion. The time-step between each frame is 0.7 s. The red star
shows the location of the hypocenter.
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Figure A3.8: Comparison between the calculated displacements from Kinematic
Inversion 1 of Twardzik et al. (2012) (blue traces) and the calculated displacements
from the Dynamic Inversion of this study (red traces).

Figure A3.9: Comparison between the kinematic rupture model from Inversion 6 in
Twardzik et al. (2012) (k(a) and k(b)) and the best dynamic rupture model found
the Monte-Carlo exploration (d(a) and d(b))
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Figure A3.10: Comparison between the observed displacements (blue traces) and
the calculated displacements obtained for the best model identified by the Monte-
Carlo exploration (red traces). In this case, the geometry of the rupture area is
taken from the kinematic Inversion 6 of Twardzik et al. (2012).
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A4 Appendices of Chapter 5

Additional Figures and Table

Figure A4.1: Reliably relocated earthquakes from September 3rd, 2010 (day of the
Darfield earthquake) to February 21st (day before the Christchurch earthquake).
The CMT mechanisms of earthquakes (only 3) in this period are shown. (a): from
September 3rd, 2010 to October 2nd, 2010. (b): from October 3rd, 2010 to November
2nd, 2010. (c): from November 3rd, 2010 to December 2nd, 2010. (d): from December
3rd, 2010 to January 2nd, 2011. (e): from January 3rd, 2011 to February 2nd, 2011.
(f): from February 3rd, 2011 to February 20th, 2011.
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Figure A4.2: Reliably relocated earthquakes from February 21st, 2011 (day of the
Christchurch earthquake) to December 22nd (day before the off-shore Christchurch
earthquake swarm). The CMT mechanisms of earthquakes in this period are shown.
(a): from February 21st, 2011 to March 20th, 2011. (b): from March 21st, 2011 to
May 20th, 2011. (c): from May 21st, 2011 to July 20th, 2011. (d): from July 21st,
2011 to September 20th, 2011. (e): from September 21st, 2011 to November 20th,
2011. (f): from November 21st, 2011 to December 22nd, 2011.
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Figure A4.3: Static stress changes caused by the ML6.3, February 21st, 2011
Christchurch earthquake. Blue dots show the seismic activity from December 23rd,
2011 (day of the beginning of the December, 2011 earthquake swarm) till the end of
our catalogue. (September 2013). In both figures, the yellow line is the zero contour
of the static stress changes field.
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Date ML (Lon,Lat) P-axis azimuth (◦) T-axis azimuth (◦)
11/05/1977 5.3 (171.748,-43.309) 311 72
30/03/1992 5.8 (171.250,-43.121) 306 97
18/06/1994 6.7 (171.482,-43.092) 300 31
19/06/1994 6.1 (171.527,-43.150) 128 35
21/06/1994 5.7 (171.490,-43.127) 124 19
29/05/1995 5.9 (171.579,-43.052) 277 11
24/11/1995 6.3 (171.710,-43.029) 121 24
03/09/2010 7.1 (171.168,-43.527) 134 43
06/09/2010 5.1 (171.347,-43.612) 119 210
06/09/2010 5.4 (171.846,-43.629) 145 332
21/02/2011 6.3 (171.700,-43.625) 293 25
22/02/2011 5.8 (171.650,-43.633) 115 24
22/02/2011 5.9 (171.614,-43.629) 112 21
16/04/2011 5.3 (171.703,-43.620) 127 218
09/05/2011 5.2 (171.350,-43.615) 103 194
05/06/2011 5.5 (171.360,-43.598) 300 210
13/06/2011 5.8 (171.702,-43.560) 104 12
13/06/2011 6.4 (171.719,-43.575) 293 24
14/06/2011 5.1 (171.746,-43.658) 101 191
21/06/2011 5.4 (171.540,-43.653) 133 224
09/10/2011 5.4 (171.771,-43.589) 114 205
23/12/2011 5.8 (171.772,-43.525) 122 26
23/12/2011 5.5 (171.762,-43.520) 124 8
23/12/2011 6.1 (171.760,-43.545) 301 39
23/12/2011 5.1 (171.758,-43.681) 122 218
01/01/2012 5.3 (171.772,-43.477) 126 7
06/01/2012 5.3 (171.221,-43.746) 141 3
25/05/2012 5.2 (171.789,-43.527) 135 240

Table A4.1: Details of the P- and T-axis azimuths taken from the 28 earthquakes
reported in the CMT catalogue between January 1976 and September 2013. The
magnitude (ML) is the one reported by the GeoNet catalogue.
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