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Abstract

Earthquake source models are vital for enhancing our utadheling of tectonic processes
and for reliably assessing seismic hazard. The spatialengddral resolution of INSAR
and seismic data, respectively, make them powerful toolstfmlying earthquake sources.
In this thesis | present the first comprehensive global aecbf INSAR-determined
source models (ICMT database) compiled from the literatwigich | use to indepen-
dently assess source parameters reported in global armhaégieismic catalogues. In
general there is good agreement between INSAR and seisoricesmodels, but there are
some large discrepancies, particularly in location andnsiei moment. There is a large
intra-event variability in source parameters in the ICMTati@se, which highlights the
uncertainties introduced by errors in the data and by sfiaglassumptions used in the
modelling. Large discrepancies for five earthquakes witgmitades M, 6.0 - M,, 8.1 are
investigated in detail by comparing seismic data with te&oal seismograms calculated
using two forward modelling technigques and 1-D and 3-D Eartddels. For moderate
magnitude events the INSAR location improves the fit to thensie data, but this is not
the case for the larger earthquakes, which is partly duertosein the Earth models used.
These findings motivated the development of a new seismdeggqgoint source inver-
sion technique that takes into account the effects of 3-DhEstructure when modelling
the seismic data. It is tested on three synthetic eventsdiffitrent faulting mechanisms
and for three real earthquakes in various tectonic setfixigs6.0 Eureka Valley, N 6.6
Aiquile and M, 6.5 Zarand events). These tests clearly show the advantdigaking
into account 3-D Earth structure in the modelling, and thmlgioation of INSAR and
seismic datasets reduces parameter tradeoffs and enhblesbust characterisation of

the earthquake source.
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Chapter 1

Introduction

Recent large, complex, and destructive earthquakes sudhiigM,, 7.0, 12" January
2010) and Tohoku, Japan (M9.0 1¥* March 2011) have highlighted the importance
of prior knowledge of the tectonic regime of a region. Theusibcharacterisation of
earthquakes provides key information for this purposdialhy seismic and geodetic data
(e.g. trilateration, levelling) were the few data sources avdddor the determination of
earthquake source models. The development of GPS and reelderometry marked the
beginning of the rapid expansion of geodetic data to meadliaspects of the earthquake
cycle around the world. Since the first observation of a cosigi event in 1992 (M
7.3, Landers, California), Interferometric Synthetic Apee Radar (INSAR) has proven
a powerful tool and over the past two decades there have ligaificant developments
in the techniques used to exploit this INSAR data. Moreotrer,fine spatial resolution
of INSAR data complements the high temporal resolution &fnsie data, which when
combined into a single analysis can robustly constrain #rthquake source. However,
the assumed Earth structure model is an important consioierahen modelling the seis-
mic data and further improvements in joint seismo-geodatiersion techniques will be
beneficial for investigating large earthquakes, and careaty better understanding the

earthquake cycle.

1.1 Global tectonics and the earthquake cycle

The majority of global seismicity occurs at, and within, no&r zones surrounding plate

boundaries (Figure 1.1), but the influence of the motion atepboundaries can extend



2 Introduction

thousands of kilometres into the plate interierg Range and Basin Province, North
America, Parsons and Thatcher, 2011). The build up of sttaeto plate motions ei-
ther at the boundaries or within the plate interiors is thg #ever for the earthquake
cycle, a concept based on elastic rebound theory. It waspfiogtosed by Harry Reid
(1910) after the N} 7.8 San Francisco earthquake in 1906. Elastic strain bujddue
to the relative motions of the plates either side of a fagltemred to as the interseismic
phase. When the strain overcomes the frictional resistandbe fault the built up strain
energy is released in a sudden movement on the fault, whible isarthquake (coseismic
phase). This results in a change in the stress state in timragd the activities relating

to the adjustment of the region to this change occur in théspissnic phase.

60

-60

-180 -120 -60 0 60 120 180

Figure 1.1: Global map showing earthquakes (red circles) with>M5.0 that occurred between
2002-2012 at depths less than 100 km. Based on data dowdl&radethe National Earthquake
Information Center. Plate boundaries are shown in black.

The whole cycle typically lasts tens to hundreds of yearsitihds been observed in
full in a few places, such as the Parkfield section of the Sadrdas fault (Murray and
Langbein, 2006), the Sumatra subduction zone (Prawirfsdétal., 2010) and the East
Pacific Rise (McGuire, 2008). The advent of geodetic datgphagen a particularly use-
ful tool for observing each aspect of the cycle. For exanmgitay slip events, which refer
to periods of slip which last for days and don’t produce damageismic wavese(g.
Meade and Loveless, 2009) have been observed with con8m@8& in various subduc-

tion zones including Cascadia, North America (Draggil., 2001) and Hikurangi, New
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Zealand (Wallace and Beavan, 2006). The build up of intensiei strain across large
continental fault systems has been measured using INSARG&®®I data €.9. Wright
et al, 2001b; Biggset al, 2007; Walterset al,, 2011; Pezzat al, 2012) and geode-
tic measurements have revealed significant postseismarrdafion following the 2004
Parkfield earthquake in California (Freed, 2005; Johamsah, 2006).

Postseismic deformation can be explained by a variety ofhar@sms, including;
afterslip on the fault or neighbouring structuresg( 2005, M, 7.5, Kashmir, Pakistan
earthquake, Jouanret al, 2011), viscoelastic relaxation in the lower crust and uppe
mantle following large subduction zone earthqualeg.001, M, 8.5, Arequipa, Peru,
Hergert and Heidbach, 2006) or large strike slip eveatg.(2001, M,, 7.6, Kokoxili,
Tibet, Ryderet al, 2007) and poroelastic relaxation in the upper crasgy.(Gahalaut
et al, 2008) or a combination of mechanisnesg.Fialko, 2004aArnadc’)ttiret al, 2005;
Lubiset al, 2013).

Regarding the coseismic part of the cycle, recent atteritaanbeen paid to extreme
rupture behaviours, for example the afore-mentioned slipaesents and at the opposite
end of the scale, supershear ruptures. These are events vwotve the propogation of
the rupture at speeds faster than shear wave velocity arellde®n observed for recent
large strike-slip eventsge(g. 1zmit M,, 7.5, 17" August 1999; Bouchoet al., 2002).
Investigations of the coseismic part of the earthquakeecgiso include the reliable esti-
mation of the magnitude, location and fault geometry of athgaiake, which are useful
for a variety of purposes. On a short timescale following arthgjuake, robust earth-
gquake source models are key to the successful implememntaitibe National Earthquake
Information Centre’s PAGER system (Prompt Assessment ob&IEarthquakes for Re-
sponse) which relies on accurate parameters to determérextent of ground shaking and
consequently the number of potential fatalities, usualithiw 30 minutes of the event.
Thus, accurate source models provide information critic@oordinating effective relief
efforts. On a longer timescale, compilations of source reofie earthquakes in a given
region allow the investigation of the tectonic regineeg(Jackson and McKenzie, 1984;
Dewey and Lamb, 1992; Ambraseys and Jackson, 1998; Detilah, 2012), which is
important for understanding the seismic hazard. More®airce models can be used as

inputs for Coulomb stress calculatioresd.King et al., 1994; Astizet al,, 2000; Enescu
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etal, 2012; Serpellonét al,, 2012), another key tool for assessing the risk of futureesve
in aregion. Understanding the uncertainties in source tsaslparticularly important for
the correct interpretation of potential stress triggeiimg region (Woessnest al,, 2012)

and treatment of how the fault network is connected basedeotogical observations
and models for previous earthquakes can significantly anhang resulting calculations
(Parsont al,, 2012). Therefore earthquake source models play an inmgaxte in un-

derstanding the tectonic processes, which is importarthBomany populations that live

on or near faults (Figure 1.2).

Figure 1.2: Image taken in Hollister, northern California, the slighgnid in the pavement in
the middle of the picture indicates the influence of the rigtgral motion of the Calaveras fault
(yellow arrows) which runs underneath the houses to theAeffirge event is considered unlikely
to occur in this particular section as it is creeping.

1.2 Quantifying global earthquakes

Many of the fault systems that are discussed in this thesis baen active for millions

of years €.g. San Andreas Fault, California) and the detection of histevients on these
structures, prior to the development of seismic and geotithniques, relied on field ob-
servations. Measurements of the instantaneous deformetilandforms and sediments
as a result of the earthquake, in combination with the datfrigcks can be used to deter-

mine the location, timing and magnitude of large (usually=M.5) historic earthquakes
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— afield known as paleoseismology. This includes the measmeof fault scarpse(g,
Bonilla et al, 1984), offsets of river terracee.@, Lensen, 1968), uplift of marine ter-
races €.g. Berrymanet al, 1989) and the excavation of trenches across faults to map
and date the sediments.§, Sieh, 1978). Further details and an excellent overview of
paleoseismology are given in McCalpin (1996).

Some of the afore-mentioned techniques are used to inaéstiyesent-day earth-
quakes. For example, measurements of coral uplift alongcdlast as a result of the
Haiti earthquake were used as a further constraint when liirggthe event (Hayest al,
2010). Offsets along the fault are also valuable inforrmaiod are complementary to
GPS and InSAR datag(g, Wenchuan, China, W 7.9, 12" May 2008 Hacet al., 2009).

As well as offset measurements, observations of the surfguteire are also useful to
identify the faults that were involved in the earthquaked #me strike and dip of these
faults provide further constraints when trying to model ¢hent €.g., Zarand, Iran, N}
6.5, Talebiaret al,, 2006). These type of data are useful additions to the ddiected

through various seismological and geodetic techniques;hakill now be discussed.

1.2.1 Seismological methods

Seismologists have been using the measurements of dispatg, velocities and accel-
erations due to seismic waves generated by earthquakemtingight into their source
mechanism since the 1880's (Byerly, 1960). But it was thdepth study of the 1906
San Francisco evene.g. Lawson, 1908; Reid, 1910) which was the first landmark in
measuring and recognising that earthquakes are due torsfgutis. The substantial de-
ployment of seismic stations since then, particularly glatetworks throughout the 1960s
and 1970s such as the World Wide Standard Seismograph NefWdWSSN), and later
in 1986 the Global Seismograph Network (GSN, shown in FiguBg, lead to the explo-
sion of source studies of earthquakegy(Ben-Menahem and Toksoz, 1963; Tsai and Aki,
1970; Kanamori, 1970; Randall and Knopoff, 1970; Fiathal., 1980; Dziewonsket al.,
1981). During this period, the vast improvement in the vauuality and availability of
seismic data also sparked the routine reporting of earifeglecations and magnitudes,
on a global scale. This includes the activities of the Irdiomal Seismological Centre

(ISC) in the UK (ISC Bulletin, http://www.isc.ac.uk/iscletin/search) and the National
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Earthquake Information Centre (NEIC) in the United StatdEIC Global Earthquake
Search, http://earthquake.usgs.gov/earthquakeshdgestepic). It also led to the devel-
opment of numerous inversion techniques for the rapid detetion of the earthquake

source mechanism, as well as the location and magnitude.
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Figure 1.3: Map of the 150 plus stations included in the GSN network, Wisca partnership be-
tween Incorporated Research Institutions for Seismoltighs) and the United States Geological
Survey (USGS). Figure downloaded from IRIS (http://wwis.iedu/hg/programs/gsn).

One way to model an earthquake is to treat it as a point soma&dbert (1970) was
the first to suggest that it can be represented as a threlerdy-atrix of force couples,
known as a moment tensor. The components of this tensorrearly related to the
velocities observed in seismograms, if the latter are asduim be a sum of the normal
modes excited by the earthquake (Gilbert and DziewonskisL9This is the approach
behind the Centroid Moment Tensor (CMT) method (Dzieworetkal, 1981), which
was one of the first techniques implemented on a global scalthé rapid and routine
determination of the location, magnitude and focal medmarfor earthquakes with M
> 5.5 (Dziewonski and Woodhouse, 1983). Solutions calcdlaging this approach for
thousands of events since the early 1980s to the presentreag@orted in the Global
CMT (GCMT) catalogue, one of the most widely used seismialogues (Ekstroret al.,
2012).

The GCMT catalogue uses long period surface and body waueslule to the large
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volume of information contained in a seismogram there areynagher ways in which it
can be exploited. For example the ISC Bulletin uses mul#pdend S phase arrivals based
on the 1-D velocity model, ak135 (Kennett al., 1995), and a linear least squares ap-
proach, to determine the hypocentral location. Measur&rathe maximum amplitude
of P and surface wave (118 - 22s) arrivals are used to determine body)(amd surface
wave (M;) magnitudes, respectively. Teleseismic bodywaves areobtiee first record-
ings of an earthquake available, arriving within the first f@inutes, and they are useful
for the quick yet robust characterisation of an event. Famg)e, a recently developed
bodywave deconvolution method, SCARDEC (Vali#al., 2011), is able to determine, a
depth, focal mechanism and source time function (STF) fahgaakes generally larger
than M, 6.0, within 45 minutes of an event occurring.

For studies of individual earthquakes, patrticularly fordarate to large events, a more
detailed description of the spatial complexity of the seutan be determined, where the
event is modelled as varying slip across one or more plarnfacas. The fault geome-
try and location are usually fixed and the surface is splitnip & grid, where the slip
amplitude and rupture time for each subfault are solved Tdrere are numerous tech-
niques for such an inversion; which vary depending on the tffseismic data used and
the approach taken to solve the problem. Early studies usmugsmotion datad.g.Tri-
funac, 1974; Olson and Apsel, 1982), and teleseismic bodysvéP and SH) have also
been usedq.g.Das and Kostrov, 1990; Hartzadt al, 1991), as has a combination of the
two datasetsg.g.Mendoza and Hartzell, 1989). A linear approach can be takaolie
for the slip amplituded.g.Trifunac, 1974; Das and Kostrov, 1990; Hartzetllal., 1991).
Alternatively the slip amplitude and rupture time can bewstaneously solved in a linear
iterative fashion€.g.Beroza and Spudich, 1988).

Strong motion data are able to record the higher amplitugenée waves more ro-
bustly than teleseismic observations. Recordings frogelatrike-slip events in the past
decade or so, such as the,M.3 Izmit earthquake in 1999 in Turkey and the,M.9,
Wenchuan earthquake in China in 2008 have enabled in-dépdies into not only the
distribution of slip, but also the propagation of the ruptue.g. Delouis et al,, 2002;
Zhanget al, 2012). This includes the observation of supershear rapfor Izmit (e.g.

Bouchonet al., 2002) and a slightly smaller event which also ruptured phthe North
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Anatolian fault only three months later, M7.1 Duzce, (Koncat al, 2010). Moreover,
ocean-bottom seismometers (OBS) have proven particulesdful for recording large
subduction eventse(g.Romancet al,, 2010) and dense OBS deployments recording local
events enables the identification of the tectonic mechanidnving the deformation in
plate boundary setting®.g. Geissleret al,, 2010; Sumyet al, 2013). Another current
focus in inversion techniques is how the fault surface isefied. Rather than assuming
it to be planar, meshes of triangular elements have beentosanulate more realistic ir-
regular shaped representations of active fagltg. Southern California Community Fault
Model, Pleschet al, 2002, 2007), and also to take into account the plate gegnietr

subduction zonese(g. Slab1.0, Hayest al.,, 2012).

1.2.2 Geodetic observations

Geodetic measurements of crustal deformation were coedas early as the late 1800s.
For example, triangulation surveys were carried out aldwegHayward fault in the San
Francisco Bay area to measure displacements due to th&.®event in 1868 (Yu and
Segall, 1996). Trilateration is an alternative to triardian, for the determination of the
absolute horizontal position, and the development of Ededt Distance Meters (EDMs)
improved the accuracy of this technique, which was used @sore coseismic displace-
ments due to the Landers earthquake, (W13, 28" June 1992, Murrayet al., 1993).
Triangulation and trilateration can accurately deternfingzontal displacements but for
more precise vertical measurements levelling surveyssed @.9g, M 7.1 Imperial Val-
ley earthquake, ¥8 May 1940, Relinger, 1984). Initially these were the mairhtéques
available but the development of Very Long Baseline Interfeetry (VLBI) for precision
geodesy in the late 1970s provided another means for magsurtistal deformation, such
as displacements along the San Andreas fault (&aak, 1987). However, it was the de-
velopment of GPS (Global Positioning System) which markedexpansion of geodetic
data for measuring all aspects of earthquake cycle. The [Rniata earthquake (M6.9,
17" October 1989) was one of the first events to be measured u§iSy@illiamset al.,
1993), and also using VLBI (Clargt al,, 1990).

Then in 1991 the launch of the satellite ERS-1 heralded tlginhiang of an era of

global coverage of synthetic aperture radar (SAR) obsenst As geodesists learned
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how to exploit this data source and additional SAR satslitere launched by multiple
agencies, an alternative, non-seismological, methodtolysof shallow earthquakes was
established. An active radar signal is emitted by a satedlitd the phase of the signal
reflected back from a target and recorded by the antenna,usaiidn of the distance
between the radar antenna (in this case, the satellite)h@n@dar target (in this case, the
ground). Therefore, by differencing the phase of the SARgesaacquired at different
times we can in principle detect changes in the distanceatigatiue to the movement of
the ground toward or away from the satellite between adipis. If one SAR image is
acquired before, and another after, a process that geseyattace deformation, a fine
resolution map of the displacement can be generated. Tthigitpie is interferometric
SAR (InNSAR), and is a powerful Earth observation tool forasiigating varying sources
of crustal deformation, which include; sub-surface fluidveroent €.g.subsidence due to
groundwater abstraction, Gonzalez and Fernandez, 2@tslides €.g.Roeringet al,,
2009), glacier movemene(g.Gray, 2011), and volcanic deformatioa.g. Amelung and
Day, 2002; Pritchard and Simons, 2004; Parkal., 2012).

A further application is the detection and measurement ghgaakes, an example
interferogram for a moderate magnitude earthquake in @ald is shown in Figure 1.4.
Here one fringe (one cycle of pink to red) corresponds toldégment in the line of sight
(LOS) of the satellite that is equal to half a wavelength @f thdar signal, which in this
case is equivalent to 2.8 cm away from the satellite. Eladitocation modelling of
the surface displacements measured by INSAR can then beasstimate the source
parameters of the earthquake, information that is indegr@nfdom seismology.

Unlike seismic data, INSAR data have poor temporal resoiutand other geodetic
techniques such as GPS, trilateration and triangulatime lhaslight advantage, as sur-
veys can be conducted relatively quickly after an earthguakd are less likely to be
contaminated by postseismic deformation. Also these data airect measurement of
the surface displacement whereas INSAR measures a contpgriba deformation, but
interferograms record displacements for many points ign#) over a large area (usually
~ 100 km), whereas much fewer measurements for the same arpasaible with tech-
nigues such as GPS. Consequently, INSAR and geodetic neeanis acquired in the

field are complementary as the data can be used to crosg-gadh other and fill in gaps
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where the quality of either dataset is poor.

One significant advantage of INSAR is that the data can baracoeemotely and can
cover inaccessible regions, where geodetic and seismiwriet are limited. There are,
however, only a limited number of satellites, and the SARgesahave to be acquired be-
fore and after the event of interest and ideally with the santpiisition geometry and as
small a time period as possible between the two images, tionizie decorrelation. Since
the first earthquake (Landers, M.3, 26" June 1992, Massonnet al, 1993) was mea-
sured, the volume and accessibility of SAR data has steadifgased and consequently
the number of earthquakes studied using this type of datdlendhodelling approaches
used has increased also.

The first source models for earthquakes observed by INSARerearly 1990s€.g.
M, 6.1 Eureka Valley 17 May 1993) were calculated assuming uniform slip on a fi-
nite fault in a homogeneous elastic half-spaeg.(Peltzer and Rosen, 1995; Massonnet
and Feigl, 1995). These calculations are based on the @udutif Okada (1985), which
show that the fault size, geometry, and location are nogalily related to the surface dis-
placements, and almost all INSAR studies of earthquakeshes®kada solutions and a
non-linear optimisation algorithm. However, for largeeats, such as the Landers earth-
quake, the spatial complexity of the source ideally needsettaken into account, in a
similar way to models based on seismic data. The high spasalution of INSAR data
has proven to be a powerful tool for mapping this complexagpecially for large con-
tinental strike-slip events such as Hector Mine, Califar(l,, 7.1, 16" October 1999,
Simonset al, 2002), Denali, Alaska (M 7.9, 3¢ November 2002, Wrightt al., 2004a)
and Kokoxili, Tibet (M,, 7.8, 14" November 2001, Lasserst al, 2005). As slip is lin-
early related to the observed surface displacements, bedault geometry and location
are determined, the spatial distribution of slip can be rit@ee for using simple inverse
methods €.g.Salichonet al,, 2004; Funninget al., 2007; Tonget al.,, 2010).

A homogeneous half-space is a simple approximation of angiatly highly hetero-
geneous crust, and although this has been found to be a edds@ssumptiore(g. Wald
and Heaton, 2001), it can introduce biases in the sourcenedeas, such as depth.§.
Savage, 1998; Cattiet al,, 1999). Therefore, layered half-spaces are increasingly b
ing used insteade(g.Lohmanet al., 2002; Pritcharcbt al,, 2006; Pritchard and Fielding,
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2008; Baelet al., 2008) and in one case the 3-D Earth structure has also besideced
(Bustin et al,, 2004). The trend over the past decade or so regarding In$wRother
geodetic data, such as GPS, has been the development afjieehmvhich jointly invert

these data with seismic data, an issue discussed next.
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Figure 1.4: Unwrapped interferogram showing a signal from the Eurekieyaarthquake (I
6.1, 17" May 1993). This was produced using two SAR images from 09/&nd 08/11/93
by ERS-1, here 1 interferometric fringe corresponds to Zn8désplacement in the LOS of the
satellite, adding all the fringes results in a total of 8cnmanfge increase which is consistent with
subsidence from normal faulting.

1.3 Current challenges

There are several well established techniques for therdatation of earthquake source
parameters which use a variety of different seismic datd, there are several global
seismic catalogues which routinely report these parametdhis includes the afore-
mentioned GCMT catalogue, the ISC and Engdahl-van der-Biléand (EHB) Bulletins
run by the ISC, and also the NEIC. The NEIC have several diffecatalogues and are
usually the first to report a location and magnitude for athegiake. In recent years there
have been focused efforts on the compilation of regionalogties such as the RCMT for
events in the Mediterranean (Pondrellial., 2002). These catalogues tend to use local ve-
locity structures to model the seismic data, which are mocarate than the Earth models
used in global seismic catalogues, because the data usatbegesensitive to the crustal
structure. Errors in the assumed Earth model can lead tediassource parameters, for
example systematic mislocations of events in the south Aaweisubduction zone by the

GCMT catalogued.g.Syracuse and Abers, 2009).
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Seismic catalogues are valuable tools in the field of seisgyahnd no equivalent cat-
alogue exists for source models derived from geodetic dé@tia.considering the indepen-
dent nature of the two datasets, a compilation of geod8tidetermined source models
would be useful for assessing those reported in seismitogates, and vice versa. Not
many studies have compared source models calculated usngvd different datasets,
most consider events on an individual or regional soalg, Wright et al, 1999; Lohman
et al, 2002; Mellorset al,, 2004; Pritcharcet al, 2006). One study has considered global
events but mainly in the context of the seismic moment anith@aake scaling laws (Fun-
ning, 2005). These comparisons have highlighted some kagssthough, particularly re-
garding the assumed Earth structure and the quality of ttae(elgy.Feigl, 2002; Pritchard
et al,, 2006).

The complementary strong spatial and high temporal résoldf INSAR data and
seismic data, respectively, is also evident from these emisgns. Over the past decade
there has been an increasing trend for the development efsion techniques which
combine and exploit the strengths of the two datasets. Téwer@wumerous approaches
which differ mainly in the methods used to model the seisn@itadcand to search the
parameter space. Strong motion dateg(Hernandezet al., 1999), regional network
data €.g.Lohmanet al, 2002), teleseismic data.g.Delouiset al, 2000, 2002) or a
combination of thesee(g.Ji et al., 2002b; Kaverinat al, 2002) have been jointly used
with INSAR data. To search the parameter space genetidgtalgerE.g.Hernandezt al,,
1999), simulated annealing methodsg( Ji et al,, 2002a; Delouist al, 2002), or the
Neighbourhood Algorithmd.g.Lohmanet al,, 2002) have all been employed, as well as
a hybrid downhill Powell-Monte Carlo approach.g.Wright et al., 1999; Funninget al,,
2007). One common feature amongst all these joint inversohniques is that when
modelling the seismic data they all assume a 1-D Earth sireiciThe study of Wald and
Graves (2001) is the only study, to the writer's knowledge;dnsider the effect of a 3-D
structure, suggesting that the addition of geodetic dasittmic source inversions leads
to more robust results as seismic data are very sensitivetastsumed Earth structure but
geodetic data are much less so.

Both INSAR and seismic data are vital for the robust charietéon of the earthquake

source process and this is evident through the continuedtment in future satellites and
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denser seismic networks. In 2013 the ESA plans to launchr$teofitwo satellites with
SARs (Sentinel 1A), with the specific purpose of acquiringRSfages for natural haz-
ard applications. The second satellite (Sentinel 1B) ianed in the next few years, and
once launched it will work in tandem with the first so that a Sifkage of anywhere
on Earth can theoretically be acquired every 6 days and thisitréime will be even
shorter, compared with 35 days for the previous ESA missiaMigh regard to seismic
data, the USArray is just one example of the expansion ofptetand temporary net-
works. It is part of the 15 year-long Earthscope program amubists of 400 portable
seismometers which are gradually being moved across thaeotal US to record local
and global seismic activity, with the aim of improving thedenstanding of continental
tectonics, lithospheric structure, and deep Earth stradgig.Meltzeret al,, 1999). Sig-
nificant developments in high performance computing hase ehabled advances in the
forward modelling of seismic wave fields on a global scalg.Komatitsch and Tromp,
1999; Jahnket al., 2008), and local scale(g.simulation of broadband ground motions,
Graveset al, 2008), and the modelling of the Earth structueeg(Schaefeet al.,, 2011),
with increasing accuracy and efficiency. Also the launctudifer satellites, such as Sen-
tinel 1A and 1B, will result in a significant expansion in thelume of INSAR data, and
increasing computing capacity will be extremely usefulgoocessing this large amount
of data. All these improvements in data quality and avditshand modelling capability
are extremely promising for the future development of témplmes which characterise the

earthquake source robustly.

1.4 Motivation and thesis outline

The goal of this thesis is to study large global earthquakésgunSAR and long period
seismic data by investigating the differences betweenwbedatasets to understand their
relative strengths and weaknesses. This information hdlhtbe used to develop a new
seismo-geodetic point source inversion technique to cainsthe source in a robust way
for these large events.

In Chapter 2 the first global catalogue of INSAR-determinaatee models, based on

studies published in the scientific literature, is presgniehis catalogue is subsequently
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used in Chapter 3 as an independent means for verifying sonoclels reported in seis-
mic catalogues and cross-verifying INSAR source modelshfersame earthquake. The
seismic moment, centroid location and fault geometry dreaisidered, and the cen-
troid locations are also compared with the known geology lymbcentral locations. In
addition, variations between source models (uniform asttiduted slip) for the same
earthquakes are used to assess the uncertainties.

Five earthquakes (M 6.0 - 8.1) which showed large discrepancies in these compar-
isons are investigated in Chapter 4 by forward modellingsthrce parameters to calcu-
late seismic synthetics for comparison with the observed.d&wo forward modelling
techniques and Earth models are used; (i) Normal mode suommaing the 1-D Earth
model, PREM (Preliminary Reference Earth Model, Dziewéorssid Anderson, 1981)
and (ii) the Spectral element method using the 3-D shear weamtle model, S20RTS
(Ritsemaet al, 1999), combined with the crustal model CRUST2.0 (Bassil., 2000).

These tests highlight the importance of the assumed Eattttste when modelling
the seismic data and is one of the motivations behind the joiersion technique pre-
sented in Chapter 5. This method is tested using three dimterthquakes and is then
applied to three real events that could benefit from the jowdrsion of INSAR and long
period seismic data: Eureka Valley (M.1, 17" May 1993), Aiquile, Bolivia (M, 6.6,
22" February 1998) and Zarand, Iran {M6.5, 22" May 2005). Finally in Chapter 6 the

key issues highlighted in this thesis are discussed and #ie conclusions summarised.



Chapter 2

Construction of the ICMT catalogue

2.1 Introduction

Seismic data are routinely used to determine earthquakeesawdels and, increasingly,
Interferometric Synthetic Aperture Radar (INSAR) data @s®d being used. There are
numerous seismic catalogues which provide locations amdtsanechanisms. However,
currently there is not a homogeneous catalogue of InNSARraéted earthquake source
parameters, where the source models have been determimgdcossistent modelling
techniques and Earth models.

In this chapter | summarise the basic principles behind RS#d seismic data for
earthquake observation and the modelling approachesagdetermine earthquake source
parameters. A summary of existing seismic catalogues isghen. This is followed by
a description of the compilation of the first global archifén8AR derived source mod-
els, which is used in Chapter 3 for comparisons with estimagported in global and
regional seismic catalogues. The current version of th&R8rchive has been published

in Westonet al. (2011, 2012).

2.2 Processing and modelling INSAR data

There are many studies that have reviewed the principlesAR .9, Massonnet and
Feigl, 1998; Burgmanet al., 2000; Feigl, 2002; Funning, 2005) which should be referred
to for further details, but an outline of the technique witnbe summarised. Synthetic

Aperture Radar (SAR) involves a moving side-looking raduaiténg pulses of microwave
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radiation towards the ground and measuring the amplitudeghase of the radiation that
is scattered back to the radar. By combining responses frattiphe observation points
as the radar platform moves, a high resolution SAR imagetirmdd (a comprehensive
overview of SAR imaging can be found in e.g., Curlander andbtwough, 1991). This
image is referred to as a Single Look Complex (SLC) image wbantains the phase and

amplitude information for each pixel as a complex number:

Z = Ae' (2.1)

where A refers to the amplitude agdhe phase. INSAR is based on the difference in
phase QA ¢) between two SAR images; if these two SAR images are acqbizéate and
after an earthquake, part of the phase difference corréesgorone component of the sur-
face displacement caused by the evexip{. ;). However, atmospheric dela(atrmos.),
topography Q¢y,,.) and the difference in satellite positiong,,,.) and pixel properties
(A¢pizer) in the SAR image at the two image acquisition times can atsese phase

changes:

A(b = A(stef. + A(batmos. + A(Zstop. + A(Zspos. + A(bpi:zsel (22)

In order to isolate the phase change due to the earthquakeswisplacement sev-
eral methods have been developed to remove the other adtintghbfactors, which are
usually carried out during the processing stage of the datirferometric fringes due
to topography are removed using a Digital Elevation ModeEKD and the phase shift
due to a change in satellite position can be corrected by usiowledge of the satellite
orbits (.g.Scharroo and Visser, 1998). However, the phase delay dine tattnosphere
is more difficult to remove and, unlike topography and othiteanges, is not routinely
removed. In recent years there has been an increased fodeveloping techniques for
removing this remaining, and potentially major, source robein radar interferometry.
Approaches to calculate the delay include using meteoicab@r atmospheric models
and observed data to calculate the potential contributfdheatmosphere, particularly
water vapour€.g, Wadgeet al,, 2006; Puysseguet al,, 2007; Doinet al,, 2009; Wadge

et al, 2010). Few studies have tried to integrate a method of rahioto a processing
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routine for INSAR data, but Lét al. (2005) successfully integrated water vapour correc-
tion models into the RQPAC (Roseret al,, 2004) software, a free and popular SAR data
processing package.

Even in situations when such error sources are mitigatade filmm temporal decor-
relation (changes to the radar scattering characterisfitke ground) can still remain
in the interferogram. Changes in land use, land cogag,(snow) or vegetation can be
responsible for decorrelation, and the probability of afeggrand thus decorrelation, in-
creases with time. Decorrelation can be mitigated by usit@nger radar wavelength
(e.g, the ALOS satellite A = 235 mm) which is able to penetrate the canopies of trees
and scatter off their more stable trunks, and is less seasitigeneral to changes in small
scatterers on the ground.

Once phase changes due to sources other than surface didorara removed, then
the surface displacement)(in the line of sight (LOS) of the radar is equal to the change

in distance (or range) between the satellite and the ground:

Ap = (4;) u-p (2.3)

where,p is a unit vector pointing from the ground towards the saglintenna and
refers to the wavelength of the radiation emitted by thell#ateFollowing equation 2.3,
surface displacement equal to one half wavelength of thar isignal, corresponds to one
fringe in an interferogram (1 cycle of pink to red in Figurd)l.Wavelengths range from
31 mm to 235 mm (Table 2.1), consequently, surface displantsrat millimetre level
can potentially be detected by INSAR.

The 1990s saw the launch of various radar satellites and #rera few currently in
operation which provide radar images that can be used tapeoimterferograms (Table
2.1). The ERS-1 from the ESA was the first C-band satellitel the first to provide
data that were used to measure the surface displacementafnioearthquake. An L-
band satellite, JERS-1, was launched by the Japanese Aem$xploration Agency
(JAXA) a year later and over the following decade three ®rt@-band satellites were
launched. This included two from the ESA (ERS-2 and ENVISAMY the Canadian
Space Agency’s first commercial earth observation sseRADARSAT-1. The ALOS

was a follow-up L-band satellite to JERS-1, but this, andredlafore-mentioned satellites
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have since been decommissioned. However, missions ladmeci2007, by the Canadian,
Italian and German space agencies are still in operatioigchwhcludes RADARSAT-2
and two X-band satellites, COSMO-SKyMed and TerraSAR-Xrédwer, the ESA plans
to launch two new C-band satellites, with the first sate(8entinel-1A) to be launched in
2013 (ESA, 2007, 2011). Also JAXA are currently developihgit next L-band satellite,
ALOS-2.

Table 2.1: Summary of past and present satellites that provide SARfdathe measurement of
earthquakes. Note that COSMO-SkyMed is not one satellite lsonstellation of four satellites.

Satellite Operation Period Wavelength (mm) Band
European Remote Sensing Satellite 1 (ERS-1)1991 — 2000 56.7 C
European Remote Sensing Satellite 2 (ERS-2)1995 — 2011 56.7 C
RADARSAT-1 1995 - 2013 56.0 C
ENVISAT 2002 — 2012 56.3 C
Japanese Earth Resource Satellite (JERSF1) 1992 — 1998 235.0 L
Advanced Land Observation Satellite (ALOS) 2006 — 2011 235.0 L
COSMO-SkyMed 2007 — 31.0 X
TerraSAR-X 2007 — 31.0 X
RADARSAT-2 2007 — 56.0 C

There are various packages available for the processing\Bf data to produce in-
terferograms, with one of the most widely used packageggde®Il PAC (Roseret al.,
2004). Detailed overviews of the processing stages uséiprogramme are available in
several other studieg.g, Roseret al,, 2000, 2004; Funning, 2005) but the process will be
briefly summarised here. The two SAR images are preprocésggdduce Single-Look
Complex images (SLC) which are high resolution images tbatain both the phase and
amplitude information. Then, using orbital informatiordaastimated offsets between the
images, the SLC images are resampled into the same geometithe image acquired
before the earthquake is multiplied by the complex conigdithe ‘after’ image to form
the interferogram. The signal from topography is then resddwy calculating a synthetic
interferogram using orbital information and the Digitalefztion Model (DEM, 3 Arc
second Shuttle Radar Topography Mission (SRTM) in mostg)adéhe interferogram is
then filtered to enhance the strongest signals and the phésef the signal is unwrapped
from its modulo Zr value into the difference in phase between two neighbouypirgls.
This difference is then adjusted up to a multiple afté give the total change in range be-

tween the ground and the satellite. This unwrapped intggfam is then used to refine the
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viewing geometry and any further topographic correctiomg, dinally the interferogram
is geocoded to produce an image, such as the one seen in Eigure

The next step is to downsample the highly spatially coreeladata because with a
small subset of the data it is still possible to model the laatdres of the data. Down-
sampling methods such as quadtree decompositay (onssoret al, 2002; Simons
et al, 2002), focused near-field sampling.d, Funninget al., 2005b), and resolution-
based samplinge(g, Lohman and Simons, 2005b) have all been successfully used t
reduce the number of data points to model from millions todneds or thousands.

Once down-sampled, static elastic dislocation theory @unded to model the dis-
placement field seen in an interferogram. Steketee (1958}hvefirst to demonstrate that
the dislocationiu; ({1, {2, £3) across a planar surfacg, in an isotropic medium (i.e. an

earthquake) will result in the following displacement fialg(x;, X2, X3):

Tl B S M L TR W T T3

Eachu{ refers to tha!” component of displacement &i (%2, X3) due to a point force

vpdX (2.4)

at (€1, &2, &3) in thej?” direction with magnitudé=, whered j;, is the Kronecker delta)
andy refer to Lameé elastic parameters ands the direction cosine of the normal to the
surface elementX.

Analytical solutions to this equation for shear and tensititions on a fault are given
by Okada (1985), based on the cartesian coordinate systpoamentions shown in Fig-
ure 2.1. Following these solutions it is evident that thdtfgaometry (strike, dip, rake),
location and length are non-linearly related to the surtiisplacement field. Thus, while
the forward modelling of displacement fields (and, intaxfgams) is a simple process,
the inverse problem of determining the optimal source patars from interferograms is
not as straightforward. A number of algorithms have beemptaibto solve this non-linear
inverse problem; genetie(g.Hernandezt al,, 1999), simulated annealing..Delouis
et al, 2002; Jiet al, 2002a), the Neighbourhood Algorithre.g¢.Lohman and Simons,
2005a) and a downhill Powell-Monte Carlo approaetg(Clarke et al., 1997; Wright
et al, 1999).
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Figure 2.1: Coordinate system and source geometry assumed, after Qka8f), for a fault of
length L, width W, and dipping at an angle &f U;, Uy, and U are elementary dislocations and
correspond to strike-slip (1), dip-slip (U;) and tensile (J) components of an arbitrary disloca-
tion, respectively.

2.3 Earthquake source inversions using seismic data

Measurements of displacements caused by seismic wavesiggghby earthquakes is the
traditional approach for observing earthquakes. In thidystdata recorded on the global
seismic networksg.g. Global Seismic Network, GSN) at teleseismic distances see,u
which includes body waves (P and S) and surface waves (Rhyéeid Love), see Figure
2.2. Body waves are the fastest, the P waves arrive firsgvielll by S waves. Surface
waves are the last to arrive, which despite circumnavigattie Earth several times, due
to their lower rates of geometrical spreading are usualiyhiighest amplitude arrivals at
teleseismic distances. Rayleigh waves are created by th@ation of P and SV waves
and are observed on the vertical and longitudinal compsneh& seismogram (Figure
2.2 a & b). Love waves are the result of the constructive fatence of SH waves trapped
at the surface and are seen on the transverse componere(BigLc).

The displacements due to an earthquake observed at seisemsroan be uniquely
described using body forces and the response of the assuartd $ructure to these
forces. Based on the unigueness theorem and various retatige theorems (see Aki
and Richards, 1980), and omitting the effects of tracticth displacement discontinuities

(Julian, 1998), then the displacement fial¢,t) due to a shear dislocation in a volume,
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Figure 2.2: Example seismogram showing the displacements due to theddaihquake (N
12th January 2010) recorded at the BFO station in Germany at aewpal distance 70and 44
azimuth. P, S, Rayleigh and Love wave arrivals are hightighdn the vertical, longitudinal and
transverse components. The record spans an hour and alladfifig the occurrence time of the
earthquake (21:53:10, GMT), as shown along the top of thediglihe amplitude corresponds to
ground velocity in ms!.

V, due to a body forcd, at position¢ can be written as:

ww)= [ [ [ Guteopnie (2.5)

whereG;;(x.£ ,t) is the elastodynamic Green'’s function which describesttheamponent
of displacement due to a unit force applied in the jth dimttt positiont and time zero
and ** indicates temporal convolution. If the Green’s ftion is expanded using a Taylor

series then equation 2.5 becomes
ui(ac, t) = Gl-j(:v, 0, t) * Fj(t) + Gij,k(xa 0, t) * Mjk(t) + ... (2.6)
whereF is the total force exerted by the source:

E@=//AEQW% (2.7)

andM is the seismic moment tensor:

AM@z//A&MwW£ (2.8)
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which describes the earthquake as a combination of nine favaples, and was first in-
troduced by Gilbert (1970). The seismic moment tensor caexpeessed using spherical

coordinates in matrix form:

Mrr Mr@ Mr¢
M =1 My My My, (2.9)
Mg, Mgy Mgy

where (r,¢ ,0) are the orthogonal axes (up, E, S). The moment tensor is syrnarhence
there are only six independent elements, where the eigemgeand eigenvalues of this
matrix describe the source type, moment and orientatiore. mibment tensor can be de-
composed into three parts; isotropic, double-couple antpemsated linear vector dipole
(CLVD). If a pure double-couple source is assumiegl o volume change, such as shear
fracture) then the trace and the determinant of the momanbtds zero)\;+As+A3 = 0,
whereas for a purely isotropic souraad. an explosion)\;=\y=\3. Consequently, the
ratio of the minimum and maximum eigenvalues of the tracéneftensor can be used to
quantify the percentage of the non-double-couple comportear most earthquakes the
double-couple is the dominant mechanism however, the Clssipecial case where the
moment tensor is traceless but one of the eigenvalues ie that of the other two, which
are equal. Moment tensors with this kind of behaviour hawenbabserved for earth-
gquakes in volcanic setting®.g. Julian, 1983; Shuler and Ekstrom, 2009), or for earth-
guakes which involve two subevents occurring almost siamalously €.g. Stich et al,,
2005).

Assuming a pure double couple the moment tensor can be erpr@sterms of fault
geometry, strike®), dip (9) and rake §) and seismic moment (Mo), where Figure 2.3
shows the conventions followed throughout the thesis fesd¢tparameters, and following

the notation of Aki and Richards (1980):
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sin2dsin M,,
—(sindcosAsin 2@ + sin20sinsin’®) Mg
sindcosAsin2® — sin2dsinAcos®® Mgy

M = Mo = (2.10)
—(cosdcosAsin® + cos2isinAsin®) Mg
cosdcosAsin® — cos20sincos® M,
—(sindcosAcos2® + $sin28sinAsin2) My,

The moment tensor is linearly related to the displacemerusrded at seismometers
Gilbert and Dziewonski (1975) and this is part of the basisit: the approach used in
the seismic catalogue, the Global Centroid Moment Tenst@alague, (GCMT) which
routinely reports focal mechanisms for earthquakes gfavb or greater.

For the fast inversion of seismic data, a point source carsbaenaed such as in the
GCMT catalogue, or, if more information on the source ismdekia finite fault model can
be determinedd.g, Wald and Heaton, 1994). There are strengths and weaknessash
method, and the inversion methods employed in the seisnitogaies used here will be

outlined in the following section.

z y North

Fault plane

Figure 2.3: The strike (), dip (§) and rake §) conventions followed throughout this thesis for a
fault of length L, and width W, where u refers to the slip vedtat describes the movement of the
hanging wall with respect to the foot wall.
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2.4 Existing seismic source model catalogues

With extensive global seismic networks deployed worldwaahel vast data analysis and
inversion techniques available, seismology is a wellldisfaed and reliable technique
for determining earthquake source parameters. The GCMaotate is one of the most
frequently used seismic catalogues and has calculatetdrfamzhanisms for moderate to
large events (M> 5.0) since 1976. Long-period body and surface waves areinsad
versions for the six moment tensor components. Synthesmegrams for each moment
tensor component at each seismometer location, otherwmiaerkas excitation kernels,
are calculated using normal mode summation (e.g., Giliéit6) in a 3D Earth model
(SH8/U4L8, Dziewonski and Woodward, 1992). Originally, @ Earth model was used
instead (PREM, Dziewonslgdt al,, 1981). The observed seismograms can be expressed
as a multiplication between the matrix of excitation kesreshd the vector of six moment
tensor components. To solve for the moment tensor thisrliretationship is solved us-
ing a least-squares procedure, where for the Oth iterafidimedinversion the kernels are
calculated using the location from the Preliminary Deteration of Epicenters (PDE)
catalogue published by the NEIC. Once there is an initiairege of the moment tensor,
then excitation kernels are recalculated for all ten soparameters (centroid location,
origin time and moment tensor) and an iterative least-&guaversion is carried out un-
til an optimal agreement is reached between the observedhaodetical seismograms
(Dziewonskiet al., 1981; Dziewonski and Woodhouse, 1983).

The International Seismological Centre (ISC) has two dlobtalogues; the ISC and
EHB (Engdahl-van der Hilst - Buland) Bulletins. The agensgsidata from the monthly
listing of events produced by the National Earthquake mfttion Centre (NEIC) and
data submitted from various agencies around the world. &tata are associated to an
event and a least-squares procedure is used to determireoimee parameters: hypocen-
tral depth, location, and origin time. These parametergeperted in the ISC Bulletin
along with magnitude valuesyand M, (Adamset al,, 1982). To reduce the observed
bias in ISC focal depths the methodology above was modifiedaamore recent Earth
model, the ak135 model (Kennettal., 1995) was used instead of the Jeffreys and Bullen
travel time tables (Jeffreys and Bullen, 1940). Statiorclparrections and later phase

arrivals were also incorporated into the procedure (Enigeliadl., 1998) and the resulting
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parameters are published in the EHB bulletin. More recethidy|SC has implemented
a new location algorithm which used the Neighbourhood Atgor (Sambridge, 1998)
to obtain an initial guess for the hypocentre location argltha capability to include re-
gional traveltime predictions for certain phase arrivédg,(Lg, Pn, Sn), based on a 3-D
velocity model, for more details see Bondar and Storchak120This was implemented
at the beginning of 2011 and so applies to events from 200%asveported in the ISC
Bulletin (ISC, 2011).

In addition to these global catalogues, there are numeratadogues based on data
from local or regional seismic networks, which focus on asém regions including cen-
tral Europe or individual countries, such as Japan. Thewvdtig regional catalogues are

used in this chapter:

e Regional Centroid Moment Tensor Catalogue (RCMT)- This reports source
mechanisms for 4.5 M < 5.5 events in the Mediterranean region from 1977, with
the most recently published catalogue including event® @008 (Pondrellet al,
2011). The method used is the same as in the GCMT catalogaeptethat in
order to account for smaller magnitude events, the dataoargass filtered at 35 s
to include shorter period fundamental mode surface wavwaghstic seismograms
for these waves are calculated using global, laterallyiagr phase velocity models
and propagating a source pulse through them (Pondhtedll, 2002), instead of a

classical normal mode summation approach in a 1D Earth model

e Euro-Med Bulletin — This has been developed, and is run by, the Euro-Meditearan
Seismological Centre (EMSC). The current database cowenst®in the Euro-
Mediterranean region in the period 1998-2008. Data aredell from over 60
networks in 53 countries and the gathered phase and lodafiammation are pro-
cessed in a three-step procedure to produce the bulletina xal event the as-
sociated phases are collected and a location is deternteradively by computing
travel times using a local velocity model until the leastrae travel time residual
is minimized. The location is then tested against the iniBported location, the
variation in the travel time residual and the RMS, and thenitefi phases (Godey
et al, 2006).
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¢ National Research Institute for Earth Science and DisastePrevention (NEID)

Catalogue— There are several regional networks in Japan run by thenMpteo-
rological Agency (JMA) and the NEID. The data are archivedIMA and NEID
and made available for public use (Okaxtal, 2004). For earthquakes since 1997
the data recorded on the regional broadband seismic net{foriet) have been
used by the NEID to calculate focal mechanisms based on thétms of the first

P-wave arrivals (Kubet al., 2002).

India Meteorological Department (IMD) Catalogue — Similar to Japan, regional
data from their National Seismological Network (NSN) aredifor the calculation
of location and magnitude; the agency also submits theienhito the ISC (IMD,

2011).

Earthquake Mechanisms of the Mediterranean Area (EMMA)— This is a database
of focal mechanisms for earthquakes that have occurreceiMigditerranean area
between 1905 and 2003. The mechanisms and the related smanameters re-
ported in the literature are collected as well as the datiavtkee used to calculate
them. The focal mechanisms were recomputed using thesamndtzompared with
the mechanism published in the study. Errors, such aseotin strike or rake
values as a result of the formulation used, are correctedValtiple solutions for
each event are reported, but one is suggested as the bewirsaking a list of four
criteria, the foremost dependent on whether errors werertegh with the original

solution; for further details see Vannuccii and Gaspe00g).

Advanced National Seismic System (ANSS) Composite Catalog— This is a
world-wide catalogue run by the Northern California Eatthke Data Center in-
cluding events since 1898 to the present day. It mergesaadurom 15 contribut-
ing regional networks across North America, and the NEI@hEagional network
is assigned a geographic region and solutions from thisaorktfor events that oc-
cur in the region are always reported in the catalogue. lIftipial solutions from
various networks are reported for an event, the solutiomftloe network whose
geographic region covers the location of the event is censitithe best solution.

For events with more than one solution that occur outsideatba covered by the
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regional networks the solution with the largest magnitugleept (ANSS, 2010).

e Southern California Seismic Network (SCSN) catalogue- Similar to ANSS, the
Southern California Seismic Network (SCSN) collects datanfregional seismic
networks across North America, including its own networkowér 160 stations.
The origin time, date, location and magnitude along witheutainties are deter-
mined using an automatic phase picking procedure and redidy a seismologist.
There are currently over 470,000 events since 1932 to treeptrelay included in
the catalogue (Huttoat al.,, 2010).

These seismic catalogues greatly outnumber the globalgioral compilations of
source models calculated from geodetic data. The SRCMCdbdae is one of the largest
online resources to include finite-source rupture modetainkd from the inversion of
seismic and/or geodetic data. It began in 2004 and archimesniatic and static source
models reported in the literature. Since 2012 it has beenopdine earthquake research
resources (equake-RC) project, which aims at providing datl resources for earthquake
research. Consequently, as well as authors being able aadiphodels, there is also the
option of downloading other models included in the databa3errently there are 159

source models for 85 earthquakes (SRCMOD, 2012).

2.5 Compilation of INSAR Centroid Moment Tensor (ICMT)

catalogue

Since 1992 the number of INSAR derived models has grown Isgpidt there was no
catalogue similar to the various seismic catalogues deetiin the previous section. The
absence of such a database prompted the compilation of CMTesparameters (spatial
centroid location, seismic moment and fault's geometrypfobal earthquakes occurring
since 1992 studied using INSAR from nearly 100 studies phbd in the literature.

A total of 67 earthquakes that occurred between 1992 and 26096 studies are
included in the database listed in Table 2.2 listed at theddrildis chapter. For a given
published study we use solution(s) in order of importance&kwhre stated by the authors
as their favourite solution and/or that fit the data bettantthe other solutions. Whenever

uniform and variable slip inversions are carried out, bottalfinversion solutions are
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included in the database, except if any of the models hassiatially lower misfit or if
it is indicated by the authors as not being a preferred matlakenever there are multiple
studies of the same earthquake they are included in the adatads they are valuable to
assess uncertainties. Consequently for the 67 earthqtlaesare a total of 131 source
models. Only models for events that occurred before andidiiraf) 2010 are used in this
chapter as this was the most up to date version of the datab#dsatime of comparisons.
However, the database is constantly updated whenever ngiestbecome available, and
future work will include more earthquakes.

Figure 2.4 shows the geographical location of the 67 eastkegilisted in Table 2.2.
As expected, most earthquakes are located within the eamtnwith depths shallower
than 60 km (except for the 2005 Tarapaca, Chile, earthqualich has a GCMT depth
= 97.6 km). The magnitudes of the earthquakes studied afeeimange M, 5.0-8.5,
with about half of the earthquakes having magnitudes®MD-6.5 (see Figure 2.5). This
reflects the relative scarcity of large earthquakes, (M 7.5) in continental settings and
the relative difficulty of studying small earthquakes (M 5) using INSAR due to atmo-
spheric noise, data incoherence or unfavourable earteqdeyiths. An additional factor
limiting the number of small magnitude earthquakes usedisdtudy is the absence of
reported GCMT parameters for some of the small earthquakdged using INSARE.g,
for the M,, 5.0, 18 September 1997 and 1 October 1998 Zagros mountaiig|eakes
studied by Lohman and Simons (2005a) and for the 4M, 21 September 2005, Kalan-
nie and M, 4.7, 10 October 2007, Katanning, Australia, earthquakediest by Dawson
et al. (2008)). Of the 67 earthquakes listed, 23 occurred on ssiikefaults, 28 thrust
faults and 16 have normal fault movement.

Since INSAR data are commonly used in conjunction with ottada types such as

GPS, seismic and levelling, the events were classified diwpto the following criteria:

| (INSAR data only)

Gl (GPS and InSAR data)

S| (Seismic and INSAR data)

Ol (INSAR and other data, where three or more sources ofrimdtion have been

used, such as levelling, SPOTdic)
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Studies with INSAR source models where multiple subevergspeesent that are
clearly spatially discontinuous or the authors state amgostrongly influence by sub-
stantial postseismic deformatiorge.§, 2004 Parkfield earthquake), are not included in

the database.

-180° -120° -60° 0° 60° 120° 180°

| |
-180° -120° -60° 0° 60° 120° 180°

Figure 2.4: Geographical location of the 67 earthquakes (stars) sludith INSAR used in this
study. All earthquakes have magnitudes betwegnaW—-8.5 and are shallow (depth smaller than
60 km), except for the 2005 Tarapaca, Chile earthquake (G@&pth=97.6 km).

2.5.1 Centroid Moment Tensor parameter calculations

Not all the required source parameters from INSAR studie® waported in the literature
and in this instance the missing parameters were calcwhatbdhe information given in

the study or using information provided on request from arghFor example, often the
corner of the fault or the updip surface projection of theta®d were the only locations
given. For uniform slip models this location is used alonghwadditional geometrical
information (e.g. fault strike, dip, width and length) totelenine the centroid location.
For the variable slip models that were obtained from sewaugthors, the spatial distri-
bution of slip and fault geometry are used to compute a cightogation. For uniform

slip models which incorporate two or more faults a similapraach to the variable slip
models is taken, whereby the parameters are weighted aegdathe seismic moment

of each fault.
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Figure 2.5: Distribution of earthquake moment magnitudes (\f the earthquakes studied with
INSAR used in this study. The distribution is skewed towaradhquakes in the magnitude range
6—6.5. This is probably due to the higher frequency of eardlkgs of that magnitude compared to
larger events and to a higher detectability of such eartkegiasing INSAR than to smaller events.
Also, in this study we do not use a number of small earthqusketied using INSAR because of
the absence of reported GCMT parameters for them (see maifotaletails).

To determine the seismic moment if the moment magnitudg)(Mas given it was

converted using a simple relation (Kanamori, 1977):

2
M, = glogMO —6.03 (2.11)

Alternatively, M, was calculated if the area of the fault (A), the total slip Wwere

known and an assumed rigidity modulyg €hosen:
M, = pAu (2.12)

We use the rigidity modulus quoted in the study but if it is statted then a standard

rigidity modulus of 32 GPa is assumed.
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2.5.1.1 Example of ICMT parameter calculations

Figure 2.6 shows the two-fault, uniform slip model for thed3Bam, Iran, earthquake
produced by Funningt al. (2005b). The primary fault released a seismic moment of
7.6 x 108 N m, whereas the secondary fault has a seismic moment of 1043xNLm.
Figure 2.6 shows the focal mechanism (red beach ball) aidgirom the total moment
and the moment-weighted average strike, dip and rake ofwbdaults, assuming a pure,
double-couple, source mechanism (see overall paramatéeble 2.2). As expected, the
focal mechanism obtained from the overall parameters idaino that of the primary
fault, which has the larger moment. We also show the geomegmtroid of each fault
(black crosses) and the overall centroid obtained from a emtweighted average of the
centroids of the two faults (red cross). Again, as expedtecbverall centroid is close to

that of the primary fault.

Depth (km)

10
58.35

Latitude (deg)

Longitude (deg)

Figure 2.6: Example of the calculation of overall CMT source paramefersghe 2003 Bam
earthquake, using the two-fault, uniform slip model of Fimgret al. (2005b) obtained using
INSAR data. The model consists of a main fault plane with 2alaf slip and a smaller secondary
fault with 2.04 m of slip, with estimated seismic moments & X 10'® and 1.4 x 168 N m,
respectively. The corresponding focal mechanisms (yebeach balls) and centroid locations
(yellow crosses) are shown. The red beach ball represenfethl mechanism obtained from the
total moment and from the moment-weighted average of stdiggand rake of the two faults,
assuming a pure double-couple mechanism. The averag®ickluication is also shown (green
cross). The beach balls are not in absolute scale.
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2.6 Intraevent variability within the database

Since the earthquakes used in this study span 17 years andSA® source models
are generally built using different datasets and modeléitigtegies, the compilation is
nonuniform in terms of reliability of various models. Fomse cases the compilation
contains several source models for a given earthquake. arability in such earthquake
source models provides a means to assess qualitativelytaimties of the source param-

eters, which are generally unknown.

2.6.1 Seismic moment

Among the earthquakes in our compilation with several InSfRved estimates of seis-
mic moment, the intravent variability in moment betweenghmallest reported value and
the others is below 20% for 19 earthquakes (mediarn df7% and standard deviation,
o, 11%). Larger variabilities occur for the following sevearthquakes: 2003 Bam (44%
difference between the moment estimated by Pestetl. (2007) and that obtained by
Funninget al. (2005b)); 1992 Little Skull Mountain (35% difference betme“InSAR
only” and “seismic and InSA” models determined by Lohnedml. (2002)); 1997 Manyi
(35% difference between the moment from Funnéngl. (2007) and that by Wanet al.
(2007)); 1999 Duzce (37% difference between the momeniradtausing a one-segment
versus a multiple segment model by Wright (2000)); 1992 Fkivn(27% difference be-
tween the moment given by Feigl and Thurber (2009) and th&eiyl et al. (1995)); and
1999 Izmit (25% difference between the moment given by Fgi§D2) and by Wright
(2000)). The latter discrepancy may be due to the containimaly postseismic deforma-

tion (Feigl, 2002).

2.6.2 Fault geometry and mechanism

Differences in strike for a given earthquake are generatigler than 20 (with a median
variability over 18 earthquakes of 4° and 0=10"), except for the Al Hoceima 2004
earthquake, for which there is a difference of #étween the strike determined by Tahayt
et al. (2009) and that found by Biggst al. (2006). For the 19 earthquakes in Table 2.2
with more than one value of fault dip reported, the variaiiih dip is smaller than 20

(with a median of~ 8° and 0=6°) except for the 2000 Cankiri earthquake, for which
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there is a difference of 22between the fault dip determined by Wright (2000) and that
obtained by Cakir and Akoglu (2008). The variability in eafor a given earthquake is
also generally smaller than 2Qwith a median over 21 earthquakes-~of7° ando=11°),
except for the following earthquakes: 1992 Little Skull Main (27 difference, see
Table 2.2), 1999 Duzce (44lifference, see Table 2.2) and Noto Hanto°(8Hference,

see Table 2.2).

2.6.3 Centroid spatial location

Differences in epicentral location for a given earthquate samaller than 10 km for 18
earthquakes (with a median over 20 earthquakes 8fkm ando = 5 km), with the fol-
lowing three earthquakes showing larger differences: ¥a@6fagasta (17 km difference
between the studies of Pritchagtial. (2002, 2006)); 1997 Manyi (14 km difference be-
tween the results of Funningt al. (2007) and Wanget al. (2007)); and 1999 Izmit (14
km between the results of Wright (2000) and Delatigl. (2000)). There is a very good
agreement between the centroid depths in the various In®AR & models for a given
earthquake, with a variability smaller than 5 km for mosteguakes (with the median of
the variabilities for 20 earthquakes beirg2 km ando = 2 km). The maximum variabil-
ity in depth between source models obtained using layeradafhie 3-D media by Bustin

et al. (2004) is 9 km for the Nisqually earthquake.

2.7 Conclusions

While this study focuses on 67 earthquakes that occurreddest 1992 and 2010, we are
currently expanding our ICMT database by including InNSARrse models that occurred
since 2010 and will make it available to the wider communityhie near future, thus con-
tributing to ongoing earthquake source model validatidaref. Moreover, we anticipate

that this database will also form the basis for future conspas of other relevant param-
eters, such as average slip and stress drop. The compitstidwe first global database
of INSAR-determined source models from the scientific ditere will now be used in the

following chapter to assess the source parameters regarssismic catalogues.



Table 2.2: CMT parameters from published INSAR studies for earthgsidkat occurred between 1992 and 19%ate and Location contain the earthquake’s date and
geographical locationM, is the seismic moment;at., Lon., Depth are the centroid’s latitude, longitude and depth, respelgti Str., Dip andRake are the fault’s strike,
dip and rake angles, respectively. The type of faultinguooi“Type”) is indicated by the symbols: ss (strike-slip fault), n {mal fault), and th (thrust fault). The type of
data used for a given study is shown in the colurbata’: | (using INSAR data only), Gl (using GPS and InSAR data)(&ing seismic and InSAR data) and Ol (using
INSAR data combined with two or more other types of data; sgefor details). Whenever there are multiple models of thmes earthquake produced in a given study,
we distinguish them using the following symbols: “DS” (dibuted slip model),“PS” (point source model), “FFP” (fmitault patches), “1 seg.” (fault model only with
one segment), “mult. seg.” (fault model with multiple segns3, “PM” (planar model) and “CM” (curved model). Any modeh italics refer to inversions using a layered
half-space. Any blank spaces mean that the parameter wasputed in the study and couldn’t be calculated using tladlale information, and any parameters in bold
were fixed in the source inversion.

Date Location Mo Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()
28.06.92 Landers 103.00 34.45 243.48 5.53 154.1 89.9 1739 s s Gl Fialko (2004b)
29.06.92 Little Skull Mountain 0.50 36.75 243.76 11.20 52.0 40.0 -51.0 n | Lohmaset al.(2002)
29.06.92 Little Skull Mountain 0.32 36.75 243.72 9.40 36.0 8.05 -78.0 n S| Lohmaet al.(2002)
04.12.92 Fawnskin 0.15 34.35 243.09 2.60 106.0 28.0 93.0 th | Feiglet al. (1995)
+0.004 +0.002 +0.3 +7.0 +4.0 +4.0
04.12.92 Fawnskin 0.11 34.36 243.09 2.70 102.0 39.0 92.0 th | Feigl and Thurber (2009)
+0.001 +0.009 +0.15 +7.0 +4.0
20.03.93 Ngamr. County, 1.48 29.06 87.48 7.00 43 49.7 -99.4 n Funning (2005)
Tibet +0.02 4+0.002  +0.003 +0.1 +1.0 +3.2 +3.0
20.03.93 Ngamr. County, 1.57 26.06 87.49 7.00 4.2 46.5 -95.8 n S| Funning (2005)
Tibet +0.02 4+0.002  +0.003 +0.1 +1.0 +2.8 +25
17.05.93 Eureka Valley, 1.70 37.11 242.21 9.20 173.0 54.0 n | Massonnet and Feigl (1995)
California +0.3 4+0.004  +0.005 +0.2 +2.0 +2.0
17.05.93 Eureka Valley, 13.00 7.0 50.0 n | Peltzer and Rosen (1995)
Callifornia (DS)
11.07.93 N. Chile 18.00 -25.20 289.97 54.00 5.0 30.0 104.0 th S| Pritcharet al.(2006)
29.09.93 Killari, India 1.76 3.25 95.0 54.4 86.0 th | Satylalznd Bilham (2006)
+5.0 +5.0
17.01.94 Northridge 9.42 248.0 42.0 th | Massonnett al. (1996)
26.05.94 Al Hoceima, 2.10 35.20 35594  7.00 233 86.9 -1.2 ss | Biggst al. (2006)
Morocco +45 +2.3 +2.6
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anBoferes | NI 9yl JO UONINASUOD



Date Location Mg Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()
26.05.94 Al Hoceima, Morocco (DS) 2.00 23.0 77.0 ss | Akoglet al.(2006)
12.09.94 Nevada 0.92 38.82 240.38 7.84 319.0 72.0 152.0 ss/n | Amelung and Bell (2003)
16.01.95 Kobe, Japan 19.30 34.62 135.06 6.22 229.1 89.9 -114.4 ss | Ozawat al.(1997)
13.05.95 Kozani-Grevena 6.50 254.0 48.0 -96.0 n S| Reset al. (2005, 2007)
13.05.95 Kozani-Grevena 6.90 257.8 38.2 -97.1 n | Riget al.(2004)
+0.5
13.05.95 Kozani-Grevena 6.40 n | Meyeret al.(1996)
28.05.95 N. Sakhalin, Russia 73.73 52.89 142.90 7.29 1975 428 173.7 ss | Tobitat al. (1998)
15.06.95 Aigion, Greece 3.90 38.33 22.22 5.10 275.0 35.0 .0-83 n Gl Bernarcet al. (1997)
30.07.95 Antofagasta, Chile (DS) 1600.00 -24.16 289.14 0@BO0. 5.0 215 113.0 th Gl Pritcharelt al. (2002)
30.07.95 Antofagasta, Chile 1800.00 -24.16 289.31 27.00 5.0 30.0 105.0 th ol Pritcharat al.(2006)
01.10.95 Dinar, Turkey 4.55 38.10 30.08 6.42 145.0 49.0 -90.0 n | Wright et al. (1999)
+1.1 +3.1 +15 +1.0
01.10.95 Dinar, Turkey 4.30 38.10 30.09 4.60 135.0 49.8 4-84. n Funning (2005)
+0.2 +0.009 +0.009 +0.1 +0.5 +0.9 +3.6
01.10.95 Dinar, Turkey 3.70 38.11 30.09 4.20 135.2 48.4 7-95. n Sl Funning (2005)
+0.1 +0.009 +0.009 +0.1 +0.9 +0.9 +2.3
01.10.95 Dinar, Turkey (DS) 4.10 145.0 34.0 n | Fukahata and Wright (2008)
22.11.95 Nuweiba, Egypt 56.23 28.94 34.73 12.0 195.2 65.0 55-1 ssin | Klingert al. (2000)
22.11.95 Nuweiba, Egypt 70.00 200.0 80.0 ss Sl Shamir et al. 2003
22.11.95 Nuweiba, Egypt (DS) 65.00 28.88 34.75 11.25 1975 706 -4.0 ss Sl Baeet al. (2008)
19.04.96 N. Chile 14.00 -23.94 289.94 49.00 5.0 23.0 107.0 th SI Pritcharet al.(2006)
12.11.96 Nazca Ridge, Peru (DS) 440.00 -15.32 284.84 28.00 307.0 30.0 445 th S| Salichoret al. (2003)
12.11.96 Nazca Ridge, Peru (DS) 480.00 -15.40 284.80 30.00 312.0 15.0-30.0 50.0 th ol Pritcharet al.(2007)
26.03.97 Kagoshima, Japan 1.78 275.0 81.0 -19.0 ss Gl Fujiwar al.(1998)
+6.0 +3.0 +2.0
05.05.97 Zagros Mts, 0.16 27.13 53.88 520 120.0 80.0 -90.0 n | Lohman and Simons (2005a)
Iran (PS) 40.003 40.003 +3.0 +4.0 +6.0
05.05.97 Zagros Mts, 0.16 27.13 53.88 440 120.0 80.0 -90.0 n | Lohman and Simons (2005a)
Iran (FFP) 40.003 40.003 +3.0 +4.0 +5.0
05.05.97 Zagros Mts, Iran (DS) 0.16 27.12 53.89 6.20 120.0 80.0 -83.0 n | Lohman and Simons (2005a)
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Date Location Mo Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()
26.09.97 Colfiorito, Italy, 00h33 0.48 4.50 154.0 46.0 -77.0 n S| Salviet al. (2000)
26.09.97 Colfiorito, Italy, 09h40 (DS) 0.98 138.0 45.0 -75.0 n S| Salviet al. (2000)
26.09.97 Colfiorito, Italy,00h33 (DS) 0.43 144.0 45.0 -90.0 n Gl Stramondet al. (1999)
26.09.97 Colfiorito, Italy, 09h40 (DS) 1.05 144.0 45.0 -90.0 n Gl Stramondet al. (1999)
08.11.97 Manyi, Tibet 263.00 35.22 87.15 6.38 258.6 89.8 -5.4 ss | Funninget al. (2007)
08.11.97 Manyi, Tibet 171.90 35.26 87.21 4.85 257.7 89.1 -1.1 ss | Wangt al. (2007)
08.11.97 Manyi, Tibet (DS) 191.00 35.24 87.30 5.11 255.9 293. -5.7 ss | Wanget al.(2007)
10.01.98 Zhangbei, 0.48 41.14 114.44 5.40 200.8 42.7 85.9 th | Li etal.(2008)
China +0.004 +0.004 +0.3 +6.4 +3.6 +10.2
10.01.98 Zhangbei, China (DS) 0.47 41.13 11451 5.00 200.8 42.7 85.9 th | Li etal.(2008)
30.01.98 N. Chile 61.00 -23.96 289.83 45.00 5.0 23.0 102.0 th S| Pritcharét al.(2006)
14.03.98 Fandoqga, Iran 8.90 30.03 57.64 3.50 145.2 63.2 .6151 ss | Funning (2005)
+1.4 +0.004 +0.004 +0.3 +1.1 +2.2 +115
14.03.98 Fandoqga, Iran 8.28 30.01 57.64 3.67 150.0 52.0 .0146 ss | Berberiaet al. (2001)
14.03.98 Fandoga, Iran 8.40 30.02 57.65 3.50 147.3 65.1 2154 ss S| Funning (2005)
+0.4 +0.004 +0.002 +0.2 +1.1 +3.2 +3.44
22.05.98 Aiquile, Bolivia (DS) 8.44 -17.89 294.82 7.30 7.0 79.0 171.0 ss | Funninget al. (2005a)
22.05.98 Aiquile, Bolivia 7.77 -17.90 294.84 7.40 7.0 79.0 710 ss | Funningt al. (2005a)
03.09.98 Mt Iwate, Japan (DS) 1.40 39.80 140.90 1.30 200.0 .8 35 112.0 th Gl Nishimurat al. (2001)
28.03.99 Chamoli, Himalaya 2.70 30.44 79.39 300.0 15.0 90.0 th | Satyabala and Bilham (2006)
30.04.99 Zagros Mts, 0.112 27.87 53.63 410 110.0 42.0 -85.0 n | Lohman and Simons (2005a)
Iran (PS) 40.002 +0.002 +0.18 +6.0 +7.0
30.04.99 Zagros Mts, 0.112 27.87 53.63 3.20 110.0 53.0 -77.0 n | Lohman and Simons (2005a)
Iran (FFP) 40.002 +0.002 +0.15 +5.0 +13.0
30.04.99 Zagros Mts, 0.112 27.87 53.63 5.30 110.0 53.0 -79.0 n | Lohman and Simons (2005a)
Iran (DS)
17.08.99 Izmit, Turkey 253.59 40.73 30.05 10.80 271.2 89.7 17341 ss | Wright (2000)
17.08.99 1zmit, Turkey (DS) 184.00 ss ol Feigl (2002)
17.08.99 1zmit, Turkey 85.0 ss Ol Delouigt al.(2000)
17.08.99 Izmit, Turkey (DS) 240.00 40.72 30.21 790 267.6 85.0 179.6 ss ol Delouist al.(2002)
17.08.99 Izmit, Turkey (DS) 190.00 40.72 30.07 6.99 90.7 388. 178.7 ss | Cakiet al. (2003)

Continued on next page
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Date Location Mg Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()
07.09.99 Athens, Greece, Model 1 1.29 38.09 23.63 9.50 100.0 43.0 n | Kontoet al. (2000)
07.09.99 Athens, Greece, Model 2 1.46 38.11 23.63 9.50 116.0 54.0 n | Kontoeset al. (2000)
16.10.99 Hector Mine (DS) 72.00 34.56 243.73 1.90 153.3 85.3 1774 ss Gl Simonet al. (2002)
16.10.99 Hector Mine (DS) 59.30 34.56 243.73 6.08 332.3 83.0 184.6 ss/th Gl Jonssaet al. (2002)
16.10.99 Hector Mine (DS) 58.00 34.58 243.72 489 3327 81.4 176.0 ss ol Salichost al. (2004)
12.11.99 Duzce, Turkey 65.60 40.80 31.27 6.30 259.0 51.0 8.e17 ss | Wright (2000)
1 seg. +3.4 +1.0 +1.0 +4.0 +3.0
12.11.99 Duzce, Turkey 41.46 40.81 31.21 7.65 2739 57.0 -134.0 ss Wright (2000)
Mult. seg. +4.0 +17.0
12.11.99 Duzce, Turkey 51.40 40.72 31.26 6.77 84.5 56.7 0174 ss/n Gl Burgmanet al. (2002)
12.11.99 Duzce, Turkey (DS) 56.60 86.7 54.0 ss/n Gl Burgmaret al. (2002)
22.12.99 Ain Temouchent, Algeria 0.47 57.0 32.0 90.0 th | Belabbet al.(2009)
06.06.00 Cankiri, Turkey 1.40 40.63 32.99 5.50 357.0 55.0 0.02 n | Wright (2000)
+15.0 +19.0 +15.0
06.06.00 Cankiri, Turkey 1.38 40.63 32.99 40-6.6 20 33.0 -37.0 n | Cakir and Akoglu (2008)
17.06.00 S. Iceland 5.42 63.96 339.65 4.99 5.0 86.0 175.0 ss Pedersert al. (2001)
17.06.00 S. Iceland 4.40 63.97 339.66 3.94 1.0 87.0 180.0 ss Gl Pedersest al. (2003)
17.06.00 S. Iceland (DS) 4.50 63.97 339.66 3.09 2.0 87.0 180.0 ss Gl Pederseet al. (2003)
21.06.00 S. Iceland 5.06 63.99 339.30 4.50 359.0 90.0 1800 s s | Pederseet al.(2001)
21.06.00 S. Iceland 5.30 63.99 339.30 4.10 0.0 90.0 180.0 ss Gl Pedersest al. (2003)
21.06.00 S. Iceland (DS) 5.00 63.98 339.30 2.97 0.0 90.0 180.0 ss Gl Pederseet al. (2003)
26.01.01 Bhuj, India 190.00 2351 70.27 13.00 82.0 51.0 77.0 th | Schmidt and Biirgmann (2006)
+1.1
26.01.01 Bhuj, India (DS) 250.00 82.0 51.0 th | Schmidt and Biirgmann (2006)
28.02.01 Nisqually 20.00 47.10 237.33 51.00 180.0 20.0 n ustiBet al. (2004)
28.02.01 Nisqually 60.0 180.0 20.0 n Gl Bustinet al.(2004)
23.06.01 Arequipa, Peru (DS) 6300.00 -17.36 287.39 27.00 316.0 11-25 69.0 th ol Pritcharet al.(2007)
14.11.01 Kokoxili, Tibet (DS) 710.00 35.84 92.45 11.00 97.6 90.0 0.0 ss | Lasserret al.(2005)
23.10.02 Nenana Mountain 10.80 63.50 211.95 12.90 261.8 2 81. 1737 ss | Wrighet al.(2003)
Alaska +0.8 40.002 40.004 +0.7 +0.9 +1.7 +1.3
03.11.02 Denali, Alaska 649.82 63.22 214.85 6.93 108.5 844 1719 ss (¢]] Wrighet al.(2004a)
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Date Location Mo Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()
21.05.03 Zemmouri, Algeria (PM) 17.80 8.0-10.0 65.0 40.0 .090 th Ol Belabbesgt al. (2009)
21.05.03 Zemmouri, Algeria (CM) 21.50 8.0-10.0 65.0 40.0 .090 th ol Belabbesgt al. (2009)
26.07.03 Miyagi, Japan 1.80 38.45 141.19 2.29 212.2 38.7 7102 th Ol Nishimuraet al. (2003)
26.12.03 Bam, Iran 9.00 29.03 58.36 5.69 355.4 89.9 -1735 /thss | Funninget al. (2005b)
+0.3
26.12.03 Bam, Iran 6.20 29.04 58.36 4.70 355.2 86.6 173.7 thss/ SI Funninget al. (2005b)
+0.4 +0.4 +1.0 +3.6 +1.7
26.12.03 Bam, Iran 5.00 29.05 58.35 5.8 359.6 86.0 -179.8 ss | Peyretet al.(2007)
26.12.03 Bam, Iran 29.06 58.36 4.8 1.6 88.0 -170.9 ss ol Peyed. (2007)
26.12.03 Bam, Iran (DS) 6.79 5.60 358.2 88.8 180.0 ss ol Muogagl. (2006)
24.02.04 Al Hoceima, 6.20 35.14 356.01 10.05 295.4 87.4 -179.2 ss | Biggst al. (2006)
Morocco +1.1 +15
24.02.04 Al Hoceima, Morocco (DS) 7.40 35.14 356.00 8.80 295.0 88.0 -179.0 ss | Biggset al. (2006)
24.02.04 Al Hoceima, Morocco 5.88 35.17 355.98 6.90 339.5 .088 178.0 ss ol Tahat al. (2009)
24.02.04 Al Hoceima, Morocco (DS) 6.60 ss | Akogluet al.(2006)
24.02.04 Al Hoceima, Morocco (DS) 6.80 88.0 ss | Cakiet al.(2006)
24.10.04 Niigata, Japan 13.99 37.30 138.83 4.70 200.0 45.0 207 th | Ozaweet al.(2005)
22.02.05 Zarand 6.70 4.65 266.0 67.0 105.0 th | Talebtaal. (2006)
Iran +0.2 +0.3 +1.0 +2.0 +2.0
20.03.05 Fukuoka-ken 7.10 298.0 79.0 -18.0 ss Gl Nishimuea al. (2006)
Seiho-oki, Japan
20.03.05 Fukuoka-ken (DS) 8.70 ss Gl Nishimureet al. (2006)
Seiho-oki, Japan
13.06.05 Tarapaca, Chile 580.00 189.0 24.0 -74.0 n ol Peyrat al.(2006)
08.10.05 Kashmir (DS) 336.00 34.29 73.77 3215 315 th | Pathieret al. (2006)
27.11.05 Qeshm Island, 1.27 26.77 55.92 6.00 267.0 49.0 0105. th | Nissenet al. (2007b)
Iran +0.07 +2.0 +4.0 +5.0
27.11.05 Qeshm Island 1.25 26.88 55.89 5.80 73.0 36.0 66. th | Nissenet al.(2010)
Iran +0.01 +0.01 +0.004 +2.00 +3.0 +2.0 +5.0
31.03.06 Chalan-Chulan, Iran 1.70 33.67 48.88 4.80 320.0 60.0 180.0 ss | Peyreet al.(2008)
31.03.06 Chalan-Chulan, Iran (DS) 1.58 320.0 60.0 180.0 ss | Peyreet al. (2008)
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Date Location Mg Lat. Lon. Depth Str. Dip Rake Type Data Reference
(x10"8 Nm) () () (km) () () ()

28.06.06 Qeshm Island 1.35 26.91 55.89 8.50 25.0 46.0 65.0 th | Nissenet al. (2010)
Iran +0.32 +0.02 +0.004 +1.20 +11.0 +14.0 +17.0

25.03.07 Noto Hanto 14.52 37.22 136.66 6.00 50.7 53.5 150.0 th Gl Ozawat al.(2008)

25.03.07 Noto Hanto (DS) 11.09 50.7 48.0 115.0 th Gl Fukushimet al. (2008)

15.08.07 Pisco, Peru 1900.00 -13.89 283.48 30.00 316.0 11-25 71.0 th Sl Pritchard and Fielding (2008)

15.08.07 Pisco, Peru (DS) 2500.00 th | Biggset al. (2009)

15.08.07 Pisco, Peru (DS) 1230.00 -13.89 -76.77 19.07 0.0 64.8 th | Motaglet al. (2008)

14.11.07 Tocopilla, Chile (DS) 501.00 -22.48 289.75 39.80 73 20.0 110.6 th | Motagtet al.(2010)

09.01.08 Nima, Tibet 2.57 32.44 85.33 7.65 217.3 60.0 86.4 n Sunet al. (2008)

+1.4 +1.9

09.01.08 Nima, Tibet (DS) 5.40 n | Sunet al. (2008)

12.05.08 Wenchuan, China (DS) 891.25 31.67 104.04 10.29 4226 53.2 129.7 th Gl Fenet al. (2010)

12.05.08 Wenchuan, China (DS) 1536.24 31.77 104.23 7.47 .2228 48.7 156.0 th ol Haet al.(2009)

29.05.08 Iceland (Doublet event) 1.46 90.0 ss Gl Decrienet al.(2010)

10.09.08 Qeshm Island, 1.86 26.88 55.89 5.80 45.0 48.3 538 h t o1 Nissen et al. 2010
Iran +0.18 +0.01 +0.01 +1.70 +7.6 +10.1

06.04.09 L'Aquila, 2.90 42.32 13.43 7.06 133.0 47.0 -103.0 n Gl Atzori et al.(2009)
Italy +2.0 +1.0 +2.0

06.04.09 L'Aquila, Italy (DS) 2.70 42.32 13.43 6.20 133.0 47.0 -103.5 n Gl Atzoriet al. (2009)

06.04.09 L'Aquila, Italy 2.80 42.33 13.45 7.30 144.0 54.0 05D n | Walterset al. (2009)
Italy +0.08 + 0.001 +0.001 +0.10 +1.0 +1.0 +3.0

06.04.09 L'Aquila, Italy (DS) 291 42.33 13.45 7.00 144.0 54.0 -105.0 n | Walterset al.(2009)

19.12.09 Karonga, Malawi 1.40 -9.89 33.90 3.20 155.0 41.0 8.0-8 n | Biggset al. (2010)

27.02.10 Maule, Chile (DS) 18000.00 -35.87 287.08 29.75 15.0 18.0 110.0 th ol Delouiset al.(2010)
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Chapter 3

Systematic comparisons between
INSAR and seismically-determined

source models

3.1 Introduction

INSAR and seismic data have their own strengths and weadselsst few studies have
previously compared the two datasetgy( Wrightet al,, 1999; Lohmaret al,, 2002; Mel-
lors et al, 2004; Funning, 2005). Although there is generally goodeagrent between
the source parameters for the majority of earthquakes quelyi studied, differences in
location, seismic moment and fault geometry have hightigh$ssues including the Earth
model used and the quality of the datad, Pritchardet al, 2006). Gaining an under-
standing of these issues enables the development of iomeiesthniques of both INSAR
and seismic data for the calculation of more robust sourcgetso

Robust earthquake source models are important for studgimgnatic and dynamic
processes at the fault scale all the way up to the tectonle.séd the local and global
scale, errors in source models affect the interpretatiostrafss regimes, seismogenic
depth and fault structure in the area, all of which are inmgoarfor seismic hazard as-
sessment (Mellorst al,, 2004).

In this chapter the ICMT catalogue compiled in Chapter 2 sdu® investigate the
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compatability between seismic and INSAR solutions. Sopegameters, including; seis-
mic moment, centroid location, strike, dip and rake are camag and the results provide
insights into the parameter tradeoffs and uncertaintidge dentroid location is investi-

gated with regard to the known geology and rupture dirggtigind the variation between
multiple distributed slip models for the same earthquakadge considered. Finally this,

and issues related to the data themselves and the procassiigversion technigues used
will be discussed. The material presented in this chapterblean published in Weston

et al. (2011, 2012).

3.2 Seismic Moment and moment magnitude

Seismic moment and moment magnitude are equivalent qesnitlated to the energy

released in an earthquake. To investigate the overall addliscrepancies for individual

studies the comparisons are presented in terms of seismitentaather than moment

magnitude to illustrate better the difference in variouswates (sections 3.2.1 and 3.2.2).
Trends due to geographical location and faulting mecham@ismexpressed as moment
magnitude in section 3.2.3, as it is only the direction ofttlead that is of interest.g. if

the ICMT estimates are larger or smaller than those repamtéte GCMT catalogue).

3.2.1 Comparing ICMT and GCMT estimates

Figure 3.1a compares seismic moment values from the GCMAlogate with estimates
from 114 InSAR source models in the ICMT database compilechapter 2. The dif-
ferences between the two datasets are relatively small@loavfa distribution close to
Gaussian with a median of -2.96% € 36.93 %). We find that the mean difference be-
tween INSAR and GCMT moment values is not statistically ificemtly different from
zero at a 95% confidence interval (Students t test). Thigdies with previous stud-
ies using fewer earthquakes.¢ Wright et al,, 1999; Lohman and Simons, 2005a; Fun-
ning et al, 2007) and using simulations (Dawseh al,, 2008), which suggested that
seismic moments determined using INSAR were larger thasetbbtained from seismic
data. Feigl (2002) reported differences of up to 60% betvwgsdetically-estimated and
seismically-estimated moments, but solutions from otiipes of geodetic data such as

levelling and GPS were also included. The inclusion of sge&mic, triggered aseismic



3.2 Seismic Moment and moment magnitude 43

and postseismic deformation in coseismic interferograuestd the longer measurement
period of geodetic data, which can span years in some casesswggested as reasons for
the trend. If anything, here it is found that there is a sliginidency for INSAR predicting

smaller seismic moments than those reported in the GCMTocpite.
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Figure 3.1: a) Distribution of the differences between the ICMT and GCBEismic moment
estimates. The median difference in estimates is -2.96%36.93%) for 114 source models. b)
Scatterplot of the differences with respect to the type ¢ daed to determine the ICMT source
models. Black line represents the point where the ICMT anG@stimates are equal.

There is no relationship between differences in seismic amrand the specific com-
bination of data used to determine the INSAR solutions: |,$3] Ol (see Figure 3.1h);
likewise, there is no dependence of the differences of seistoment on the size of the
earthquake. Moreover, we examine the differences in seisroment as a function of the
non double-couple component of the earthquakes in the GCMAIague to investigate
whether the discrepancies were larger for earthquakes reftbrted large non double-
couple component but do not find any clear dependency (seeeFigl in Appendix A).
In addition, we examine the differences in seismic momera asction of strike, dip,
rake and earthquake depth and do not find any clear trend. 3esplit the set of seis-
mic moments into two subsets corresponding to INSAR detextioins using uniform and
distributed slip models (see Figure A.2 in Appendix A); therere similar tendencies in
the comparisons between INSAR and GCMT moments for thessubgets to that found

in Figure 3.1. Among all the INSAR models used here, only tei@e report uncertainties

9
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for the estimated seismic moments (see TaB® ?7?); the observed trend in the differ-
ences in seismic moment between INSAR and GCMT does not ehahgn taking these

uncertainties into account (Figure 3.1 b).

3.2.2 Cases of large discrepancies between ICMT and GCMT eastates

For some studies there are large differences between saiyrand INSAR-determined
moments. For example, for the 1994 Al Hoceima earthquakee tage differences in
moment of over 100% between the INSAR solutions of Biggal. (2006) and Akoglu
et al. (2006) and the GCMT solution. A possible reason for this &t th substantial
amount of surface deformation for this earthquake was oftshnd the onshore deforma-
tion was relatively small, thus the signal-to-noise ratighie interferogram was relatively
low, which makes INSAR determinations more difficult. As aule Biggset al. (2006)
report a strong tradeoff between slip and length, which triiglve affected moment esti-
mations. Likewise, for the 1993 northern Chile earthquéleelhSAR moment estimated
by Pritchardet al. (2006) is 78% larger than that reported in the GCMT catalofossi-
ble reasons for this discrepancy are that Pritcledial. (2006) use a single interferogram,
lacking offshore data coverage, and the signal-to-noite isalow for this relatively small
and deep earthquake. Poor INSAR data due to dense vegetationountainous topogra-
phy can also partly explain the substantially smaller InSddgved seismic moments for
the 1999 Chamoli, Himalaya earthquake (the estimate ofabaty and Bilham (2006) is
65% smaller than in the GCMT) and the 2001 Bhuj earthquake #timate of Schmidt
and Birgmann (2006) is 45% smaller than the GCMT). In adldjtfor the 2003 Bam
earthquake, all INSAR studies (Funning, 2005; Motaglal., 2006; Peyrett al, 2007)
estimated a smaller magnitude than that reported by the GE&itllog, with the estimate
by Peyretet al. (2007) having the largest discrepancy, with a moment of 46%ller
than the GCMT, which corresponds to a difference in momergnitade of~ 0.18. A
potential source of error when estimating the horizontatiomoclose to the rupture is
the angle at which the satellite acquired the data, combivigdthe fault's orientation.
These under and overestimates are also considered in ttextohthe fault mechanism,
an issue discussed with respect to moment magnitude in beviog subsection Figure

3.3.
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3.2.3 Trends due to geographical location and thrusting mdwnism

| also compare moment magnitudes,Malculated from the INSAR and GCMT seismic
moments, using equation 2.11. The differences jndfle small and are broadly normally
distributed with a median of -0.009 magnitude units=(0.10). Considering the difference
in moment magnitude with respect to geographical locaftogure 3.2) there are no clear
trends, thus indicating that GCMT seismic moment detertiina are not biased by the
Earth model used. There appears to be only a systematicstiveation of the moment
magnitude by INSAR for subduction zone earthquakes off tiastcof South America, an
issue discussed subsequently.

If the mechanism of the event is considered (Figure 3.2 kkdn strike-slip and
thrust events show the largest outlier discrepanciesrdstiagly the large outliers in the
strike-slip category are due to poor quality INSAR data réigas of whether the INSAR
moment estimate is an over or underestimate with respeeism& data. For example,
for the Al Hoceima event in 1994 the InSAR estimate, based aniform slip model,
is ~ 0.2 moment magnitude units larger than the GCMT estimatg @0). This is due
to tradeoffs between several parameters in the inversiatuding length and seismic
moment, as a result of an incomplete pattern of surface mhefioon in the interferogram
because most of the displacement occurred offshore (Biggs, 2006). However, for
thrust events, poor quality INSAR data can lead to substingmaller INSAR-derived
moments. Significant decorrelation in interferograms dugense vegetation and moun-
tainous topography lead to INSAR moment magnitudes -0.81:@&d smaller than those
in the GCMT catalogue, for the Chamoli (6.2, 28" March 1999) and Bhuj (M 7.6,
26" January 2001) earthquakes, respectively (Satyabala dnanii2006; Schmidt and
Burgmann, 2006). In contrast, the ICMT moment magnitudagsificantly larger than
the GCMT estimate for two thrust events, Qeshm Islang, @8, 28" June 2006) and
Pisco (M, 8.0, 18" August 2007), which is likely due to the inclusion of additid,

non-coseismic deformation in their associated interfienog.
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Overall there is a slight trend for an overestimation of themmant magnitude for
thrust events studied using INSAR (Figure 3.2c). It has lseggested that the moment
magnitude estimate from INSAR increases with the measurgpeeiod €.g.Feigl, 2002).
However, considering the length of the time period betwéeneivent and the measure-
ment of the second SAR image for thrust events (now refearad the postseismic period)
there is no clear trend (Figure 3.3a). For 24 earthquakeceoupdels the ICMT moment
is larger than that reported in the GCMT but the differencenoment shows widespread
variation. The two overestimates previously highlight€@g¢hm Island and Pisco) have
significantly different postseismic periods; 659 days pddsetween the Qeshm Island
earthquake and the acquisition of a second SAR image, whéreee was only a 65 day
period between the Pisco earthquake and the post-earti@#aR acquisition.

Considering this difference in measurement period we agestigate the influence
of aftershocks. Figure 3.3b shows the total seismic mormantibution from aftershocks
reported in the GCMT catalogue that occurred in the postseigeriod covered by the in-
terferogram, plotted as a fraction of the coseismic momEmere is no evident trend and
the largest contribution from aftershocks 86%) in fact corresponds to a normal faulting
event for which the ICMT and GCMT moment are in relatively dagreement (Colfior-
ito, M,, 5.6, 27" September 1997). There are two thrust events for which theTIGalue
is a significant overestimate with respect to that reporiéblé GCMT catalogue and there
appears to be a significant contribution from aftershoek8§0% (Niigata, M, 6.5, 24"
October 2004) and- 54% (Qeshm Island, I 5.8, 28" June 2006). However, for the
majority of thrust earthquakes, where the ICMT moment igaificant overestimate with
respect to the GCMT value, the relative contribution frotershocks is small.

For several of the large subduction zone events in this saftgyshocks account for
much less than half of the estimated moment release durengliberved postseismic pe-
riod. Afterslip on the subduction interface may be respaedior the additional moment
release as reported contributions from this phenomenoyn fram 60% .9, Antofa-
gasta, M, 8.1, 3G" July 1995, Chliehet al, 2004) to 90% ¢.g, Pisco M, 8.0, 18"
August 2007, Perfettingt al, 2010) of the overall moment release. Viscoelastic relax-
ation has also been suggested as a potential mechanismstsejsmic deformation in

the south American subduction zone. A total of 17 cm of hariabtrenchward motion
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Figure 3.3: Investigating the relationship between,Mhe post-seismic period and the total seis-
mic moment contribution from aftershocks (see text fortfartexplanation), with respect to fault-
ing mechanism. There are 51 strike-slip models, 34 thrugt2&hnormal faulting models repre-
sented by blue, green and red, respectively. a) The differaninSAR and GCMT N estimates
with respect to the post-seismic period. b) The differeretsvben ICMT and GCMT N} esti-
mates with respect to the seismic moment release due tslafigks as a fraction of the coseismic
moment release reported in the GCMT catalogue.

was observed in the three and a half years following the Apagearthquake (I} 8.5,
237 June 2001) thought to be due to tensional stresses driveupeiastic relaxation in
the whole crust and the upper mantle (Hergert and Heidbd@6)2 Moving away from
the subduction zone setting similarly high levels of aftprénearly 95% of the total ob-
served postseismic) were observed in the 1500 days folipivia Kashmir earthquake
(M,, 7.6, 8" October 2005). The total postseismic moment release was-569%

of the coseismic moment release, which is believed to be gio dhile to the large area
affected by afterslip (Jouanret al., 2011). Therefore postseismic deformation due to
afterslip and viscoelastic relaxation is the most likelygibal mechanism for this obser-
vation because the contribution from aftershocks app@abe too small to account for

the surplus moment.
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3.3 Centroid Epicentral Location

3.3.1 Comparisons with global seismic catalogues

Centroid epicenters determined using INSAR showed suligtalifferences to those re-
ported in seismic catalogues. Comparisons with locatiotisé EHB and ISC catalogues
showed very similar results, with an average distance @ kfin (c =6.9 km) and 9.3
km (o =7.5 km) between the centroid locations, respectively, @magh with 21.0 km
(o =12.7 km) for the GCMT catalogue (Figures 3.4 a-c).
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Figure 3.4: a) Distribution of the epicentral distance between GCMT BT centroid loca-
tions, where the median distance is 21.0 km=(12.7 km) for 84 ICMT source models. b) Same
as in (a) but for the EHB catalogue for 71 source models. Meidid 1.6 km § = 6.9 km). ¢)
Same as in (b) but for the ISC catalogue. Median is 9.3&m 7.5 km).
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A number of solutions show epicentral distances betweeAR&nd GCMT larger
than 40 km, particularly for subduction zone earthquakeSdnth America: 2007 Pisco
(Pritchard and Fielding, 2008); 1993, 1996, and 1998 namtiihile (Pritchardet al,,
2006); and 1996 Nazca Ridge (Salichetral., 2003). This is probably due to the fact that
seismic locations tend to be systematically mislocatetiésé subduction zones towards
the trench €.g.Syracuse and Abers, 2009). However, the INSAR location$naiigo be
systematically located landward due to the lack of InSAR datverage offshore. For the
1992 Little Skull Mountain earthquake there is an epicérntitierence of about 42 km
between the GCMT location and that by Lohmetral. (2002). This is possibly due to
limitations in the GCMT method, as there is a disagreemeiftdation of up to 11 km
between different seismic studies (Lohnetral., 2002).

Epicentral distances are smaller for the ISC and EHB cat@®gvhich show narrower
distributions with medians of about 9 km and 11 km respelstivEor these catalogues
all difference in epicentral location are generally snral@an 40 km, except for the 1998
Aiquile earthquake. There is a difference of about 40 km betwthe ISC epicentral
location and the INSAR location obtained by Funnétgal. (2005a) using a uniform slip
model, which is consistent with the damage distributiontf@t event. It is important
to note though that the epicentral distance comparisonth&ISC and EHB catalogues
contain 13 fewer comparisons than that for the GCMT. Thistfar reasons, firstly, at
the time of conducting these comparisons solutions fohgaekes after 2007 were not
available from the ISC Bulletin. Secondly, we do not carryaamparisons for very large
earthquakes (I > 7.7), which in this case includes the following seven eveftkoxili
(M,, 7.8, 14" November 2001), Antofagasta (M8.1, 36" July 1995), Arequipa (I
8.5, 237 June 2001) and Denali (M7.9, 3¢ November 2002), Pisco (M8.1, 18"
August 2007), Wenchuan (M7.9 12" May 2008) and Maule (M 8.8, 27" February
2010). This is because for such large earthquakes the aakbgentroid (as determined
by INSAR) will be different to the rupture’s initiation pdifreported by ISC and EHB) and
thus the comparisons would be inappropriate. The differéndypocentre and centroid
location can provide information on the source rupture tleragnd directivity though, an
issue discussed later in section 3.3.4.

We do not find any relationship between the seismic-InSAReasyiral differences
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and any other parameters such as seismic moment, earthdejpie type of earthquake
mechanism, type of data used in the INSAR modelling, norb@eaouple component of
the earthquake and postseismic time elasped (see Figuia Agpendix A for all these
comparisons).

Figure 3.5 shows the mislocation arrows for comparisonhk thié¢ GCMT, EHB, and
ISC catalogues and there is no global trend but there are segienal patterns such as
in South America, Morocco, Greece and Turkey (Figure 3.%)e $ystematic westward
bias in locations of subduction zone earthquakes off thetoafasouth America (Figure
3.6, right) by seismic catalogues has also been observedvara other studies (e.qg;
Pritchardet al,, 2006; Syracuse and Abers, 2009) and is believed to be duwetase
of simplified Earth models in seismic inversions. If the 3Diatons in the velocity
structure of subduction zones are taken into account whventing seismic data, then the

hypocentres can shift by up to 25 km (Syracuse and Abers,)2009
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Figure 3.5: (Top) Mislocation arrows between centroid epicentral locationthe GCMT cat-
alogue and those determined in 84 InSAR studies. The gjaatirow point corresponds to the
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logue.The arrows are of constant size and are not to scagoigin at the INSAR location and
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locations is indicated by the colour of the arrow.
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Ferreiraet al. (2011) found a similar trend for three events off the coastiafthern
Chile in 1993, 1996 and 1998. Four different 3-D Earth modadse tested and in some
instances the disagreement between INSAR and CMT centroadibns was reduced by
up to 40 km. Two forward modelling techniques for the compataof synthetic seis-
mograms were also considered but produced similar resadtthé same Earth model.

However, these events were an isolated case and overakb¢haf different Earth models
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in the GCMT method did little to change the distances betwbennSAR and GCMT
centroid locations. This suggests that for significant orpments in GCMT centroid

locations higher resolution Earth models are needed (iF@eeal., 2011).

3.3.2 Comparisons with regional catalogues

In Figure 3.7 location comparisons are carried out for epdlkes that appear in regional
catalogues, which are only available for 26 events. In gdnér the moderate magni-
tude earthquakes there is better agreement between InS#tRiddocation and seismic
hypocentre locations from regional catalogues than fapaloatalogues, with a median
difference of~ 6.3 km compared with 9.2 km and 17.0 km for the ISC and GCMT cat-
alogues, respectively. As expected, this shows that the foam local networks used
to determine the hypocentral locations reported in theorejicatalogues can improve
location determinations. Moreover, the finer- detailedalo@locity models used in the
inversions for the regional seismic catalogues furtherrowp the accuracy of the loca-

tions.

3.3.3 Comparisons with geological information

Commonly, additional geological information can be usecewkietermining a source
model from INSAR or seismic data. When the fault rupturesaithé surface this pro-
vides a further constraint, and if mapped can then be usdwimbdelling proces(g,
Rigoet al, 2004). Alternatively, slip measurements observed in #ld fe.g, Haoet al,,
2009) can be compared with displacements from INSAR datasi@ering the fine spatial
resolution of INSAR data, it is interesting to compare InS&RI seismically determined
earthquake locations with the existing knowledge of geicklty mapped surface off-
sets in an area. Here we focus on two events in Southern @adifoHector Mine (M,
7.1, 18" October 1999) and Landers (M7.3, 28" June 1992). In Figures 3.8 and 3.9,
mapped locations of the faults known to have ruptured in weedarthquakes are com-
pared with locations from seismic catalogues and InSARiasud~or Hector Mine (Fig-
ure 3.8), the rupture initiated on a strand of the Lavic Lakétf approximately where the
Southern California Seismic Network (SCSN) location id,the EHB and ISC hypocen-

tre locations are- 18 km to the west of this. A maximum right lateral slip of 5.25 m
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arrows are of constant size and are not to scale; they bedhedhSAR location and point in
the direction of the seismic location where the distancelonietres between the two locations is
indicated by the colour of the arrow. The median differermecbmparisons with GCMT is 16.96
km (o = 10.74 km), for regional catalogues the median is 6.26 &km 6.49 km), and a median of
9.23 km ¢ = 4.07km) is obtained for comparisons with the ISC catalodueust be noted that
all comparisons in this figure are only for earthquakes watfional solutions.
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was observed four kilometres south of the epicentre (Tneietal., 2002), which agrees
well with the INSAR centroid locations. The majority of thepture occurred on the Lavic
Lake fault as it propagated north-west, which may explaiy thle GCMT catalogue cen-
troid estimate is 14-17 km north of the ICMT locations an® km from the mapped
Lavic Lake fault. Interestingly the ICMT locations are afl the west side of the mapped
fault yet for two of the three INSAR solutions (Jonssdral, 2002; Salichoret al., 2004)
the fault dips to the east, in agreement with the solutiorhénGCMT catalogue. This
issue and the slip distribution of the three INSAR solutiaresdiscussed further in section
3.6.1.

The Landers earthquake (Figure 3.9) was larger than theoHbtihe event and in-
volved five different faults with a total rupture length©f80 km (Siehet al,, 1993). The
agreement between the location of mapped faults and eakbdacations is better than
for Hector Mine. The event is believed to have initiated om dlohnson Valley fault, as
indicated by the SCSN location in Figure 3.9, which also shthe ISC and EHB again to
the west, by~ 8 km. The GCMT is the most northerly location, slightly to teest of the
Emerson fault, whereas the ICMT location is to the west ofdludt zone near the central
part of the Homestead Valley fault. This east-west diffeeeim location is in agreement
with the fact that the ICMT and GCMT solutions dip in oppoditesctions. Locations
from the other three seismic catalogues suggest that thtedips to the west rather than
the east, in agreement with INSAR. Large offsets of more themwere observed in the
field on the Emerson fault in the north (Sietal.,, 1993) and slip distribution models from
strong motion data showed more than 6 m of shallow slip on tmafCRock and Emerson
faults .9.Cohee and Beroza, 1994; Cotton and Campillo, 1995). Howprabably due
to these large surface displacements, the interferogragniseavily decorrelated near the
fault trace, so despite the use of azimuth offsets, thetragudlip distribution from these
INSAR data appears to estimate much lower values of slip erséime faults. Conse-
quently the maximum slip is nearer the middle of the ruptargth in the INSAR-derived
finite fault model (Figure 3.10 b) and the resulting ICMT c¢eitt location is further south
than the GCMT location. Furthermore, even though the GCMation appears consis-
tent with this maximum slip at the northern end of the ruptur80% of the moment is

still estimated to have been released on the HomesteadyValié (Cohee and Beroza,
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Figure 3.8: Locations from INSAR and seismic data for the Hector Mindteprake with respect
to geological information. ICMT1 refers to the INSAR studiyJénssoret al. (2002), ICMT2
refers to Salichoret al. (2004) and ICMT3 is Simonst al. (2002). SCSN is the hypocentre
location from the SCSN catalogue. EHB, ISC and GCMT are tleatlons from these global
catalogues. Mapped fault lines in red correspond to fabiishave experienced movement in the
past 150 years and the yellow lines are for faults younger 18000 years; they were plotted
using Quaternary fault maps from the USGS (2011).
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1994). Therefore, errors in the assumed Earth model maybalgmartly responsible for
the GCMT location.

Despite this difference between the ICMT and GCMT centro@htions, when com-
pared with hypocentre estimates from various seismic @ga&s they both indicate rup-
ture propagation towards the north. This is in agreemerit wipture models calculated

for this event €.g.Cohee and Beroza, 1994; Wald and Heaton, 1994).
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Figure 3.10: Fault trace (a) and 3D view (b) of the subfaults used in thelgdo study of the N},
7.3 Landers earthquake (Fialko, 2004b), where the ICMTigt#icates the centroid location for
this model. The remaining stars are locations from the deisatalogues described in the main
text. Stars in (b) follow the same colour scheme as in (a).

3.3.4 Source directivity

Comparisons of hypocentre and centroid locations can geaviformation regarding the
rupture length and directivity. A previous comparison o€l8ypocentre locations and
GCMT centroid locations showed that while for earthquakél W, > 6.5 these com-
parisons provide useful information; for smaller eartiagsathe difference between the
two can be heavily influenced by location errors, which gkelyi due to uncertainty in
the assumed Earth models (Smith and Ekstrom, 1997). Tdkiagnto account, Figure
3.11 compares ISC hypocentre locations with GCMT and ICMftroéd locations for
events with M, > 6.5. It could be argued, considering results shown in Fig3rd and
3.5, that for events larger than this, there are still sigaift errors associated with the
locations reported in the GCMT and ISC catalogues. Howelierhypocentre-centroid
distances being considered here are on average largetnarrors previously found for
ISC hypocentre locationsy 9 km in this study and- 3—16 km reported in Syracuse and
Abers (2009). Also we am not using the differences betwe€hd&d GCMT or ICMT
locations as a means of definitively calculating the rupteingth and direction, but rather
to qualitatively investigate the consistency of resultaoied using different centroid lo-

cations. Globally the distances between ISC hypocentréd@MT and GCMT centroid
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locations are similar, with median distances~0B82 km and~ 42 km, respectively. The
orientations of hypocentre-centroid vectors show a mixatepn globally (Figure 3.11),
where for some earthquakes there is good agreement betwteGE8MT and ICMT and
with rupture directions from detailed individual studies some earthquakes. For ex-
ample, the Denali earthquake (M.9, 3¢ November 2002) shows the largest difference
in hypocentre and centroid locatior- (180 km) with the ICMT and GCMT centroids
being in agreement with the unilateral south-east ruptuodeis from various seismic
and geodetic studie®.q. Velascoet al, 2004; Asancet al,, 2005). However, there are
significant disagreements for several other events, aswal be discussed.

As one might expect from previous results shown in Figurd 3sbme earthquakes
in the south American subduction zone show inconsistentydsn ICMT and GCMT
centroid locations in relation to the ISC hypocentre. Onéheflargest discrepancies is
in relation to three earthquakes in the northern Chile satiaiu zone: M, 6.8, 12" July
1993, M,, 6.7, 19" April 1996, and M, 7.1, 36" January 1998 (NC93, NC96 and NC98
in Figures 8c-d, respectively). The ICMT locations aretieddy close to the hypocentre
(4-13 km) whereas the GCMT locations are systematicallgtémt~ 50km to the west
(Figures 3.11 c-d). As previously mentioned, this bias @ight to be the result of errors
in assumed Earth models so this systematic direction igelglto reflect the true rupture
directivity.

In the same region there is also disagreement between I$4J-l&hd ISC-GCMT
vectors for the Nazca Ridge earthquake,(M.7, 12" November 1996, NR in Figures
3.11 c-d). The ICMT centroid location is twice as far awaynfréthe ISC hypocentre
than the GCMT, but suggests a directivity in better agree¢mth the initial south east
along-strike rupture propagation reported by (SwensorBau, 1999). It must be noted
though that for the remaining earthquakes in this regioretiegeneral good agreement
between reported rupture directivity and the ISC-ICMT a8&1 GCMT location vec-
tors; Antofagasta (M 8.1, 30" July 1995, AN), Aiquile (M, 6.5, 22" May 1998, Al),
Arequipa (M, 8.1, 23 June 2001, AR), Pisco (M8.1, 18" August 2007, PI), and To-
copilla (M,, 7.8, 14" November 2007, TO). For example for the Arequipa earthquake
(blue arrow, 'AR’, in Figures 3.11 c-d) both the GCMT and ICM&ntroid locations are

consistent with the unilateral south-east rupture dioecteported in various seismic and
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Figure 3.11: Four maps illustrating comparisons between ISC hypocéntcagions and GCMT
centroid locations (a) and ICMT centroid locations (b) f8rearthquakes, the ICMT comparisons
have more arrows due to multiple INSAR studies for the saméhegaake. All the arrows are
the same size (not to real scale) and begin at the ISC locatidnpoint towards the centroid
location where the colour of the arrow indicates the distapetween the two locations. ¢) This
is a zoomed in map of ISC hypocentre and GCMT centroid lonatfor nine earthquakes in the
south American region, d) is the same except shows ICMT oihlivcations instead. The labels
next to each arrow refer to the name of the event where; Al =uidégBolivia, AN=Antofagasta,
Chile, AR=Arequipa, Peru, NC93, NC96, NC98=North Chile Sudttion Zone 1993, 1996 and
1998, respectively, NR=Nazca Ridge, Peru, PI=Pisco, ReiTO=Tocopilla, Chile. See text for
more details.
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Figure 3.12: Distributed slip model for the I1zmit earthquake, from Cadfral. (2003) where
ICMT1 indicates the centroid location for this model. ICM&8d ICMT3 refer to centroid lo-
cations from the studies Wright (2000) and Deloetsal. (2002), respectively. The remaining
locations are from seismic catalogues described in the tazir{see figure legend).

geodetic studiese(g.Robinsonet al., 2006; Pritcharakt al.,, 2007).

The ISC-ICMT location vectors also appear to disagree fagmitly with the ISC-
GCMT vectors for three events in the North Anatolian faulhedn Turkey. For ex-
ample, if we consider these locations and a distributedrsiyel (Figure 3.12) for the
Izmit earthquake (M 7.5, 17" August 1999, Cakiet al., 2003) the GCMT centroid is
a significant distance~ 30 km) away from the modelled fault planes and in comparison
with the ISC and EHB hypocentres could imply a northward ueptpropagation. How-
ever, the North Anatolian Fault on which this event occuiiszdot north-south trending
and the InSAR-determined centroid locations (ICMT 1-3 igufe 3.12) are in better
agreement with the modelled east-west bilateral ruptuspagation from various seismic

studies €.g.Yagi and Kikuchi, 2000), particularly ICMT1 (Cakét al., 2003) and ICMT2
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(Wright, 2000) (Figure 3.12). The ICMT3 (Delougt al., 2002) location is from a dis-
tributed slip model which was calculated using GPS and deidata as well as INSAR,
which may explain the more easterly location.

Therefore, although centroid locations from INSAR derivadable slip models for
large earthquakes can suffer the same issues as seisndesdiymined locations when
they are calculated from an inversion, they can providealdkiindependent constraints
on the spatial distribution of slip, which is useful for thetermination of robust kinematic
source models. Even without full kinematic spatio-tempsmairce inversions the com-
parison of centroid locations obtained from INSAR slip medeith hypocentre locations

can also provide important information regarding ruptureaion.

3.4 Depth

Accurate earthquake depth values can be difficult to determbutinely for shallow
crustal earthquakes. For example, the GCMT technique osgsderiod body and sur-
face waves, which cannot accurately determine depths iagher crust of 15 km or less,
thus the depth is often fixed at 12 km. Consequently we uséndegimates reported in
the EHB catalogue, which has slightly better depth resmytbut occasionally the source
depths for earthquakes shallower than 12 km are also fixedldM®t carry out compar-
isons for depth values reported in the GCMT catalogue bectursmost earthquakes in
this study the depths are fixed at 12 or 15 km. Moreover, we dsimowv comparisons
with ISC depths, because the results are very similar teetbbsained using depths in the
EHB catalogue. With the exception of a few outliers, FigurE33hows that differences
between INSAR and EHB depths are relatively small, with aiaredifference on the
order of 5 km. The largest difference in depth occurs for tB@52Qeshm earthquake,
where the INSAR depth determined by Nisstml. (2007a) is 39 km shallower than that
reported by the EHB catalogue. The same authors also useitetdc data to determine a
depth that is 36 km shallower that that reported by the EHBlogtie; thus, this difference
probably results from limitations in the EHB method.

INSAR source inversions commonly determine depths shalldhan 12 km. How-
ever, it has been observed that INSAR depths are often slaltvan those determined

from seismic data (see.g, Feigl, 2002, for a summary). INSAR centroid depths in this
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study are~ 5 km shallower than EHB hypocentre depths (Figure 3.13a¢.ribst likely
reason for this is that the resolving power of INSAR data @&ses with depth, which is
evident from the diagonal trend of the data points in Figut&B showing that differences
between INSAR and EHB depths increase with depth.

The bias observed in this study is also consistent with @bsiens that for shallow
earthquakes there is a tendency for the rupture to propagatards. This is believed
to be a result of the inability of an earthquake in a low streggme to propagate easily
into a deeper, higher stress regime, if strength is assumatttease with depth (Das
and Scholz, 1983). Therefore the centroid will be shallothaen the hypocentre, hence
the observed bias in Figures 3.13a and b. One way of takininitigion point of the
earthquake into account using the INSAR source models itk database is to con-
sider the maximum depth of the fault model. Comparisons éetwthis value and the
EHB hypocentre are shown in Figure 3.13 and there is an evidgirovement in the
agreement between the two estimates.

Another possible contributing factor to the differencesrid between the INSAR cen-
troid and EHB hypocentre is the fact that most studies usstielaomogeneous half
spaces to model the geodetic data. A half-space is not an eqaresentation of the
medium in which these earthquakes occur. There are larg@tieas in the upper crust
therefore the half-space approximation will have the Isirgafluence for shallow earth-
gquakes (Wald and Graves, 2001), and 87% of the earthquakes database occurred at
depth shallower than 15km.

A finite dislocation in a half-space is a common approach fodefling a fault to
explain the observed surface displacement, and the appativin of the earth as a half-
space in this context has been the subject of much analysiglyRtheoretical analyses
(e.g.Savage, 1987, 1998), investigations using geodetic data ttan INSAR€.g.Mar-
shallet al, 1991; Eberhart-Philips and Stuart, 1992; Wald and Gra&2@31), and inver-
sions included in this study (Lohmaat al, 2002; Lohman and Simons, 2005a) have all
found that depths determined in a half-space are 10-30%siealthan those in layered

models, in agreement with the findings from this study.
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When considering subduction zones, half-spaces are faubd éspecially poor rep-
resentations. Masterlark (2003) investigated the seitits of displacement and dislo-
cation predictions to the homogeneous, isotropic, Poisstid, half-space assumptions
for subduction zone models. The homogeneous assumptioriowad to produce the
largest errors in predictions of surface displacementstiBat al. (2004) took it one step
further, being currently the only study to use a 3D hetereges numerical earth model
to model INSAR data. They similarly found the depth to be 178émbr for this more
realistic model when compared with a simple half-space.

In recent years there have been some efforts towards thefuageoed models in
the modelling of INSAR data and when this is considered tedtin depth comparisons
between INSAR centroid depths and EHB hypocentre depthyelsaFigure 3.14 ). De-
spite the smaller dataset, centroid depths from INSAR stuiiliat use layered models are
in better agreement with the EHB hypocentre depths, with dianedifference of 2.7 km
(o = 8.7 km) between the two types of estimates, compared witkedian difference of

-5.0 km @ = 9.2 km) when using a homogeneous half-space in the mogellin
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Figure 3.14: A comparison of the differences in depth for parameters dasesimple elastic
homogeneous half-spaces (black circles), layered halfesp (blue circles) and one 3-D model
(green circle).
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Considering the effect of faulting mechanism on the diffieas in depth (Figure 3.15)
there are no evident trends. For the majority of studies|nBAR centroid depth varies
between being 20 km shallower and 10 km deeper than the EH8cbytre depth. Also
there are no systematic trends in particular geographiomegprobably because the events
in the INSAR database represent a range of inversion methgide and assumed half-
spaces that were used to obtain the source parameters fis @va particular region. Not
all of the studies in this region will have used a homogendastie half-space and where
layered half-spaces are used it is unlikely they will be thme. To investigate regional
trends source parameters determined using a uniform iometschnique and assumed
half-space are needed. We do not observe any relationstipde differences in INSAR
and EHB depths and other parameters such as type of datanugedinSAR modelling,
type of fault mechanism, earthquake non-double-couplepcorent, and postseismic time

elapsed (see Figure A.4 in Appendix A for these comparisons)
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3.5 Fault Geometry

Previously little attention has been paid to comparisotséen strike, dip and rake fault
values determined from the inversion of seismic and InSA&.dais common for INSAR
studies to use solutions from the GCMT catalogue or othanseisolutions as starting
values for inversionse(g, Baeret al.,, 2008), or even to fix the parameters at these values
(e.g, Kontoeset al., 2000). Also, just by visually examining an interferograsignificant
constraints can be placed not only on the location but alsthe@rientation of the fault.
This information can be used in the inversions as startirigtisas or to fix the fault
parameters to reduce the computational cost of the invesggog, Jonssoret al,, 2002;
Funninget al,, 2007). This study does not use strike, dip and rake valussatbre held
fixed in INSAR studies (see Table 2.2).

We find that the strike, dip and rake values tend to agree vetiléen INSAR and
seismic models, the majority of the differences being wi2(® (Figure 3.16) and median
values lying close to 0O for all parameters, being®1@= 12.7), 0.0° (¢ = 14.6), and
-5.5° (0 = 16.4) for strike, dip and rake, respectively.

Rake shows the widest distribution of differences betwesSAR and GCMT solu-
tions. This is largely due to the fact that when inverting ARSdata the rake is poorly
constrained if only one track direction is used, as only amamonent of the deformation
is available €.g, Wright et al, 2004b). Therefore, it is difficult to distinguish between
strike-slip and dip-slip motions, leading to poorly coagted rake values in the inver-
sion. The -42 discrepancy in rake for the Noto Hanto earthquake, (847, 23" March
2007, Ozaweet al,, 2008) is a good example of this, as only descending data fhem
ALOS satellite were used in the inversion with GPS data. H®@mneFukushimeet al.
(2008) used data from ascending and descending tracksifosdme earthquake, and
consequently this discrepancy in rake is reduced°twfien compared with the GCMT
solution.

Furthermore, since the image acquisition geometry of médt Satellites leads to
greater sensitivity to vertical than to horizontal motiptip-slip motion is typically easier
to detect using INSAR. Consequently the displacement seen interferogram could be

due to a small dip-slip motion or equally due to a much lartyétesslip motion (assuming
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that the pattern of surface displacements is rendered isutfic ambiguous by decorre-
lation or noise). Therefore, the seismic moment of an evantatso vary greatly in an
inversion, leading to a tradeoff between rake and momenb#ret parameters related to
seismic moment such as fault dip, slip, length and width (fu 2005). Inversions for
the Ngamring County, Tibet earthquake (N6.0, 26" March 1993) are a good example
of these tradeoffs with a difference of 37 detween the INSAR and GCMT rake values
(Figure 3.16). A significant tradeoff was found between raké location in the inversion,
as well as dip-slip, slip-width, and dip-width tradeoffaufing, 2005).

These tradeoff issues can be further complicated by paorkelated INSAR data
due to the presence of significant atmospheric and topograffflects. Poor data quality
also affects other parameters, including strike; for exafthe INSAR and GCMT strike
solutions disagree by 3%or the Killari, India earthquake (6.1, 29" September 1993).
The interferogram used suffers from significant temporalodelation due to land use
changes and large areas of vegetation and surface watgali@kt, 2006).

In addition, the way in which these comparisons have beedwmad must be taken
into consideration as only solutions from one seismic ogta are used, but there may
be several other published independent seismic solutiehish can differ greatly from
the GCMT solutions. For example, even though there is"a&trepancy in strike for the
Qeshm Island event (M5.8, 28" June 2006) the difference between the study’s INSAR
solution and their own seismic solution from the inversiébady wave data is halved, to
a difference of 17 (Nissenet al,, 2007b).

A further difference that is an artefact of the method of cangons is the 46dis-
crepancy in strike between INSAR and GCMT estimate for théldteima earthquake
(M, 24" February 2004, Tahagt al., 2009). The INSAR solution is a cross-fault model
and a moment-weighted average strike of the two faults haes bheed for comparisons
(as described in section 2.5.1.1), so such an average is ot aepresentation of the
source and not a fair comparison with the GCMT solution, Whéca simple point source
solution.

Overall strike, dip and rake agree well between INSAR anshsiei solutions and this
is evident when considering Figure 3.17. There are no cletieims in terms of the geo-

graphical distribution of the differences in fault strikigp and rake suggesting that INSAR
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and seismic data constrain the fault geometry equally vnellaae relatively insensitive to
the assumed Earth model. Although, similar to the depth ewisgns (section 3.4), the
lack of regional trends could alternatively be due to the afsdifferent inversion tech-
niques and assumed half-space models for events in the sagioa.r This highlights the
importance of taking the inversion technique and assumbéespace into account when
comparing different source models for the same event. Weotldimd any relationship
between difference in strike, dip and rake and the type ad daed in the INSAR mod-
elling. Moreover, we examined the differences in strikgy dind rake as a function of
other parameters such as seismic moment, postseismiedltipsge, non-double-couple
component of the earthquakes reported in the GCMT catalagdesarthquake depth and
did not find any clear relationship (see Figures A.5-A.7 irpApdix A, which show all

these comparisons).
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Figure 3.16: Comparison of INSAR and GCMT strike; (Top), dip, § (Middle) and rake,\
(Bottom). Figures show the distribution of the difference with regge mechanism where the
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3.6 Distributed Slip Models

3.6.1 Intraevent variability

During the past three decades there have been severalenetatiiquakes that have been
studied independently by multiple groups using INSAR d#&tayood example of this is
the M,, 7.1 Hector Mine earthquake, previously discussed in se@i8.3. Figure 3.18
shows three distributed slip models for this event, producging INSAR data. Models
(a) (Jonssoret al., 2002) and (b) (Salichost al,, 2004) have been built using the same
INSAR data from ascending and descending tracks from the ER®l ERS-2 satellites,
to produce interferograms with measurement periods of $5.ddodel (c) (Figure 3.18c,
Simonset al. (2002), uses an ascending interferogram covering a longgogof ~ 4
years. The fault geometry is complex for this event and eaatiysuses multiple fault
segments, varying from 4 to 9. Despite the varying numbersegiments, the length,
width, strike and rake values are consistent across all thdels, likely the result of the
fact that the trace of the surface rupture is well constainethe INSAR data.

However, there is some discrepancy in the direction of dipmantioned in section
3.3.3. For the ICMT models (a) and (b), and the GCMT soluttbe, fault is dipping to
the west whereas the fault segments dip eastwards in mgdét (eust be noted though
that when solving for the slip distribution that the dip wasdhfixed in models (a) and
(b). The difference in dip is small because it is near velrfioaall models (dip = 82°).
The principal difference between model (c) and the otherisitbat Simongt al. (2002)
use a layered half-space, which could be responsible forahation in dip direction.

As discussed in section 3.4, the use of a layered half-sgaceeduce the bias towards
shallower depths seen in models, that use a homogeneotspaak. Yet even though the
peak slip is in the north-west part of the rupture for modals(€), it is shallowest in
model (c). Therefore different methods of inversion and ehqgurameterisations could
be responsible for the variation in dip and the depth of maxmslip. Furthermore, only
one of the interferograms used by Jonsebal. (2002) includes post-seismic deformation
due to afterslip in the month following the earthquake. Imparison, both the ascending
and descending tracks used in Simehal.(2002) could include postseismic deformation,
which could also explain why their estimated geodetic mansethe largest of the three

models ¢ 20% larger than models (a) and (b)).
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The slip distribution in model (b) extends 12 km further to the south-west than the
other two models, which could be a result of the inclusionetdgeismic data in the in-
version, although little change in the spatial pattern efglip distribution was seen when
these additional data were included (Salicledral, 2004). Very similar INSAR datasets
are used in each of the three studies, consequently thaioagan the slip distribution
models are most likely the result of differences in invansieethods. The relative weight-
ing of the INSAR, GPS and seismic datasets used is of paatigmportance because it
dictates the influence each dataset has on the final inverssoit, an issue discussed in

chapter 6, as well as priori constraints such as model regularisation (smoothing).
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Figure 3.18: Comparison of three distributed slip models for the Hectandvearthquake (Iy]
7.1, 16/10/99). a) Jonssat al. (2002), which is a joint inversion of INSAR and GPS data, b)
Salichonet al. (2004), which jointly inverted INSAR, GPS and teleseismitadand c) Simons
et al. (2002), which is a joint inversion of INSAR and GPS data.



76 Systematic comparisons between INSAR and seismicallyettrmined source
models

3.6.2 Earthquake location

One of the strengths of INSAR data is their spatial resahjtishere even just the vi-
sual examination of the interferogram can place strongtcaings on the location of an
earthquake. However, for large magnitude events with lapgure lengths the INSAR-
determined centroid location is calculated from a slipritigtion, which is the result of an
inversion, and consequently suffers the same issues asisally determined locations
that are also determined from an inversion. Here we illtsstdifferences in location be-
tween seismic and INSAR (distributed slip) determinatifmvehe Wenchuan earthquake
(M, 7.9, 12" May 2008). This large, predominantly, thrust event ocaliirethe Long-
men Shan range and was one of the largest intraplate evergsant years, with a very
complicated surface rupture that sparked many seismealhgijeodetic and field studies
(e.g, Ghasemet al,, 2010; Liet al,, 2010; Liu-Zenget al,, 2010; Zhang and Ge, 2010).

The rupture initiated near Wenchuan and propagated urdlbtgo the north-east
(e.g, Zhang and Ge, 2010), which is consistent with the NEIC hgpte estimate (blue
star in Figure 3.19) in relation to all the calculated ceidtdocations (pink star, GCMT
location, green, Haet al. (2009), and yellow, Fengt al. (2010)). There is a significant
offset between the GCMT centroid location and the two egsesmérom INSAR studies;
38 km and 28 km for Haet al. (2009) and Fengt al. (2010), respectively. However,
considering the large magnitude of this event and compartidtiae previous case stud-
ies (Landers, Hector Mine and Izmit) the two INSAR estimaies in good agreement
with each other, and the differences seen are likely duedo/dhiation in slip distribu-
tion. In particular the maximum slip is much lower in the mbfilem Fenget al. (2010)
(Figure 3.19b)~ 7 m, compared with~ 12 m for Haoet al. (2009). The latter study
also obtains a larger area of higher slip for the hypocerttbeasouth-west end of the
rupture. Both models use similar INSAR data (ALOS data frranks 471-477), but Hao
et al. (2009) use measurements of offset observed in the field poduglstrain the source
model, whereas GPS and InSAR data were used in Eealg(2010), which may explain
the large difference.

There are also large variations in the finite fault modelslits event that are calcu-

lated using seismic data.g, Ji and Hayes, 2008; Liu-Zereg al,, 2009). Generally both
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geodetically and seismically determined source modelsapip model two large asper-
ities, one near the hypocentre and end50 km to the north east but the asperity areas
and magnitude of slip vary substantially between them. WeelhSAR source models
do have one or two more subfaults than are used in the seigmiesived source mod-
els (.g.Ji and Hayes, 2008) which are in agreement with observed@riipturesd.g.
Liu-Zenget al, 2009). The source model from Habal. (2009) is more consistent with
the high peak slip seen in the seismically derived sourceefsamhd offsets observed in
the field €.g.Liu-Zenget al,, 2009; Nakamurat al., 2010). The large number of varying
finite fault models that fit the observed data is potentiallg do the complicated nature
of the rupture. Despite this complexity, the relative gogtdeament in centroid location
between the two INSAR studies demonstrates the ability®AR to constrain the spatial

features of the rupture.
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Figure 3.19: a) Fault trace of the distributed slip model for the Wenchearthquake from Feng
et al. (2010), where ICMT1 refers to the centroid location from #ane study, ICMT2 is the
centroid location fromHaet al. (2009), GCMT is the centroid location reported in the GCMT
catalogue and NEIC is the hypocenter location from the NEkifinary Determination of Epi-
centers (PDE) catalogue. b) Plan view of the Fehgl. (2010) distributed slip model. c¢) Plan

view of the Hacet al. (2009) distributed slip model.
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3.7 Discussion

3.7.1 Source parameter validation

Seismic and InSAR data are independent observations @freliff aspects of an earth-
quake, therefore with our compilation of source paramdtera published INSAR stud-
ies, it is possible to validate source parameters from seisatalogues against an in-
dependent dataset. Comparisons between databases abogiilg INSAR and seismic
catalogues have highlighted certain issues. For exante;dmparisons of GCMT and
INSAR centroid locations have highlighted limitations i€CM®T locations, as well as the
influence that the earth model used in CMT inversions has etatation of the events
(Ferreiraet al, 2011). Conversely, the good agreement between strikepdipake values
suggests how well both datasets constrain these partigatameters.

Comparisons between INSAR and seismic data can be usedrntfguacertainties
in source parameters reported in seismic catalogues orRn8édies. For example, as
previously mentioned, the location from the GCMT catalodiffers on average by about
21 km from the INSAR centroid location. The moment magnitdiers by ~ 0.02
= 0.09) and fault geometry estimates (strike, dip and rake}0°-5° (o = 13- 16°).

In addition, the standard deviations also give an indicatibthe level of uncertainty as-
sociated with the source parameters determined usingugiversion techniques using
seismic and geodetic data. These uncertainties need tkée itato account when us-
ing them to determine the changes in tectonic stregs Coulomb stress changes; King

et al, 1994) in an area, which in turn can be used for assessingisdiszard.

3.7.2 Earth structure models

Source parameters, whether they are inverted using se@nmSAR data, are sensitive
to the assumed Earth model. Ferreira and Woodhouse (2008@) thve first to attempt
to quantify the uncertainties in seismic CMT inversions tu@accurate Earth structure
using a variety of Earth models and forward modelling teghes. The global Earth
models used in global seismic catalogues currently do namse have high enough
resolution to locate shallow crustal events accuratelyréf@et al, 2011). Mellorset al.

(2004) also found the Earth model to be an influential factoemvcomparing INSAR and
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seismic source parameters. The INSAR-derived source paeasragreed well with those
determined from seismic data relocated using a 3-D velauitgel, but the agreement
was poorer with seismic parameters obtained employing &lBcity models.

The assumption of a homogeneous half-space in INSAR dagasions leads to a
bias towards shallower depths, but even though a layerdespate is an improvement,
it does not solve the problem. The layered or 3-D earth modedtrbe accurate, as
found by Cattinet al. (1999), who investigated the effect of the inclusion of adow
rigidity layer in a homogeneous half-space on modelledisose surface displacements
and the interpretation of source parameters. The horizontaponent of displacement
was more sensitive than the vertical component to the ifmiusf the layer. Horizontal
motions could increase by up to 40% using a half-space thatorates a lower rigidity
layer at the surface in comparison with motions determingdgua homogenous half-
space. If INSAR data from only one SAR track direction is &@ée, then horizontal
motions (particularly those in the north-south directiang already poorly constrained
with respect to the vertical component; if in addition thetBanodel is incorrect, further

errors are introduced.

3.8 Conclusions

Overall, INSAR and seismic data lead to seismic source patexsthat agree well con-
cerning the fault geometry and are complementary datadets yointly inverted. The
assumed Earth structure model is an influential factor aoieg the quality of the earth-
quake location and depth. In terms of the moment magnithéee tis general good agree-
ment, with a slight tendency for the INSAR estimates forshavents to be slightly larger.
This is a possible artefact of the events included in theystindl also the result of potential
deformation from aftershocks, afterslip and viscoelastlaxation being included in the
measurement period, and increased sensitivity to verticgion. New techniques for the
processing and inversion of both INSAR and seismic dataarstantly being developed,
and particular focus is needed on verifying the accurachefissumed earth model and
on the accurate quantification of uncertainties.

These issues are further explored in the next chapter, velaetiequakes which showed

large discrepancies regarding certain source parameatisvestigated, particularly in
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the context of the assumed Earth structure model.



Chapter 4

Testing INSAR and
seismically-determined source
models using 1-D and 3-D seismic

forward modelling

4.1 Introduction

Chapter 3 highlighted the complementary strengths of In@A&seismic data. However,
for some earthquakes, comparisons of INSAR and seismidatgrmined source mod-
els revealed large discrepancies in estimates of fault gggncentroid location and/or
seismic moment. Moreover, some large differences betwadtipte source models ob-
tained from seismic, geodetic and/or joint inversions fag same earthquake.§, for

the M,, 7.5, Izmit and M, 7.1 Hector Mine events) were also observed. This is in part
due to the differing assumptions regarding fault geometiy erustal structure, and also
due to different inversion approaches used in the variaidiet considered. Understand-
ing large discrepancies in earthquake models is a partigutaportant issue, as robust
source parameters are key inputs irt@, the dynamic modelling of earthquakes and the
calculation of Coloumb stress changes, with strong imptica for earthquake physics

and seismic hazard assessment.
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Forward modelling of source models along with comparisohthe resulting syn-
thetic seismograms with real data is a useful and indepéndeans of investigating
which source parameters are well constrained. Advances #ie late 1990s in numerical
methods for the simulation of seismic waves in a realistiz Barth along with a great in-
crease in computer power have significantly improved seisomnivard modelling efforts.
Of all numerical methods, the spectral element method (S@Mdjnatitsch and Tromp,
1999, 2002a,b) is particularly attractive, enabling theuaate simulation of full wave
propagation in complex 3-D Earth models at the global sele, reasonable computa-
tional cost. Comparisons of synthetic seismograms cakxilasing SEM with observed
seismic data have been used to test source models for latgesip earthquakes such as
Denali, Alaska (M, 7.9, 39 November 2002, Tsubait al., 2003) and Wenchuan, China
(M, 8.0, 12" May, 2008, Nakamurat al, 2010). Moreover, comparisons between real
data and SEM synthetics have also been used to establisbhtingt features of a range of
source models for a large subduction zone event offshoteeror Sumatra (Koncet al.,
2007) and to further refine existing body wave inversion ltesior the Balleny Isands
earthquake (M 8.1, 28" March 1998, Hjorleifsdottiet al., 2009).

In this chapter comparisons are made between observed émglseismic data and
theoretical seismograms calculated with the SEM to ingagei the following five earth-

quakes, shown in Figure 4.1:
e Landers, M, 7.3, 28" June 1992

Eureka Valley, M, 6.1, 17" May 1993

North Chile Subduction Zone, M6.6, 19" April 1996

Izmit, M,, 7.5, 17" August 1999

Pisco, M, 8.1, 18" August 2007

These earthquakes were chosen based on the findings frome€CRaghey all ex-
hibited large discrepancies for one or more source parametgen comparing solutions
from the ICMT database with those from the GCMT cataloguesyTdtcur in a variety of
tectonic settings, have a range of magnitudes and have begoysly studied through a
mix of uniform and variable slip source models. There arerdjzancies in centroid loca-

tion between ICMT and GCMT estimates for all the events, ivaryrom ~ 30 to 60 km
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for Izmit and Pisco, respectively. There are also largerdfsmcies in seismic moment
estimates for the two subduction zone events, Pisco anchNirile, and in strike esti-
mates for the Eureka Valley event. GCMT, ICMT and a mixed seynarameters for these
five earthquakes are used to calculate theoretical seismmsgfor: (i) a 1-D Earth model
(PREM, Dziewonskiet al, 1981) using normal mode summation (Gilbert, 1976); (ii) a
3-D Earth mantle—S20RTS (Ritsened al, 1999)—combined with the global crustal
model CRUST 2.0 (Bassiet al., 2000) using the spectral element method. The results of
the comparisons between synthetic seismograms and datiacareresented and subse-
quently discussed in terms of the robustness of the souraeneters and the influence of

the assumed Earth structure.

-180 -120 -60 0 60 120 180

Figure 4.1: Global map showing focal mechanisms and locations for the divents studied,
including two strike-slip events (blue), two subductiomecearthquakes (green) and one normal
faulting event (red).

4.2 Data and methodology

4.2.1 Data selection and processing

Data for each event were downloaded from IRIS (Incorpor&edearch Institutions for
Seismology) for all available stations on the GEOFON andb@ldeismograph Net-

work (GSN) within an epicentral distance of 40-14%f the earthquake. The instrument
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response is deconvolved from the data and the horizontgbooents are rotated into lon-
gitudinal and transverse components. Cosine high-andolssg-filters are used to filter
for long period surface waves (¥ 150s) and Butterworth high-and low-pass filters are
applied for long period body waves {T50s). Any noisy stations are removed via visual
examination of the data and, following this, 1000 s-long 26d s-long time windows are
manually picked for surface and body waves, respectively.

It must be noted that comparisons of long period body wavesaly carried out for
the M,, 6.1 Eureka Valley earthquake. For the larger earthquakaésce Azmit, Landers
and North Chile — the source’s duration is similar to the dwni period of the long-
period body waves. Therefore, a source time function is egéd be taken into account
when modelling these earthquakes. Tests were carried g assimple boxcar source
time function, but this was not sufficiently accurate to astdor the time and amplitude
shifts seen between the data and synthetics due to the scomgaexity. Consequently
robust body wave comparisons could not be made for thedege@kes. Where possible,
comparisons have been made for all three components of m@téstical, longitudinal
and transverse). However, depending on the data qualityjstimot always possible for

all events and is noted when it is the case.

4.2.2 Normal mode summation

In seismology the displacement due to a seismic sourcededat seismic stations can
be represented as the sum of standing waves, or normal mbthes Barth. The associ-
ation of the normal mode concept with the seismic momenbtefsmalism of Gilbert
and Dziewonski (1975) motivated many source studies, dietuithe approach used in
the GCMT catalogueg(g. Dziewonskiet al, 1981). Since then, the normal mode for-
malism has been widely used for the calculation of exactrétaal seismograms for 1-D
Earth models. An in-house modified version of the normal medemation programme,
apsynah(J. H. Woodhousepers. commn).was used to calculate theoretical seismograms
accurate down to a period of 7 s for a 1-D Earth model. It assumspherical, non-
rotating, elastic and isotropic (SNREI) Earth, in this cmePreliminary Earth Reference
Model (PREM, Dziewonski and Anderson, 1981). The SNREI ag#ion simplifies the

calculations such that eigenfunctions for each mode wiltdmestant at the surface and it
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is the excitation factors that vary.

4.2.3 Spectral element method

While the normal mode formalism can also be used to calcghat¢hetic seismograms
in 3-D Earth modelsd.g.Clévédéet al,, 2000; Millot-Langetet al,, 2003; Romanowicz
et al,, 2008), in practice its application is complex, time-canggy and cumbersome, par-
ticularly when modelling shorter period seismic data. Bunemerical methods, such as
the Spectral Element Method (SEM) offer an interestingradtive, enabling the accurate
calculation of full waveforms in the presence of complextatructure and with reason-
able computational time requirementsd. Capdevilleet al, 2003; Chaljubet al., 2003).

It is a highly accurate technique for the forward modellirigseismic data, particularly
when assuming a 3-D Earth structure, as it is able to takeaotount free-surface to-
pography and the effects of anisotropy and fluid-solid bauied on the resulting seismic
waveforms (Komatitsch and Tromp, 1999). The techniqueesotie weak form of the
eguation of motion on a user-defined mesh consisting of leskahelements. The equa-
tion is solved by integrating over the volume and absorbiognidary, which is achieved
by solving smaller integrals over the volume and surfacaehds that make up the mesh.
The mesh represents the Earth as a cubed-sphere, which igospto six chunks and the
number of elements along the side of each chunk determieaggolution of the result-
ing syntheticsj.e. the period to which they can be calculated down to. For motailde
see Komatitsch and Tromp (1999).

There are various implementations of the spectral elemetiad; the approach used
here is as implemented in the SPECFEM3D Globe package (Kisctatand Tromp,
1999), which is freely available from Computational Infrasture for Geodynamics (CIG,
http://www.geodynamics.org/cig/software/specfem8ibg). The package allows a wide
choice of 3-D Earth models that can be used in the simulationthis chapter two shear
wave mantle models are used—S20RTS (Ritsetal, 1999) and the more recently

updated S40RTS (Ritsenst al, 2011) mantle model. In both cases the crustal model

CRUST 2.0 (Bassimet al,, 2000) is assumed and 266 elements are assigned to each side

of the chunk, which means that the resulting synthetics ecarate down to a period of

~15s.



86 Testing INSAR and seismically-determined source modeissing 1-D and 3-D
seismic forward modelling

4.2.4 Quantifying phase, amplitude and waveform misfits

In order to quantify how well the synthetic seismic wavefesrmatch the observed data
three types of misfits are calculated between the data arntetias: phaseé@), ampli-
tude ¢ A) and waveform (M) misfits. A time window is manually picked on the data and
the corresponding time frame is selected for the synthefitgen, a least-squares algo-
rithm is used to determine the phase shift ( measured in seconds) and amplitude factor
(6A) that lead to the best fit between the data and the syntheticamplitude factor of
1.0 means that the waveforms match perfectlyjAfis greater than one, the synthetic
amplitudes are systematically smaller than the data, amecsely, iféA is smaller than
one, then the synthetic amplitudes are larger than the \wditsans.

The waveform misfit is calculated in a least squares sehs@¢rm misfit) using the
following equation:

s (s— d)2

whered refers to the data argtto the synthetics.

4.3 Results

4.3.1 Normal faulting event: Eureka Valley, M,, 6.1, 17" May 1993

This event is the first of two earthquakes studied in this tdrapccurring in the Great
Basin and Range province and lying within the North Amerie®acific plate boundary
zone (Figure 4.2). The influence of motion along this plateriaary has recently been
suggested to extend as far as 1000 km east into the Great BadiiRange Province
(Parsons and Thatcher, 2011), which includes the Walkee IB®it (WLB) and Eastern
Californian Shear Zone (ESCZ). These zones form part ofiffiesd transform boundary
zone and structures within them accommodate the majoritgsdflual motion not taken
up by the San Andreas fauk.g. Atwater, 1970; Dokka and Travis, 1990; Benrettl,,
2003); the central section of the WLB is suggested to accodateoas much as 25% of
the relative plate motion (Oldoet al., 2001). The spatial and temporal distribution of the
strain accumulation in the WLB and ECSZ is highly heterogeiseand certain regions

show large discrepancies between geodetic and geologia séites, which could be due
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to the diffuse nature of the deformation that is not evidensorficial faults (Foyet al.,
2012).

The Eureka Valley earthquake occurred in the WLB and is tHg pnarmal fault-
ing event studied in this chapter. It was part of a sequenaadhquakes including the
large strike-slip event, Landers (M7.3), investigated in section 4.3.2. It occurred on a
buried fault, one of five normal fault zones that lie betwesm Panamint Valley-Hunter
Mountain-Saline Valley fault system and Furnace Creek askl Fake Valley faults (Fig-
ure 4.3,see Oswald and Wesnousky, 2002).

There are two previous geodetic studies of this earthquakih are listed in Table
4.1; Massonnet and Feigl (1995); Peltzer and Rosen (1995ddiition, Table 4.1 also
includes an INSAR source model determined in this studygusie approach outlined
in Chapter 2, section 2.2. The source model from this studysesl and referred to as
the ICMT solution to investigate the 55 km discrepancy iratamn (see Figure 4.3) and
the 30 difference in strike between the geodetic results and theserted in the GCMT

catalogue. Both long period surface and body waves aredenesl.
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Figure 4.2: a) Californian section of the North American - Pacific plateibdary (dashed black

line). Three key zones in this diffuse transform boundagy sltown: Central Nevada Seismic
Belt (CNSB), Walker Lane Belt (WLB), East Californian Sh&ame (ECSZ). The focal mecha-

nisms for both Californian earthquakes studied in this tdragre also shown, where pink refers
to GCMT solutions and blue to ICMT solutions.
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Figure 4.3: a) Tectonic setting in Eureka Valley. Main fault zones in @Wéalley, Saline Valley,
Hunter Mountain, Fish Lake Valley, Northern Death Valleg &ighlighted based on fault maps
from the USGS fault database which are coloured accordirag&y Historic (red), Holocene -
Latest Pleistocene (orange), Late Quaternary (yellow)@unaternary (blue). GCMT and ICMT
locations are shown as blue and pink stars, respectivelintéjferogram in tectonic context to
highlight the 55 km discrepancy between the ICMT and GCMTatmns, which are shown as
yellow circles.
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Table 4.1: Summary of source parameters for the Eureka Valley earkeq(M,, 6.1, 17" May
1993) from various studies including Massonet & Feigl (19®=ltzer & Rosen (1995), this study
and the GCMT catalogue. The latitude, longitude and deér te the centroid location.

Parameter | Massonet & Feigl Peltzer & Rosen This Study| GCMT
Mw 6.10 6.11 6.06 6.1
Mo (x10'¥Nm) 1.70 1.55 1.83
Lat (°) 37.111 37.118 36.680
Lon (°) 242.206 242.18 | 241.900
Depth (km) 9.2 13 8.1 15
Strike @) 173.0 7.0 172.0 210
Dip (°) 54.0 50.0 37.6 30
Rake () -95.2 -93

Figure 4.4: Distribution of stations (white triangles) with respecttte M,, 6.1 Eureka Valley
earthquake (red star), where the ray paths are shown innyello

4.3.1.1 Long Period Surface Waves

Only comparisons for vertical component data from 18 statere investigated here as the
transverse and longitudinal components for the majoritgtafions are too noisy. Figure
4.4 shows the distribution of stations used in the compasis@Ve carry out comparisons
between real data and 1-D Earth and 3-D Earth theoreticainsgirams for a variety of
earthquake source models: (i) ICMT; (ii) GCMT; (iii) GCMT rdel combined with the
ICMT centroid latitude and longitude estimates (GCM,,,); and, (iv) GCMT model
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combined with the ICMT strike (GCM{;ixe)-

Initial comparisons of the ICMT and GCMT synthetic wavefarmith the data show
that synthetics calculated in the 3-D Earth model (S20RT$)di data better than those
calculated using PREM; there are evident phase shifts wssumaing a 1-D Earth struc-
ture (seeg.g, stations NNA, ARU, Figure 4.5). Consequently, the wavefaonisfit for
PREM calculations is twice as large as that for synthetidsutated using a 3-D Earth
model, with the ICMT solution showing the best overall fit teetobserved waveforms
(m? = 0.17; see Table 4.2). In order to investigate whether ttorgudit of the GCMT
synthetics is due to the 55 km mislocation of the event, th&/G@Gtitude and longitude
are replaced with those from the ICMT solution (3-D GCMT;,,, in Table 4.2, and Fig-
ure 4.5). Compared to the original GCMT solution, there isnaprovement in the fit in
phase to the data(3 s) resulting in a lower overall misfit (e 0.22), but this remains a
poorer fit than that attained with the ICMT solution.

There is also a large difference of°3@ strike between the ICMT and the GCMT so-
lutions, which could also explain the difference in the fitlod synthetics to the data. For
moderate magnitude events, visual examination of an er@gfam can provide strong
constraints on the strike of the fault, as is the case forlbeBureka Valley earthquake
(see Figure 4.3b). Therefore, similar to the investigatibhocation, the GCMT strike
(210) is replaced by the ICMT estimate (172 However, in this case, the fit to the data
deteriorates (Table 4.2, 3-D GCN T - m? = 0.29) in comparison with that for the orig-
inal GCMT solution (nd = 0.24). Consequently, in addition to strike, the GCMT adi,
longitude are also replaced by the ICMT location, which ltssn a lower data misfit (fh
= 0.23), but it is still a higher misfit than when only using #@MT centroid location
along with all other GCMT source parameters. Additionatgeimcluding replacing the
dip and rake in the GCMT solution also show little improvemniarthe fit to the observed
data. It appears that it is the combination of all the paranseéh the ICMT solution which
best explain the observed long period surface waves.

It must be noted that 3-D synthetics were also calculatetbusie recently published
S40RTS, an improvement of S20RTS. However, the differeirtdi of the synthetics
to the data relative to the S20RTS synthetics are relatiseigll (Table 4.2). Thus, for

the remaining earthquakes, only 3-D synthetics calculas#dg S20RTS are referred to.
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Also in some cases the changes/differences in waveform&gysubtle, especially when
considering single figure phase shifts for long period serfaaves, in which case the
values given in the table are more instructive than the figurais is particularly relevant
for the subsequent four earthquakes when investigatingntluence of centroid location.

Table 4.2: Summary of average phasgl(), amplitude §A) and waveform misfits () for com-
parisons between the vertical component (Z) of synthetitabserved surface waves (LPS~T
150 s) and body waves (LPB,¥ 50 s) for the Eureka Valley, M 6.1, 17" May 1993 event. The
number of waveforms, n, used to calculate the average magétgiven in brackets at the top of
each column. Parameters in subscript in the first columm tefdnose that have been replaced by
estimates from the other solution (ICMT or GCMT), where kima refers to latitude, longitude
and depth. The last two lines refer to synthetics calculasidg the S40RTS Earth model. The
solution highlighted in bold refers to the solution whictoels the lowest overall misfit. If the data
and synthetics match perfectly thé# = 0.0,6A = 1.0 and n{ = 0.0.

Synthetics LPS Z (n=18) LPB Z (n=18)
N 5A m? | §¥ 5A m?

1-D GCMT 18.44 0.90 0.59 2.44 0.96 0.49
1-D ICMT 14.65 0.91 0.45 1.95 1.12 0.44
3-D GCMT 8.72 0.94 0.24 3.73 0.55 1.45
3-D ICMT 6.13 0.98 0.17, 1.08 0.84 0.32
3-D GCMT gepen 10.73 0.80 0.39 3.11 0.79 0.57
3-D GCMT 14t /10n 5.63 0.95 0.22 2.02 0.52 1.05
3-D GCMT jpcation 6.55 0.81 0.34 1.71 0.81 0.38
3-D GCMT ke 11.51 1.11 0.29 2.72 0.54 0.96
3-D GCMT 4pike jiocation | 7-05 1.10 0.23 1.95 0.54 0.88
3-D GCMT (s40rts) 9.80 0.94 0.26 3.75 0.52 1.45
3-D ICMT (s40rts) 6.47 0.98 0.20 1.10 0.84 0.32
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Figure 4.5: Comparisons of observed vertical component surface wavesl60s) for the M, 6.1
Eureka Valley earthquake (black) with synthetics caladah a 1-D Earth (PREM) using GCMT
(red) and ICMT (green) source parameters (1-D Earth), and D Earth (S20RTS combined
with CRUST 2.0) using GCMT (pink) and ICMT (blue) source pagders (3-D Earth). The two
right hand side columns compare synthetics calculated ifDaEarth using GCMT solutions
(pink) where specific GCMT source parameters have beenaeghlaith ICMT estimates (light
blue): latitude and longitude (3-D GCM]; .,,) and strike (3-D GCMT;,.x.). The waveforms
are sorted by epicentral distance (first number after staitone) and a range of azimuths (second
number) are investigated; this convention is used througthe waveform comparison figures in

this chapter.
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4.3.1.2 Long Period Body Waves

As explained previously, Eureka Valley is the only eventvdiich comparisons of long
period body waves are possible with the data available.|&ird the long period surface
wave comparisons, the ICMT solution combined with a 3-D [Earbdel leads to the best
fit to the data. The fit in phase is better than for long periatese waves ¥ = 1.08 s,
3-D ICMT in Table 4.2) but the amplitude is overestimated € 0.84) which leads to a
slightly higher overall misfit (th = 0.32) than for surface waves.

Unexpectedly synthetics calculated using the GCMT satutiad assuming a 3-D
Earth structure significantly overestimate the amplitufiine P-wave arrival (Figure 4.6,
3-D Earth), leading to a waveform misfit that is more than deubat for the 1-D Earth
case. The fit to the body waves assuming a 3-D Earth structumepioved if the GCMT
latitude and longitude are replaced by the ICMT estimatpsgifically, a 1 s reduction
in phase misfit results in a better waveform misfit, but it i significantly large (.e,
greater than 1). The largest improvement is seen if the dep#placed by the shallower
ICMT estimate (8 km); the amplitude fit is much improved and aveform misfit is
reduced to less than 1 gn¥ 0.57; 3-D GCMTeper, in Figure 4.6 and Table 4.2). If the
ICMT latitude, longitude and depth are all used, then thefibe data is further improved
and the overall misfit is much reduced{m0.38; see Table 4.2).

Contrary to the surface wave results, if the ICMT strike isdigistead of the GCMT
value then the fit to the data improves, especially the phasfit (Table 4.2, 3-D GCMT;i1¢)-
However, if the ICMT strike is used in combination with theMiT location then the over-
all waveform misfit worsens.

Overall, despite investigating various source parametebinations, theoretical seis-
mograms calculated using the ICMT solution combined with2 Barth lead to the best

data fit for both long period surface and body waves.
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Figure 4.6: Comparisons of real vertical component body waves(50 s) from the M, 6.1
Eureka Valley earthquake (black) with synthetics caladan a 1-D Earth using GCMT (red)
and ICMT (green) source parameters (1-D Earth) and a 3-Dhieaihg GCMT (pink) and ICMT
(blue) source parameters. The rightmost column (3-D GEMT) compares the GCMT solution
(pink) and GCMT solution with the depth replaced by the ICMTimate (light blue).
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4.3.2 Large strike-slip event: Landers, M, 7.3, 28" June 1992

This was the first large earthquake to be fully investigasdgiIinSAR data and provided
a unique opportunity to investigate the rupture process lafge continental strike-slip
event €.gPeltzeret al, 1994; Zebkeeet al, 1994). The earthquake ruptured five major
faults (Johnson Valley, Landers, Homestead Valley, Enteaswl Camp Rock faults; see
Figure 3.9 in Chapter 3) located in the ECSZ, which is resibbm$or 15% of the relative
plate motion (Sielet al,, 1993). There is variation between multiple existing seutgp-
ture models€.g.Cohee and Beroza, 1994; Wald and Heaton, 1994; Cotton angif@m
1995; Fialko, 2004b), but the majority suggest an unilatenature initiating on the John-
son Valley fault and propagating north-westwards up to CRogk and Emerson faults.
There is general good agreement between the ICMT and GCMTe&sooodels (see
Table 4.3) and both the locations are relatively consisigitit the mapped location of the
faults thought to have ruptured during the event. HoweherGCMT location is towards
one end of the rupture and is 25 km further north from the ICM@ation (see Figure
3.9). Due to the large magnitude of this event, seismic data f18 stations (Figure
4.7) and all three components (vertical, transverse argitlodinal) are analysed and all
show the same trends unless stated otherwise. Therefanasitbe noted that any misfit
values referred to correspond to the vertical componeny. wawveform comparisons for
additional seismic data components not shown can be fouAgpendix B, Figure B.1.

Table 4.3: Summary of source parameters for the Landers earthquake7(B] 28" June 1992)
from an InSAR study (Fialko, 2004) and the GCMT cataloguee Ttitude, longitude and depth
refer to the centroid location.

Parameter | Fialko (2004)| GCMT
Mw 7.28 7.30

Mo (x10'¥Nm) 103.0 106.0

Lat (°) 34.450 34.650

Lon (°) -116.517 | -116.650

Depth (km) 5.5 15.0
Strike @) 154.1 341.0
Dip (°) 89.9 70.0

Rake () 173.9 -172.0
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Figure 4.7: Distribution of stations used (white triangles) with resp® the M, 7.3 Landers
earthquake (red star), where ray paths are shown in yellow.

4.3.2.1 Long Period Surface Waves

Theoretical seismograms calculated using the GCMT saluto the 3-D Earth model
show the best fit to the data (semg, stations OBN and BNG in Figure 4.8), with an
overall waveform misfit value of.?>=0.16 (3-D GCMT in Table 4.4). A potential reason
for the best fit of the long-period surface waves by the GCMiitlsstics could be the
fact that the GCMT solution is built using these data. Cossidy the large discrepancy
in centroid location both ICMT and GCMT estimates are testedplacing the GCMT
value with the latitude and longitude from the variable slipdel in Fialko (2004b) results
in a worse fit to the data (Table 4.4, 3-D GCIM]T,,), particularly in phase, where a 2
s increase in misfit is observed. Conversely a 2 s reductigphase misfit is seen if
the GCMT latitude and longitude are used with the ICMT solit{3-D ICMT;4 ;0,, IN
Figure 4.8, Table 4.4, 3-D ICM[; 1,,,)-

The depth reported by Fialko (2004b) is also very shallews(km) and the GCMT
is unable to resolve depths shallower than 12 km. Therefw&ICMT depth is replaced
with the estimate from Fialko (2004b) but the fit to the dataeiduced (Table 4.4, 3-D
GCMTeptn). Moreover if the depth in the ICMT solution is increased fokin then the
fit to the data improves (Table 4.4, 3-D ICMT) suggesting that the 5 km estimate may

be too shallow. Consequently if the depth, latitude anditodg in the GCMT solution
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are replaced by the ICMT estimates this results in the smiutthich shows the highest
overall misfit (n¥ = 0.27) of all the source parameter combinations tested€ %8, 3-D
GCMT cation)- Interestingly though if the dip in the GCMT solution is ieased to a
more vertical angle, as seen in the Fialko (2004b) sourcesimtiten the average perfect
fit in amplitude is achieved’@A = 1.0, Table 4.4, 3-D GCM;,)) but there is an increase
in phase misfit.

Table 4.4: Summary of average phasgl), amplitude §A) and waveform misfits () for com-
parisons between synthetic and observed surface waves 150 s) for the M, 7.3 Landers
earthquake, where results for the vertical (2), transvéf3eand longitudinal (L) components
are shown. Format is same as in Table 4.2

Synthetics Z (n=18) T (n=17) L (n=16)
o SA m? | s SA m? | o0 SA m?

1-D GCMT 11.66 1.51 0.32 12.30 1.10 0.25 13.38 1.63  0.36
1-D ICMT 14.28 0.92 0.52 12.71 1.07 0.27 14.40 0.96  0.56
3-D GCMT 7.09 1.07 0.16 5.24 1.04  0.08 8.03 1.14  0.14
3-DICMT 9.85 0.88 0.26 5.57 1.06  0.14 10.08 0.93  0.23
3-D ICMT gepin 9.95 1.27 0.22| 5.66 1.06  0.14 9.88 1.05 0.21
3-D GCMT geper, | 7.89 0.97 0.20 5.67 1.04  0.10 8.29 1.03 0.16
3-D GCMT 1y /10, | 9.12 1.07 0.23 6.09 1.04  0.09 9.77 1.14  0.21
3-D GCMT jpeation | 9.40 0.97 0.27] 5.96 1.04  0.09 10.02 1.03  0.23
3-D GCMT 4, 7.88 1.00 0.20 5.80 1.06  0.13 8.19 1.07 0.16
3-DICMT y41/1n | 7.90 0.87 0.19 5.95 1.05  0.14 7.99 0.93 0.15
3-D GCMT (s40rts)| 7.09 1.07 0.16 5.24 1.04  0.08 8.04 1.14  0.14
3-D ICMT (s40rts) | 9.85 0.88 0.26 5.57 1.06  0.14 10.09 0.93  0.23
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Figure 4.8: Comparisons of observed surface waves for the M3 Landers earthquake (black)
with synthetics calculated in a 3-D Earth using GCMT (pinkdl &CMT (blue) source parameters,
for vertical (3-D Earth ;;z) and transverse components (3-D Eatihyr). The rightmost hand
side column (3-D Earth ICMiL.; /1,,) compares ICMT synthetics (blue) with synthetics caladat
using ICMT source parameters combined with GCMT centrditlide and longitude (light blue).
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4.3.3 Multiple INSAR Models: Izmit, M ,, 7.5, 17" August 1999

On 17" August 1999 the Izmit earthquake ruptured nearly 150 krg.Barkaet al,
2002; Cakiret al, 2003) of a splay of the North Anatolian Fault (NAF), whiclpaeates
the Eurasian and Anatolia plates (Fig 4.9). The earthquakarced in the western end of
the NAF where the fault splays into three main sectionsmoniddle and south. Average
slip rates for this region range from 10 mmy¥ from geological measurements (Polonia
et al, 2004; Gasperinet al., 2011b) to 24 mm yr! from geodetic measurements.d,
McClusky et al., 2000), where the northern splay accommodates 70-90%sofelzitive
plate motion (Armijoet al., 2002).

This earthquake was the seventh in a sequence of eventstimjgeast-west on the
NAF (Barka, 1996; Steiet al, 1997), 32 years after the most recent earthquake (Mudurnu
Valley, M 7.1, 224 July 1967). Itis the only region in the world where this tyfeeismic
behaviour is observed and the Izmit earthquake was the fipgirtunity where large vol-
umes of data were available, including geodetic and stroatjom data. Consequently,
there are multiple source models for this event. Similaht tanders earthquake, the
existing studies show a large variation in the slip distiidiy partly due to the different
datasets used. Specifically, there is debate regardingtheniation of the western end
of the rupture, with field observations (Barkhal., 2002) indicating that the rupture only
reached the eastern side of the Herselk Delta, whereasisagendetic studies, including
the solutions investigated here (Wright, 2000; Wrighal, 2001a; Deloui®t al, 2002;
Cakir et al,, 2003), suggest that the rupture extends further into tree dbeMarmara.
Recent high resolution bathymetric data suggests thatugiteine terminated in between
these two locations, in the Darcia Basin (Gaspeeinal, 2011a). Thus, understanding
the uncertainty surrounding the source parameters foethihiquake is key for interpret-
ing the future seismic hazard in this region, including tis& for city of Istanbul (Barka,
1999; Parsonst al., 2000; Atakaret al., 2002). Here the discrepancy in centroid location
between three studies taken from the ICMT database, oneromilip (Wright, 2000),
and two distributed slip models (Delowsal.,, 2002; Cakiret al,, 2003), and that reported
in the GCMT catalogue is investigated. All three INSAR stisdare in good agreement,
as was seen in section 3.3.4 (Figure 3.12), but the GCMTitatdies ~ 30 km north of

the INSAR locations.
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Table 4.5: Summary of source parameters for the l1zmit, Turkey eartke@&7" August 1999,
M, 7.5) from the GCMT catalogue and three InSAR studies by Cekial. (2003), Delouis
et al. (2002) and Wright (2000). Values in bold were fixed duringithesrsions and the latitude,

longitude and depth refer to the centroid location.

Parameter | Cakiret al.(2003) | Delouiset al. (2002) | Wright (2000) | GCMT
Mw 7.50 7.52 7.54 7.60

Mo (x10'8Nm) 190.0 240.0 253.6 288.0
Lat (°) 40.719 40.724 40.728 41.01
Lon (°) 30.067 30.214 30.050 29.97
Depth (km) 6.99 7.90 10.80 17.00
Strike () 90.7 267.6 271.2 91.0
Dip (°) 88.3 85.0 89.7 87.0
Rake () 178.7 179.6 -173.1 164.0

Figure 4.10: Distribution of stations (white triangles) used with respt® the M, 7.5 Izmit
earthquake (red star), where the great circle paths arerstmoyellow.

4.3.3.1 Long Period Surface Waves

This event occurred several years after the two previouslyudsed earthquakes and dur-
ing that time the density of stations in the global seismiwvioeks increased significantly.
Thus, the number of stations used for comparisons here @saldouble that used in the
previous analyses in this chapter (43 stations are usedtigaee 4.10). We are able to
compare waveforms for all three components and the misfitegathown in Table 4.5

correspond to calculations using all the stations; howeweerclarity, comparisons only
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for the vertical component and for 20 stations are shown 4Fid). Similar to Landers
the trends are consistent across all components and thiudingl and transverse com-
ponents are shown in Appendix B, Figures B.2 & B.3.

The distributed slip model from Cakat al. (2003) combined with a 3-D Earth model
shows the best fit to the observed waveforms (3-D ICMT C indd$), compared to the
GCMT model and to the other INSAR source models. The averhgsepmisfit§¥ = 6.7
s) is slightly larger than the 5.0 s calculated for the GCMIUsoN, but the amplitude and
overall waveform misfit values are smaller, whére=0.96 and M=0.18 (Table 4.6 and
Figure 4.11, 3-D Earth). The GCMT solution appears to ovanege the amplitude by
approximately 20%dA = 0.79), which is potentially due to the larger moment esatien
being the highest value of all solutions (Table 4.5). Reépathe GCMT seismic moment
with the estimate from Caket al. (2003) reduces the amplitudes, and on average they are
systematically smaller than the data, with the overall miing lower than the original
solution from Cakiret al. (2003) (see 3-D GCMjy, in Figure 4.11 and Table 4.6).

To investigate further the poorer fit of the GCMT solutiore ttentroid latitude and
longitude are replaced with those from the ICMT solutiorg(Fe 4.11, 3-D GCMT,; /10r,)-
The resulting fit to the data is worse, with both the amplitadd phase misfit increasing,
resulting in an overall waveform misfit @f,2=0.37 (Table 4.6, 3-D GCMT lat/lon). This
is unexpected as all three ICMT locations are consisterit thi¢ geological location of
the North Anatolian Fault (NAF) on which the Izmit earthgaatccurred and agree with
the east-west bilateral rupture observed in various kitiemnzodels, whereas the GCMT
location is 30 km north of the fault and suggests a northfsoupture propagation (see
section 3.3.4 for further details). If the latitude and litade in the Cakiret al. (2003)
solution are replaced with those from the GCMT solution thisults in synthetics which
show the best fit to the data compared with all the other soiatin? = 0.14; see 3-D
ICMT 44 /10, In Table 4.6 and Figure 4.11).
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Figure 4.11: Comparisons of the vertical component of observed longdesurface waves (T
~ 150 s) for the M, 7.5 Izmit earthquake (black) with synthetics calculated 8D Earth using
GCMT (pink) and ICMT C (blue) source parameters (3-D EarBal) GCMT,,, compares GCMT
synthetics (pink) with the same solution except that the ewtis replaced by the estimate from
Cakir et al. (2003) (light blue). 3-D GCMTat /lon follows the same format except the light blue
synthetics refer to the GCMT solution with the latitude aadditude replaced by estimates also
from Cakiret al. (2003). The far right column compares ICMT synthetics (pligh the ICMT
solution where the latitude and longitude are replaced bgdatfrom the GCMT catalogue (light

blue).
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Table 4.6: Summary of average phasgl(), amplitude §A) and waveform misfits () for com-
parisons between synthetic and observed surface wavesl®0 s) for the M, 7.5 Izmit earth-
quake. ICMT C refers to the study by Calet al. (2003), ICMT D corresponds to the study by
Delouiset al. (2002) and ICMT W refers to results from Wright (2000). Thbléeheadings and
format is the same as in Table 4.2.

Synthetics Z (n=43) T (n=40) L (n=41)
N oA m? | oW 5A m? | &0 oA m?
1-D GCMT 9.98 0.83 0.51 14.47 0.86 0.7Q 10.79 0.89 0.92
1-DICMTC 13.05 1.08 0.49 16.14 1.18 0.48 13.75 1.11 0.76
1-DICMT D 14.77 0.90 0.6 16.90 0.97 0.67 14.29 0.89 0.93
1-D ICMT W 12.79 0.85 0.67 17.24 1.49 0.72 13.52 0.89 0.96
3-D GCMT 5.00 0.79 0.23 5.41 0.73 0.41 5.37 0.86 0.22
3-DICMTC 6.68 0.96 0.18 8.54 1.00 0.1 7.31 1.05 0.19
3-DICMT D 7.23 0.79 0.30 5.18 0.78 0.26 7.79 0.86 0.28
3-D ICMT W 6.48 0.76 0.33 5.85 0.78 0.36 7.09 0.83 0.29
3-D GCMTyy, 5.99 1.21 0.15 5.94 1.11 0.12 6.40 1.33 0.19
3-DICMT j4¢/10n | 5.76 1.01 0.14 5.61 1.04 0.13 6.36 1.11 0.17
1-DICMT ;41 10, | 10.07 1.08 0.34 13.92 1.19 0.37 10.79 1.12 0.36
3-D GCMT,4/10n | 7.60 0.76 0.37 6.82 0.73 0.49 8.13 0.83 0.26
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4.3.4 Large Subduction Zone event: Pisco, M 8.1, 15" August 2007

Large subduction earthquakes frequently occur off thetad&outh America coast due to
the subduction of the Nazca plate beneath the South Ameplate Rates of convergence
vary with latitude due to the rotation of the Nazca platetietato the South American
craton and increase towards the sowtlyKendricket al., 2003), with rates from various
studies ranging from 61 mm yr' to 68 mm yr—! (e.g.Sellaet al,, 2002; Kendricket al.,
2003; Vignyet al., 2009).

The south American subduction zone along the coast of Perbbeaplit into three
zones — north, central and south — which exhibit differepiesy of seismic behaviour,
mainly due to the latitudinal variation in the trench geamethe central zone shows the
most complex behaviour (Dorba#t al, 1990) and is where the 2007 Pisco earthquake
occurred in a seismic gap, and where the previous large &sa tsunami earthquake
in 1746 that destroyed the city of Lima. This was followed 0 3/ears of quiescence
and activity resumed in 1940. Geodetic estimates of inirse moment defecit and
coseismic moment release due to the four events since 1¥tesis that this section
could have the potential generate an earthquake ©BN6—8.7 (Chlieket al,, 2011).

The Pisco event occurred in an interesting location duedwéhiation in strike along
the rupture length due to a kink in the coastline; Sladeal. (2010) have shown the co-
seismic slip distribution to follow the coastline. Howemttere is still a debate regarding
the number of asperities involved in the event. Teleseishidies (Ji and Zeng, USGS,
2007) suggest two sub-events, whereas geodetic studigmdhiet al., 2008) and mod-
els based on multiple geodetic and seismic datasets (Rritend Fielding, 2008; Biggs
et al, 2009) all suggest a single patch of slip, although it haskmrgued that at the
depths for this earthquake the INSAR data have no power tdveebetween one or two
asperities (Bigget al., 2009). A study which used tsunami waveforms as well as INSAR
and teleseismic data found that one or two patches bothiexpdata well and the issue
remains unresolved (Sladen al., 2010). Nevertheless, the South American subduction
zone is one of the few places where INSAR data can be useddstigate these types of
earthquakes and has proven extremely useful in constgathim spatial slip distribution
of the event.

Locations for earthquakes in this region that are reporiegtié GCMT catalogue are
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Figure 4.12: Section of the South American subduction zone from $4to -25 S, where the
north, central and southern zones of the Peru section avenshoyellow. The focal mechanisms
of the two subduction zone events studied are shown: Pisgo3 .M and northern Chile 1 6.6.
The yellow stars denote the locations of two of the largeghgaakes to occur off the coast of
Peru. Features of the subduction zone relevant to the esithg are earthquake are highlighted,
including the Nazca Ridge and the Mejillones Peninsula,teadrench is highlighted in black.

systematically shifted westwards towards the trench (@& section 3.3, and Syracuse
and Abers, 2009); in this case there is nearly 60 km betweedGMT and GCMT lo-
cations, where the ICMT location is from Pritchard and Figgd(2008). Moreover, the
INSAR-determined seismic moment is also nearly twice aglas the moment reported
in the GCMT catalogue (see Table 4.7). It should be noteddbapite previously re-
ferring to several geodetic models for this evemg(Motaghet al, 2008; Biggset al,,
2009; Sladeret al., 2010) only the model from Pritchard and Fielding (2008)ssdiin
the comparisons. This is because at the time of calculatingsynthetics this was the
only model for which a full set of source parameters for, udahg centroid location was

available.
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Table 4.7: Summary of source parameters for the Pisco, Peru earth@ibk®.1, 153" August
2007) from one INSAR study by Pritchard and Fielding (2008) &om the GCMT catalogue.
Values in bold were fixed during the inversion and the lattuidngitude and depth refer to the
centroid.

Parameter | Pritchard and Fielding (2008) GCMT
Mw 8.12 8.0

Mo (x10"¥Nm) 1900.0 1210.0

Lat (°) -13.89 -13.73

Lon (°) -76.52 -77.04
Depth (km) 30.0 33.8

Strike ) 316.0 321.0
Dip (°) 16.4 28.0
Rake () 71.0 63.0

Figure 4.13: Distribution of the seismic stations (white triangles)atele to the M, 8.1 Pisco
earthquake (red star), where ray paths are shown in yellow.

4.3.4.1 Long Period Surface Waves

Three-component long-period surface waves recorded bydbalgstations (see Figure
4.13) are analysed, again trends are consistent acrossngionents and the transverse
and longitudinal comparison figures can be found in AppeBdikigures B.4 & B.5.

The synthetics calculated in a 3-D Earth model using the GG@lTtion show the
best fit to the data (3-D GCMT, Table 4.8). The amplitude of lBMT synthetics are
systematically too large (see 3-D Earth column in Figuretdelg, for stations SSB

and TAU), which is potentially due to an overestimation af #eismic moment by the
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INSAR data. As seen in Chapter 2, for large subduction zoeatsydeformation due
to significant afterslip and viscoelastic relaxation cantaminate the interferogram if it
spans a large period of postseismic activity. If the seismienent in the ICMT solution
is replaced with the GCMT estimate, the amplitude misfit Esagjiy reduced; in fact, for
the majority of stations the synthetic amplitudes are syatecally too small {A = 1.06,
3-D ICMT,y, in Table 4.8) but the overall fit is improved.

Despite the systematic mislocation of the GCMT solutionsdeents in the south
American subduction zone, replacing the latitude and todgi in the GCMT solution
with values from the ICMT database does notimprove the fiiéadata (3-D GCMT,; /.,
in Figure 4.14 and Table 4.8). In contrast replacing the IQ&tifude, longitude and seis-
mic moment with the GCMT estimates results in syntheticscivifit the data almost as

well as the original GCMT solution (3-D ICMJ; /15nm. i Figure 4.14 and Table 4.8).

Table 4.8: Summary of average phasgl), amplitude §A) and waveform misfits () for com-
parisons between synthetic and observed surface waves1H0s) for the M, 8.1 Pisco earth-
quake. Results for all three components vertical (Z), rarge (T) and longitudinal (L) are shown,
and the solution in bold refers to the overall best fittingisioh.

Synthetics Z (n=55) T (n=48) L (n=53)
o oA m? | 6U oA m? | 6¥ oA m?
1-D GCMT 10.44 0.81 0.32 13.21 0.92 0.61 11.02 0.83 0.37
1-D ICMT 10.92 0.61 0.81 16.17 0.92 0.81 14.32 0.81 0.77
3-D GCMT 5.76 0.91 0.11 6.43 0.80 0.29 5.61 0.93 0.13
3-D ICMT 10.48 0.63 0.80 8.83 0.82 0.59 9.29 0.65 0.64
3-D ICMT 10.69 1.06 0.22 8.83 1.39 0.26 9.28 1.11 0.18
3-DICMT p1p/app | 7-18 0.73  0.35 8.55 0.94 0.1 6.31 0.76  0.30
3-D GCMT 144/10n 6.98 0.85 0.19 5.74 0.80 0.30 6.75 0.88 0.16
3-D ICMT ,,;/;,, Mo | 7.08 1.09 0.11 1096 146  0.31 6.48 1.14 0.1
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Figure 4.14: Comparisons of the vertical component of observed surfaaeesy (T~ 150 s)
for the M,, 8.1 Pisco earthquake (black) with synthetics calculateal 331D Earth using GCMT
(pink) and ICMT (blue) source parameters (3-D Earth). 3-DM3G,;/;,,, Shows a comparison
of the GCMT solution (pink) with the same solution excepttiat the latitude and longitude are
replaced with the location from Pritchard and Fielding @PQight blue). The rightmost column
(3-D ICMT 144 /10n&010) COMpares the ICMT solution (blue) with the ICMT solution eva the
latitude, longitude and moment have been replaced with BGestimates (light blue).
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4.3.5 Small Subduction Zone Event: North Chile Subduction Bne, M,, 6.6,
19" April 1996

This smaller subduction zone event also occurred on theustibd interface between
the Nazca and South America plates, which are convergingatesof 6-6.5 mm yr!
(Kendrick et al., 2003). In this region the seismogenic zone dips 12-tth4he east and
extends from 35-50 km (Allmendinger and Gonzalez, 2010e &drthquake is located
just south of the Mejillones Peninsula, which coincideshvite location of a suggested
barrier to the propagation of megathrust earthquakes ssicfoeopilla (M, 7.7, 14"
November 2007) to the north and Antofagasta,(BL1, 36" July 1995) é.g.Loveless
et al, 2010). Similar to the Pisco earthquake, the GCMT locat®o&a km west of the
ICMT location and the InSAR-determined seismic moment iariyetwice that of the
GCMT estimate (see Table 4.9).

Table 4.9: Summary of source parameters for the North Chile earthq(ige April 1996, M,
6.6) from the GCMT catalogue and from one INSAR study (Patdet al., 2006). Values in bold
were fixed during the inversion and the latitude, longitude depth refer to the centroid location.

Parameter | (Pritchardet al, 2006) | GCMT
Mw 6.7 6.6
Mo (x10"*Nm) 14.00 8.43
Lat (°) -23.94 -23.95
Lon (°) -70.06 -70.58
Depth (km) 49.0 50.0
Strike () 5.0 11.0
Dip (°) 23.0 19.0
Rake ) 107.0 109.0
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Figure 4.15: Distribution of seismic stations (white triangles) witlspect to the N}, 6.6 northern
Chile subduction zone earthquake (red star), where theathsare higlighted in yellow.

4.3.5.1 Long Period Surface Waves

Figure 4.15 shows the station distribution used in verigcal transverse component sur-
face wave comparisons carried out for this event (Figurew/sty the transverse compo-
nent are in Appendix B (Figure B.6). As was the case for Pigmmsynthetics calculated
in a 3-D Earth using the GCMT solution show the better fit todhserved data, in com-
parison with the ICMT solution (Table 4.10, Figure 4.16;,%eg, stations KIP and ATD).
The amplitude of the ICMT synthetics are on average twica@elas the observed wave-
forms (A = 0.58), which is again likely due to the overestimationta seismic moment
in the ICMT solution. Replacing the ICMT moment estimatehaiihe corresponding
GCMT value significantly improves the fit in amplitude of thathetics to the data (3-D
ICMT 1/, in Figure 4.16). Consequently, the waveform misfit is reducen?=0.15, less
than that of the synthetics calculated using the originaM3Golution (n? = 0.24; see
3-D ICMTj,, and 3-D GCMT rows in Table 4.10).

In contrast to the Pisco earthquake, replacing the latiudelongitude in the GCMT
solution with values from the ICMT solution further impravéhe fit to the data. The
phase misfit is reduced by 2 s, the amplitude misfit is slightly worse, but the overall

waveform misfit is reduced by half t@?=0.12 (see 3-D GCML¢/ion In Table 4.10 and
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Figure 4.16). This combination of the ICMT latitude and ldnge and the remaining
source parameters taken from the GCMT catalogue resulimihetics which show the
overall best fit to the data.

Table 4.10: Summary of average phas&l(), amplitude §A) and waveform misfits () for
comparisons between synthetic and observed surface whved b0 s) for the M, 6.6 northern
Chile earthquake. Both comparisons for the vertical (Z)adsverse (T) components are shown,
where the solution highlighted in bold refers to the one \Wwislcows the best overall fit to the data.

Synthetics Z (n=43) T (n=29)

o oA m? | 6U oA m?
1-D GCMT 13.17 1.04 0.43 17.06 1.08 0.60
1-D ICMT 10.81 0.56 1.17 11.16 0.70 0.81
3-D GCMT 8.21 1.07 0.24 9.04 1.03 0.31
3-D ICMT 7.65 0.58 0.7§ 7.41 0.64 0.65

3-D ICMT 0 7.65 0.97 0.15 7.41 1.06 0.30

3-D GCMT 141 /1on | 6.70 1.15 0.12 5.92 1.04 0.30
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Figure 4.16: Comparisons of observed vertical component surface wavesl(50 s) for the M,
6.6 northern Chile event (black) with synthetics calcudaite a 3-D Earth using GCMT (pink)
and ICMT (blue) source parameters (3-D Earth). 3d IGMT(middle column) compares ICMT
synthetics (blue) with the same solution except that the erdinas been replaced with the GCMT
estimate (light blue). The right column (3-D GCM]T;,,) compares the GCMT solution (pink)
with the GCMT solution where the latitude and longitude aplaced with the estimates from
Pritchardet al. (2006) (light blue).
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4.4 Discussion and Conclusions

There is no overall clear systematic trend when compari8é\R-and seismically-derived
earthquake source models; neither the seismically-dé@tedrsolutions from the GCMT
catalogue nor the INSAR solutions from the ICMT databasesistently better explain
the observed long period seismic data. For all but one of ¥kate (Eureka Valley) the
synthetics calculated using a 3-D Earth model and the GCMiiea initially show the
best fit to the data. Further improvements in the fit of the lsgtits to the data were
achieved by a mix of ICMT and GCMT source parameters, witlcthdroid location and
the seismic moment having often an important control on thsfits

For the moderate magnitude events (Eureka Valley and rrartbkile) replacing the
GCMT location with the ICMT latitude and longitude estimaimproved the fit of the
synthetics to the data. However, for larger magnitude ev@Pisco, Landers and Izmit)
the ICMT location failed to improve the fit to the data. It ha=eh previously observed
that solutions reported in the GCMT catalogue for earthgaak the south American
subduction zone, such as Pisco, are systematically shifestivards towards the trench
(Chapter 2, Pritcharét al,, 2006; Syracuse and Abers, 2009). This is thought to be due
to the fact that the velocity structure of this subductiomezds not properly taken into
account in the Earth model used in the GCMT inversions. Yepitie the strong spatial
resolution of INSAR data, using the location from Pritchandl Fielding (2008) does not
improve the fit to the data. Also the ICMT location does notiiaye the fit to the long
period surface waves recorded for the Landers earthqualkentally because it is too far
south, as large offsets were observed at the north end ofiitare (Sietet al,, 1993).
This meant that the interferograms were extremely deaigélin this area and hence
displacements at this end of the rupture were not well caim&td. This highlights the
fact that source models from INSAR data suffer the samessssigeismic data whenever
the centroid location is determined from a variable slip glpdhich is the result of an
inversion.

Despite the incorrect ICMT location for the Landers eartdiguthe GCMT location is
also probably too far north if 50% of the seismic moment wésased at the southern half
of the rupture (Cohee and Beroza, 1994). Also, when corisgli¢he ICMT and GCMT

locations in conjunction with other datasets, such as nhmfisets or strong motion
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data, then the INSAR location is in better agreement witsehindependent constraints
than the GCMT location. This is the case for the 1zmit eartthguwhere the GCMT is 30

km north of the NAF, which has been identified as being thedamfuthe earthquake by

geological field observations and geodetic data, and witkraiel locations from various

INSAR studies all placing the centroid on this fault. Yetngsthese locations to calculate
theoretical seismograms results in a worse fit to the datarefbre results for the 1zmit

and Landers earthquakes suggest that errors in the assubné&hBh models are also in
part responsible for these observed discrepancies.

Results for the Eureka Valley earthquake provide some atidic of the scale of po-
tential errors in the assumed 3-D Earth model used in thediawnodelling. The lack
of improvement in fit to the long period body waves for the GCMfien using a 3-D
Earth model could be due to errors in the source region stegdy the GCMT loca-
tion. Moreover, this would also be compatible with the diigaint body wave data fit
improvement seen when using the ICMT location. Previoudistuhave used the results
of comparisons between synthetics and observed data ttifyderrors in the assumed
Earth structure at a crustal scale such as in the South-#&éuides €.g.Alvaradoet al.,
2007) and in the Lesser Antilles.g.Salichonet al,, 2009). There is also the potential to
identify errors at the larger mantle scale, as discussedibdiet al. (2003).

The assumed Earth structure is clearly an important coratida when modelling
the seismic data and the results from this chapter and théopszone have also high-
lighted the complementary nature of INSAR and seismic dataerning their spatial and
temporal resolution. Moreover, the differences in sourcel@s from separate and joint
inversions are not only a result of the data but also of thdnoukst used to determine them
and the assumptions within them.g, Beresnev, 2003). In the following chapter multi-
ple joint inversion approaches are summarised and distuasel a new joint inversion
approach which takes the effects of 3-D Earth structureastmunt when modelling the

seismic data is presented.






Chapter 5

A joint inversion technique for

earthquake source parameters

5.1 Introduction

INSAR and seismic data are highly complementary datasets,evident from the results
in Chapters 3 and 4, and this has prompted the developmentoy source inversion
techniques, which use multiple geodetic and seismic d@tdsecharacterise the earth-
quake source. Comparisons between INSAR and seismic saadels also highlighted
the importance of the Earth model used when modelling th&rseidata. Almost all
existing joint approaches assume a 1-D Earth structure wingtelling the various types
of seismic data: teleseismic body wavesy(Ji et al, 2002a), local datae(g. Kaverina
et al,, 2002), regional datae(g.Lohmanet al., 2002) or strong motion dat&.gHernan-
dezet al, 1999). Wald and Graves (2001) were the first to consider ffieets of 3-D
Earth structure in the context of joint inversion technisjugrrors in the Earth model can
lead to uncertainties in the source parameters, includingvarestimation of the seismic
moment €.g.Ferreira and Woodhouse, 2006), and the percentage of ndredoouple
component€.g.Covellone and Savage, 2012) and can also produce shiftsatidn €.g.
Syracuse and Abers, 2009; Hjorleifsdottir and Ekstra6Q9).

In this chapter a novel joint inversion technique is presérhat takes into account
the effects of 3-D Earth structure when modelling the seisthaita. Existing approaches

are discussed first, followed by a description of the dataagpiloach used to calculate the
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seismic excitation kernels. An overview of the inversiohesoe, including the weight-
ing approach are then presented. Synthetic tests basedlosvemts are carried out to
investigate the influence of data noise and 3-D Earth stredtuthe inversions, and to
highlight the benefits of combining the two datasets. Theatcase studies in a range of
tectonic settings are also investigated where the joirdrgion of multiple datasets could
be beneficial. For example to resolve large discrepancieslee INSAR and seismically-
determined source parameters, such as location, usingdhaptes of the Eureka Valley,
California (17" May 1993, M, 6.0), and Aiquile, Bolivia (22¢ May 1998 M, 6.5) events
and fault dip angle using the example of Zarand(2Bebruary 2005, M 6.5). For the
events in central Iran and in the central Andes in Bolivaustisource models are partic-
ularly important as there is still much debate surroundirgtéctonic regime and seismic

hazard in these regions, that coukd be informed by accusatieqriake information.

5.2 Existing techniques

The approach used to model the seismic data and the algsrithowsen to search the
parameter space are the two key ways in which existing joirdrsion techniques differ.
Wald and Heaton (1994) were one of the first to combine meltgdtasets in order to
model a large strike-slip earthquake — Landers,(13, 28" June 1992). They used a
constrained, damped, linear least-squares inversioroappy which combines teleseis-
mic bodywaves, strong motion data, GPS, and trilateratieasurements to determine a
slip distribution for the event. Green'’s functions for tieéeseismic P and SH waves are
modelled using generalized ray theory, and a frequency nvaxber integration scheme
is used for the strong motion data.efial. (2002a) took a different approach to modelling
the seismic data, in an attempt to include both the high andflequency features of
the seismogram in the inversion. A Meyer-Yamada waveletsftam is applied to the
seismic data so the inversion is carried out in the frequatmpain, and an objective
function is used to guide a simulated annealing algorithrsetect the best fitting model
(Heat Bath algorithm, Rothman, 1986). The objective fuorcitonsists of three misfits
corresponding to each of the datasets; a combination of Hl.@morm are used for the
low frequency seismic data, the high frequency data requicerrelation function, and

the difference between the geodetic data and synthetiedaslated using a sum-squared
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residuals. This is one of the most widely used joint inversipproaches(g.the study of
South American subduction zone events, Pritcledral., 2006). The simulated annealing
algorithm has the advantage of no dependency on the stawkirulgl and is also used in
Delouiset al. (2002) where ray theory is used to model the seismic datajfen®&MS
misfit is used to guide the inversion. As inversions are giiioke the misfit to the data it
can be useful to observe the misfit over the whole paramegseshis is possible with
the Neighbourhood Algorithm (Sambridge, 1998) and it cotreages sampling in the re-
gion with lowest misfit. Lohmat al. (2002) uses this approach in separate INSAR and
seismic inversion which are iterated between multiple singedetermine a best fit model
for both datasets. The afore-mentioned techniques hawar sséd local or regional seis-
mic data — Funning (2005) uses long period surface waves;hwdrie forward modelled
using normal mode summation and assuming a 1-D Earth mo&&NB, and a hybrid
downhill Powell-Monte Carlo approach (Clarkéal., 1997) is used to determine the best
fitting point source (centroid moment tensor).

Rather than jointly inverting the two datasets, the infdiioracan be used separately
to constrain source models independently. For exampledteleret al. (1999) used the
slip distribution calculated from geodetic measuremeastare priori constraint for the
modelling of the rupture propagation from strong motiorad&hamiret al. (2003) used
a kinematic fault model from the inversion of teleseismidywaves to forward model
surface displacements in the form of a synthetic interfenog The fault parameters (slip
and rake) were then adjusted to achieve the best fit to thenaaseterferograms. Al-
ternatively fault planes determined from aftershock lmret and the inversion of INSAR
data can be used to identify which of the faults were involiedhe earthquakee(g.
Kozani-Grevena, M 6.6, 13" May 1995, Resoet al.,, 2005).

The common theme for most previous joint inversion techesgis that they assume
a 1-D Earth structure when modelling the seismic data. Tleetsfof 3-D Earth structure
when modelling seismic data, with respect to the joint igi@r of seismic and geodetic
data has only been considered by Wald and Graves (2001)n&feections for strong
motion data were calculated by forward modelling the stoaira predefined fault struc-
ture using a set body force applied at each strong motioilostgsraves and Wald, 2001).

Synthetic tests with 1-D and 3-D Green'’s functions reve#had the slip distribution can
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be recovered with much higher resolution when a 3-D Earticsire is assumed. More-
over, the addition of geodetic data to the seismic sourardwn increased the robustness
of the resulting model as it is less sensitive to the Eartictiire assumption than seismic
data (Wald and Graves, 2001). However, only locally rectrstgort period seismic data
were used and the joint inversion scheme presented heriglemkong period teleseismic

surface and bodywaves.

5.3 Method

5.3.1 Optimisation scheme

A downhill Powell scheme with multiple Monte Carlo startsused to determine optimal
earthquake point source model solutions. Ten source péessrere determined, assum-
ing a pure double-couple source — seismic moment, centpatias location (latitude,
longitude and depth), fault’'s strike, dip, rake, average, $&ngth and width. The tech-
nique is based on an approach originally used for the inmersf geodetic data (Clarke
et al, 1997; Wrightet al,, 1999), which has been modified to include seismic data. The
misfit function used in the inversions ida-norm function involving differences between
the observed seismogramdg and the theoretical seismograms and between observed
and theoretical downsampled INSAR displacemedisandt;, respectively):

2 (ts —ds)" (ts — ds) (tr —dr)" (tr — dr)

= 5.1
m ag dgds + af d?d[ ) ( )

whereag anda; are the weights given to the seismic and InSAR data in tha-inve
sions, respectively.

Figure 5.1 shows a flowchart illustrating our joint sourceeirsion algorithm. Initial
inversions are carried out using the seismic and INSAR dgiarately, followed by joint
data inversions. The Powell algorithm (Pressl., 1992) is used to search the parameter
space defined by the input file. The algorithm covaries meltarameters and for each
change theoretical seismograms and LOS displacementsalardated to determine the
misfit function. This is used as a penalty function which ggidhe algorithm until a
model leading to a minimum of the misfit function is found. Tesulting source model

represents a local minimum and depends on the initial estgngsed at the start.
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Figure 5.1: Flowchart illustrating the joint inversion approach. $®adirrows show the pathway taken in the joint inversion, dasired dotted lines show pathways for
separate INSAR and seismic inversions, respectively. W@, and refer to the seismic moment, strike, dip and rake, respalgtiihe global minimum misfit is achieved
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Consequently, the algorithm is restarted up to 200 timewgudiiferent starting model
parameters selected by a Monte Carlo process to deterngrsotiice parameters corre-
sponding to the global minimum of the misfit function. The meaisfit values obtained
from separate inversions of INSAR and seismic data are usgdides to determine the
weightsag anday. If there are multiple seismic or geodetic datasets thesalap in-
verted separately to ensure all features of each datasptaperly taken into account.

Compared to existing earthquake source inversion metlaausyel aspect in this joint
inversion technique is that the effects of 3-D Earth stmectre fully taken into account
when modelling the seismic data, as explained in the foligwdubsection. The INSAR
data are modelled using classical elastic dislocationrth@kada, 1985), assuming uni-
form slip on a finite fault in a homogeneous half-space @3x10°° and\ = 3x10° Pa) a
routine approach widely used in previous studig.Wright et al., 2003; Funning, 2005;
Biggset al, 2006). The use of homogeneous half-space elastic modelsdem found to
be an acceptable approximation in the modelling of geodistia €.g, Wald and Heaton
2001), and although it can introduce biases of up to 30% (tén&) section 3.4) for the

purposes of this technique a half-space is adequate as apimsiximation.

5.3.2 Theoretical seismograms and kernels

Then'™ component of a seismograsy can be represented by the following linear rela-

tionship €.g.Gilbert and Dziewonski, 1975):

6
sp(z,t) = ZfiKi , (5.2)
i1

wheref is a vector containing the six independent components afibiment tensor:

f= [Mrr Myy quqb Mg Mr¢ M@qb] (53)

andK - the excitation kernels — are the partial derivatives ofgbismograms with

respect to the moment tensor components:

_ Osy

Ki—afi.

(5.4)
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In this study synthetic seismograms and partial derivativéh respect to the seis-
mic moment tensor are calculated using the spectral eleware propagation package
SPECFEM3D Globe (Komatitsch and Tromp, 1999). This is aliighcurate technique,
fully taking into account 3-D Earth structure, as well as éfffects of gravity, Earth’s ro-
tation, attenuation, topography and of the ocean’s loadetsisc waveforms. A variety
of Earth models can be used; in this study the shear wave emaniiel S40RTS (Ritsema
et al, 2011) is used in combination with the crustal model CRUST (Bassinet al,,
2000), see Figure 5.2 . We calculate 90-min-long theoretiesidmograms accurate down
to a period of 15 seconds and each run takes approximatelyosics using 864 proces-
sors on the UK’s supercomputer HECToR. Since the earthgustkelied have moderate
magnitudes, we model the source time function as a Diraa fighiction. This simplified
assumption can be used because respectively the sourcasitimeind duration of the
earthquakes studied will typically be less than that of tlaelength and period of the
seismic data used. In addition, given the high spatial @oyupf INSAR data and the
limitations in earthquake locations obtained from longiqek seismic datad.g.Ferreira
etal, 2011), we use the centroid locations obtained from invessbf INSAR data alone.
Thus, the seismic inversion is a linear problem and, for eaethquake, the six moment

tensor excitation kernels only need to be calculated oncause the kernels are unlikely

to vary significantly over the length scale searched in ti8AR part of the inversion.

-5% +5%
(-30 km) (+30 km)

Figure 5.2: The plot on the left shows a horizontal cross section at 10Qlkpth of the shear

mantle model, S40RTS, and CRUST 2.0 is plotted on the righte dolour scale is the same
for both figures except for S40RTS it corresponds to 5% pleatiizns in shear velocity relative
to PREM and for CRUST2.0 it illustrates 30 km variations imgtrthickness, again relative to
PREM. Figures courtesy of Sung-Joon Chang.
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An example of excitation kernels calculated for a shallowtrepiake (h=12 km) lo-

cated in Northern California and for station TLY in Russiaaatepicentral distance of

84.0 and an azimuth of 336%0is shown in Figure 5.3. Three-component body and

surface wave kernels for the 3-D Earth model S40RTS combividtd CRUST?2.0 (see

Figure 5.2) are compared with calculations for the sphityicymmetric Earth model

PREM (Dziewonski and Anderson, 1981). As expected, the-fmripd surface wave

kernels associated with/,y and M,., cannot be well constrained as they are small for

shallow sourceseg(g.Dziewonskiet al, 1981). In addition, there are substantial differ-

ences between PREM and 3-D kernels for both body and surfage kernels (Figure

5.3).
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Figure 5.3: Three component excitation kernels calculated using S&#®mbined with CRUST
2.0 (solid black line) in comparions with kernels calcuthtising PREM (dashed line) for a source
located at latitude 37.092longitude -117.930and 12 km depth for station TLY (Russia). a) - ¢)
Show partial derivatives with respect to the six momentdenemponents for long period surface
waves and long period body waves are shown in d) - f), and th@itde scale is uniform for the

surface and body wave plots.
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5.4 Data

5.4.1 Teleseimic waveform data

Three-component seismic data recorded at stations fror® 8¢, GEOFON and GEO-
SCOPE networks are downloaded from IRIS (Incorporated &ekdnstitutions for Seis-
mology). The horizontal components are rotated into lamtjital and transverse com-
ponents and all three components are deconvolved for msmtiresponse. Two time
windows are used: (i) a window including long period surfa@ves with a dominant
wave period of T~ 150s (hereafter referred to as LPS) obtained through cotigalwith
the response of an SRO instrument and filtering with cosigé lhind low pass filters;
(i) a window centered on & 30s body waves (hereafter referred to as LPB), which are
band-pass filtered using Butterworth filters.

In order to minimise near-source effects, caustics andipheibrbit overlapping wave
trains, we consider stations with epicentral distancebiérange 49-140 for LPS and
30°-9C for LPB. The waveforms are visually assessed as a qualitiraaneasure and,
in order to ensure an even azimuthal distribution of statidhdata from several stations
are available in a5azimuthal interval, we use the dataset with the best sifgnabise

ratio.

5.4.2 InSAR data

Interferograms used in this study are calculated using $Adg)es from ENVISAT, ERS-

1 and ERS-2 satellites. Whenever possible, both ascendihdescending tracks are used
for pairs of images with short temporal separations andrédble perpendicular baselines.
The images are processed using BRIC (Repeat Orbit Interferometry Package, Rosen
et al, 2004) and the resulting unwrapped interferograms are gampled from millions

to hundreds of data points using a quadtree decompositimitidm €.g.Jonssoret al.,
2002). A Digital Elevation Model (DEM)e.g, 3 arc second Shuttle Radar Topography
Mission (SRTM) data (Faret al,, 2007), is used to correct for topographic effects and to

geocode the interferograms.
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Figure 5.4: Locations and focal mechanisms of the three artificial eprékes used in this syn-
thetics tests; Normal (red), strike-slip (green), andshfblue).

5.5 Synthetic Tests

In this section we carry out synthetic tests to investightelienefits of joint source in-
versions in the presence of data noise and of lateral hedpeity. We consider three
fictitious earthquakes of varying magnitude and faultingchamisms (Figure 5.4) — nor-
mal (M,, 6.0), strike-slip (M, 6.6), and thrust (M 6.5) — based on past earthquakes to
ensure that the tests are as realistic as possible. Sphyifiba input source parameters
used to generate the synthetic data are based on previalisssti the following earth-
quakes: (i) 1993 May 17, M 6.1, Eureka Valley (Massonnet and Feigl, 1995; Weston
et al,, 2012); (ii) 1998 May 22, N}, 6.6 Aiquile, Bolivia (Funninget al, 2005a; Devlin

et al, 2012); (iii) 2005 May 22, M, 6.5 Zarand, Iran (Talebiagt al., 2006).

The synthetic interferograms are calculated using elaésiocation theory (Okada,
1985) assuming uniform slip on a finite-fault in a homogersdualf-space and are down-
sampled using quadtree decompositierg(Jonssoret al., 2002). Synthetic seismic data
are calculated using the spectral element method, as beddri section 5.3.2.

Tests are first carried out using purely synthetic daga o noise) for all three fault-
ing mechanisms to verify the technique, and in all the cdsemput model is fully recov-
ered in both separate and joint inversions. To add realigtise to the synthetic seismo-

grams, characteristic real noise recorded at each stationgda period of no significant
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seismic activity, is filtered for the same periods used fa shrface and body waves
and is added to the clean synthetics, an approach simildratoused in Hjorleifsdéttir
and Ekstrom (2009). Noisy INSAR data are created using agbax real interferogram
containing no coseismic signal to estimate a 1-D covaridanetion by averaging the
autocorrelation function (Hanssen, 2001). This is achlidwe trying to fit an exponen-
tial curve of the form Ae** codx, to the 1-D function in a least squares sense, where
refers to the maximum variance the distance between two points in the interferogram,
anda andb are positive constants. This is then used to generate angarizovariance
matrix to add random, spatially correlated noise to therclmthetic datag.g. Wright

et al, 2003; Lohman and Simons, 2005a). The data in this case teetbe quadtreed
forward modelled LOS displacements, which are shown inf€igub as well as examples
of noisy synthetic seismic data. These noisy syntheticsg#gaare then used as input data
following the inversion approach described in section1.3.

In order to estimate uncertainties and investigate trdsi&afween the various source
parameters, 100 perturbed noisy synthetic data sets aszaged. These 100 data sets
are then inverted using the optimisation scheme explaibedea While the distributions
of the various source parameters can be used to estimateitiogirtainties, scatter plots
of pairs of source parameters are useful to assess gualiyathe tradeoffs between the

parameters.
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5.5.1 Importance of 3-D Earth structure

To test the effect of the assumed 3-D Earth structure on tlegsions, separate and joint
synthetic source inversions are carried out for g 80 normal faulting earthquake de-
scribed by the source parameters in the top row of Table ®drc8 inversions are carried
out using two sets of seismic moment tensor excitation kerri@ne set is calculated for
the 1-D Earth model PREM using normal mode summation (Qild&76). The sec-
ond set is calculated using the spectral element methodhéB84D Earth mantle model
S40RTS combined with CRUST2.0. For a comparison of the PREVMSHORTS excita-
tion kernels for this event see Figure 5.3. Most notably tiveaRe arrivals are earlier and
the amplitudes smaller for the PREM kernels (Figure 5.3ahf) also some of the surface
wave amplitudes particularly for the transvsere compoaeatsmaller than the S40RTS
+ CRUST 2.0 kernels (Figure 5.3b).

Table 5.1 and the top panel of Table 5.2 show results fronragpand joint inversions
using PREM and 3-D Earth excitation kernels, respectivély. expected, the seismic-
only inversions using the 3-D Earth model show a misfit to thadnuch lower (more
than half) than when using PREM. The joint source inversiesults follow the same
trend, with the solutions obtained using the 3-D Earth mdeatling to an improved
fit of the seismic and InSAR data (Figure 5.6 b,d,f,i) tharulssfrom inversions using
PREM excitation kernels (Fig. 5.6 a,c,e,g). Furthermaréhath the 1-D and 3-D Earth
model tests the body waves recover the input source paresmatae robustly than the
surface waves, with the differences between the surfacdady wave inversion results
being more pronounced when using PREM kernels. In partictha best fitting fault
dip angles from the 1-D inversions are 10:1&eeper than in the input source model.
This difference in the recovery of the fault dip is clearlyrked out in the tradeoff plots
in Figure 5.7, which show the results of 100 inversions withisy’ datasets plotted as
a series of scatterplots between pairs of parameters. Merebigure 5.7 shows that
the PREM results are much less tightly clustered in compangith 3-D Earth inversion
results, with stronger tradeoffs than in the 3-D Earth isiars; the fault rake in particular
shows a wide distribution of values.

It must be noted though that the 3-D Earth structure assumétbse tests may not

necessarily be the correct one, there are still potentrarin the models, as was seen
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in Chapter 4 when testing the location for the lzmit earttgu@rigure 4.11). However,
S40RTS is still an improvement on PREM which shows a poorégo fihe seismic data
(Chapter 4, Figure 4.5), and subsequently the excitationeke for the three case studies
(sections 5.6-5.8) are calculated using S40RTS.

5.5.2 Effect of data noise

In addition to the normal faulting earthquake synthetitstegable 5.2 also shows the re-
sults from the synthetic tests in the presence of realistisenfor the strike-slip and thrust
earthquakes considered. In all cases the joint inversidnSAR, long period surface and
body waves recovers a source model overall closest to thé sgurce model. Strike,
dip and rake values from the various separate and joint simes all vary withint 1°
from the correct solution. In addition, the deviations frtime input model are of about
+1 km for the fault width and length, and abat0.2x108Nm for the seismic moment.
The results from inversions of 100 sets of perturbed syiutloletta and the corresponding
tradeoff plots show that for the three earthquakes corsifjeall the source parameters
are better resolved in the joint inversions (red stars idetodf plots in Figures 5.8a, 5.9a,
5.10a) than in InNSAR-only (blue stars, Figures 5.8a, 5.960d& and seismic-only inver-
sions (pink stars, Figures 5.8b, 5.9b, 5.10b). In thesespthe source parameters from
the joint inversions appear as tighter clusters and narpaaks in these histograms than
the results from the separate data inversions. Thus, oufjaietinversion technique is
shown to reduce the level of tradeoffs in ideal conditionserE is a distinct improvement
when determining the rake’s fault angle, which shows wid#atian in both the separate
INSAR and seismic inversions. For all three model earthgsiaonsidered, the moment
and dip are also significantly better constrained in thetjoiversions, particularly for
the normal and strike-slip synthetic test where tradeofftsvben the two parameters are

evident in the seismic-only inversions (Figures 5.8 angl.5.9



Table 5.1: Summary of source inversion results for a synthetic normnalting earthquake (I 6.0), where the kernels were calculated using PREM. Thdisalis shown
in bold italics, where latitude, longitude and depth refethte centroid location and parameters fixed during the giwarare shown in bold. LPS refers to long period surface
waves and LPB long period body waves.

Study Mo (x238Nm) Lat(®  Lon(®)  Depth (km) Striked® Dip (® Rake(®) Slip(m) Length (km) Width (km)
Solution 1.76 37.092 -117.930 7.25 155.0 35.0 -89.0 0.3 15.0 13.0 - &1
LPS 1.63 37.092 -117.930 12.0 136.5 50.03 -114.7 0.37 15.0 9.8 0.320 (
LPB 1.61 37.092 -117.930 12.0 152.8 40.7 -87.8 0.31 15.0 11.5 0.600 k’
LPS, LPB 1.58 37.092 -117.930 12.0 155.2 40.8 -88.4 0.31 15.0 115 0.630 &’
INSAR, LPS 1.73 37.087 -117.948 7.4 153.6 31.6 -99.1 0.24 017. 14.02 0.013 0
INSAR, LPB 1.88 37.092 -117.930 8.2 153.9 40.4 -90.9 0.31 6 14. 14.0 0.013 &’
INSAR, LPS, LPB 1.84 37.094 -117.930 8.0 153.9 39.7 -92.5 00.3 14.7 13.8 0.008 (!
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Table 5.2: Summary of results from the three synthetic tests; norrirétesslip and thrust faulting events. The input modelsduisecalculate the synthetic data are shown in bold italidsere the latitude, longitude
and depth refer to the centroid location. Parameters fixeidglthe inversion are shown in bold. LPS refers to long mesiorface waves and LPB long period body waves. For the tteststhe subscriptgs. and 4.

refer to ascending and descending INSAR data, respectively

Study Mo (x18Nm)  Lat(®  [on(®)  Depth(km) Strikd®)  Dip(®)  Rake(®)  Slip(m) Length(km)  Width (km) m -

Solution 1.76 37.092 -117.930 7.25 155.0 35.0 -89.0 0.3 15.0 13.0 0

INSAR 1.66 37.095  -117.932 7.28 153.6 36.6 -100.0 0.28 14.6 341 0.004 ()

LPS 1.87 37.092  -117.930 12.0 152.7 31.9 -95.0 0.29 15.0 14.2 0.18 0

LPB 1.69 37.092 -117.930 12.0 153.5 34.4 -91.1 0.28 15.0 13.3 0.14 0

LPS, LPB 1.73 37.092 -117.930 12.0 154.3 34.6 -90.7 0.29 15.0 13.2 0.29 0

InSAR, LPS 19 37.091 -117.936 7.64 153.8 36.1 -95.2 0.28 8 14. 14.1 0.008 0

INSAR, LPB 1.79 37.090  -117.934 7.4 153.9 35.2 -91.9 0.28 914. 14.2 0.008 0

INSAR, LPS, LPB 1.79 37.090  -117.934 7.41 154.0 35.1 919 280 14.9 14.2 0.012 0
Solution 9.0 -17.903 -65.186 8.4 10.0 80.0 175.0 1.0 20.0 015. \T

INSAR 9.39 -17.904  -65.189 8.4 9.3 82.8 175.2 1.1 19.9 149  016. $

LPS 9.2 -17.903  -65.186 12.0 96 733 177.0 0.99 20.0 15.4 0.060 @

LPB 8.7 -17.903 -65.186 12.0 10.0 79.3 172.0 0.96 20.0 15.0 0.19 @

LPS, LPB 8.96 -17.903 -65.186 12.0 9.4 79.2 172.8 0.99 20.0 15.0 0.12 f.\

InSAR, LPS 8.91 -17.905 -65.188 8.1 9.4 81.9 175.0 1.1 19.9 314 0.033 $

INSAR, LPB 8.67 -17.905  -65.184 8.2 9.3 78.9 174.8 0.98 19.9 491 0.034 G

INSAR, LPS, LPB 8.90 -17.905  -65.183 8.5 9.3 79.2 174.8 0.97 991 15.4 0.041 G

Solution 6.43 30.750 56.800 6.6 266.0 67.0 105.0 1.7 12.5 110. @

INSAR ;5 7.23 30.750 56.798 6.8 266.3 66.5 114.9 1.86 125 10.4 o.ooo,@

INSARg s 6.48 30.754 56.792 5.6 266.1 58.4 140.0 1.76 13.0 95 0.003w,@

INSAR, s c&ods e 6.74 30.755 57.799 7.0 266.3 66.9 104.6 1.66 125 10.8 0.007,@

LPS 6.37 30.75 56.80 12.0 264.3 65.6 105.2 1.67 125 10.2 0.11 @

LPB 6.13 30.75 56.80 12.0 265.3 69.1 107.6 1.64 125 10.0 0.20 @

LPS, LPB 6.48 30.75 56.80 12.0 264.8 67.0 104.8 171 125 10.1 0.21 @

INSAR, LPS 5.58 30.746 56.803 5.7 266.4 66.9 104.7 2.04 12.6 2 7 00029 @

InSAR, LPB 571 30.743 56.803 5.7 266.4 68.3 106.1 2.15 125 1 7 0.0029 @

InSAR, LPS, LPB 6.27 30.750 56.802 6.5 266.3 66.1 105.5 1.71 251 9.8 0.0016 @
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Figure 5.8: a) Tradeoff scatterplots and histograms for the INSAR omkgiision (blue) and joint
source inversion (red) for a synthetic normal faulting eéyerhere the focal mechanism for the
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5.6 Case Study: Eureka Valley, M, 6.1, 17" May 1993

The Eureka Valley, California, earthquake was part of a eege of events including
the large strike-slip Landers earthquake (M.3, 26" June 1992). The Eureka Val-
ley is on the California-Nevada border, within the Basin &mwahge Province (Figure
5.11). Regional extension plays an important role in dgvine deformation within the
Pacific-North American plate boundary zomeg.Atwater, 1970). The event occurred on
a buried normal fault which is one of five currently known nafrfault zones between the
Panamint Valley - Hunter Mountain - Saline Valley fault gmstand the Furnace Creek
and Fish Lake Valley faults (Oswald and Wesnousky, 2002g&s€Hault systems make up
part of the Eastern California Shear Zone, which is thougl@#dcommodate the relative
motion between the Pacific and North American plates nottaieby the San Andreas
fault system, west of the Sierra Nevadag Atwater, 1970).

The Eureka Valley earthquake was g,M.1 normal faulting event, which occurred
at 23.20 (GMT) on 1% May 1993. More than 500 aftershocks followed the event (Asad
et al, 1999), including three larger than magnitude 4.5 (Maseband Feigl, 1995). It
was one of the first events to be measured using INSAR (see Bablfor existing stud-
ies, Massonnet and Feigl, 1995; Peltzer and Rosen, 199b}harquality of the geodetic
data is very high; the coseismic signal is extremely clear ulow levels of noise and
high coherence, therefore strong constraints can be platéuke location and strike (see
Figure 5.12a). Consequently, this event is partly a teshefefficiency of the new tech-
nique. However, there is a large discrepancy of about 55 knvden the earthquake’s
location determined using INSAR (Massonnet and Feigl, 1998l that reported in the
GCMT catalogue, which motivates this case study. By mauglthe seismic data using
the earthquake’s location constrained by INSAR data alodeaaifferent Earth model to
the one employed by the GCMT catalogue, this case studytigaéss whether the two
data sets can be reconciled.

A descending interferogram is calculated from two ERS-1 ShlRges, spanning
525 days, and is downsampled to 795 points (see Figure 5.T2&) seismic dataset is
comprised of data from 17 seismic stations which includestal bf 34 waveforms (18

LPS, 16 LPB; see Figures 5.13 and 5.14).
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Table 5.3 shows the results for the individual and joint isi@ns. The fault strike
estimated using long period surface waves is relativelgecko that found using INSAR
data. However, the best fit strike from the long period bodyenaversions favours a
fault which strikes~ 30° more north-westerly. Table 5.3 suggests a potential tfateo
tween dip and moment for the long period surface waves, Wittdip angle being lower
and the seismic moment being larger than in all other inwassi Nevertheless, when all
three datasets are combined the resulting moment in cosopawith the surface wave
inversion, is much reduced (1.2XfONm). The dip from the joint inversion is a com-
promise between the slightly steeper angle suggested ldegealata and the shallower
values preferred by the seismic data. Overall the fit of tive javersion result to the In-
SAR data is very good (Figure 5.12 b & c) with no obvious friageesent in the residual
interferogram (the difference between the data and forwawdelled result). The more
north-easterly strike favoured in the body wave inversgal$o tested (Figure 5.12 d) and
although the shape of the deformation signal is similar éodata the orientation results
in a mislocation of the pattern and consequently high redg(Figure 5.12 ). The joint
inversion solution fits the seismic data reasonably weljFés 5.13 & 5.14). For a few
stations there is a slight underestimation of the surfaceeveanplitudes €.g, stations
NNA, GUMO, CHTO, Figure 5.13 a & b). However, the P-wave alivare modelled
well in the body wave comparisons (Figure 5.14 a & b). FigudbShows the tradeoffs
between the various source parameters for INSAR-only siwes (blue), seismic-only
inversions (pink) and joint inversions (red). There is gldlitradeoffs between strike and
rake in the seismic-only inversions (Figure 5.15 b) but #ieeris more tightly clustered
than in the INSAR-only inversion. The joint inversion raswverall are more tightly clus-
tered, in particular for the fault dip angle and slip, butréhés a clear tradeoff between
fault strike and rake and also strike and latitude. This avdthis source model compares

with existing ones is discussed in section 5.9.



Table 5.3: Summary of source inversion results for the,M.1 Eureka Valley earthquake. Models from previous studiedisted in the top lines followed by results from
this study. The latitude, longitude and depth refer to thetreéd location and the misfit value @nrefers to an L2-norm misfit. Parameters fixed during thersioa are

highlighted in bold. LPS refers to long period surface waaed LPB long period body waves.

Model Mo Lat. Lon. Depth  Strike  Dip Rake Slip Length Width Niis -
(x10'8Nm)  (9) ) (km) ©) ) ) (m) (km)  (km) n?
Existing studies
Massonet & Feigl (1995) 1.57 37.11  -117.790 9.2 173.0 54.0 430. 16.4 7.4
Peltzer & Rosen (1995) 13.0 187.0 50.0 15.0 16.0
Asad et al., (1999) 165.0 60.0
Ichinose et al., (2003) 193.0 48.0 -102.0 O
Ritsema & Lay 1.4 37.20 -117.80 10.0 37.0 49.0 -66.0 O
GCMT 1.83 36.68 -118.100 15.0 210.0 30.0 -93.0 O
This Study
INSAR 1.60 37.11 -117.79 8.6 173.8 41.4 -87.3 0.36 16.6 9.1 0110. 0
LPS 1.93 37.11 -117.79 12.0 1819 240 -1226 0.26 16.6 14.7 0.090 O
LPB 1.15 37.11 -117.79 12.0 2121 35.0 -71.7 0.22 16.6 10.5 0.2200
LPS, LPB 1.39 37.11 -117.79 12.0 2153 355 -63.9 0.27 16.6 10.3 0.200 O
INSAR, LPS 1.39 37.13 -117.78 8.5 1735 51.3 -113.2 0.66 11.0 6.3 0.051 O
INSAR, LPB 1.22 37.11 -117.79 6.7 175.3 343 -81.8 0.32 152 .3 8 0.036 0
INSAR, LPS, LPB 1.18 37.11 -117.79 6.7 175.3 35.5 -94.4 0.335.01 7.9 0.049 O
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5.7 Case Study: Aiquile, Bolivia, M, 6.5, 22 May 1998

The 1998 Aiquile, Bolivia, earthquake occurred in the Easteordillera section of the
Bolivian Andes (Figure 5.16). The central Andes form the egidpart of the mountain
chain ¢ 700 km) and much of the topography reaches elevations off8-d.kmb, 2000).
This section of the Nazca-South American subduction zotteeifocus of much research
due to the bending of the Bolivian orocline. It is part of thegenic belt at~ 17° S,
where there is an abrupt change in the horizontal topograpéind, and it is suggested
that this is part of mountain range development which iti@mrms in a linear geometry.
Paleomagnetic and velocity gradient studies suggesthilsabénding has occurred in the
last 10 My €.g.lsacks, 1988; Lamb, 2000; Roperehal., 2000; McQuarrie, 2002). GPS
observations have also been interpreted as observatighe bending in real time (over
the past two decades) at rates comparable to geological (®itemendingeret al., 2005).
Presently the convergence of the Nazca-South Americaa @accommodated through
the movement of the Bolivian Andes towards the continemttgrior at 7-10 mm yr!
(Brookset al, 2011). It is a complicated region and robust earthquakecsomodels
will help us gain insight into the tectonic mechanisms aivihe deformation and the
resulting changes in the stress regime, important for asgpthe seismic hazard.

The M,, 6.6 earthquake struck the mountainous region of Aiquile 3tf May 1998
at 04.48 (GMT) and resulted in over 100 deaths and causedprigiad damage (Funning
et al, 2005a). Locations reported in seismic catalogues (GCHCT, [EHB, NEIC) and
studies with geodetic data (Funniegal., 2005a; Devlinet al., 2012) show a wide vari-
ation (Table 5.4), which makes it difficult to identify teoio structure and mechanism

responsible.
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The InSAR data for this event are extremely poor due to higél$éeof noise and poor
coherence, and although different studies have found thietéabe near vertical, various
INSAR studies and the GCMT catalogue report different dieations (Funninget al,,
2005a; Devlinet al, 2012) and large differences in epicentral location (seapr 3).
One descending interferogram spanning 821 days is cadcufadm SAR images taken
using the ERS-2 satellite (Figure 5.19 a), this large messant period is likely partly
responsible for the poor quality of the data and could inelddformation signals due to
events other than the earthquake. Seismic data from 38rstadie used, which results in
a total of 86 waveforms (52 LPS, 34 LPB; see Figures 5.1735.18

Separate inversions of all three datasets show a generdl agreement, favouring
a steeply-dipping N-S striking fault (Table 5.4). Howewrere is a clear moment-dip
tradeoff in the surface wave inversion, with the corresfrogdest fit model having a
much shallower dip angle and the largest moment estimatk iof/arsion results. There
is a larger thrust component obtained in the body wave ifmemnd combining the two
seismic datasets results in a vertical fault with pure rigteral strike-slip. A combination
of all three datasets introduces a tradeoff between thehvadd slip; the fault width
increases to 18 km and a reduction in slip compensates frThie fit to the long period
surface waves is excellent (Figure 5.17). For long periodiyhmaves (Figure 5.18), the
data fit is still reasonable, but some phase shifts in P and & \arrivals are evident
at some stations. Moreover, there is a slight azimuthadtiarthe fit of the SH wave
synthetics to the data (Figure 5.18e). The INSAR data isdiapably well, particularly
for the east side of the deformation pattern but there anerémidual fringes (Figure 5.19
c) to the south-west. This is partly due to the shorter ledtihe fault (14 km) which is
linked with the tradeoff of the fault size and slip, which urn influences the dip (Figure
5.20 a). In tests with added realistic noise both separ@&mand seismic inversions
favour a steeper dip of 8@ut in the joint inversion this is shifted to 5this is partly due
to the poor quality of the INSAR data and is an issue which ssufised in section 5.9.

Despite this though in the joint inversion the strike ancerake much better constrained.



Table 5.4: Summary of source inversion results for the, .6 Aiquile earthquake. Format is same as in Table 5.3.

Model Mo Lat. Lon. Depth Strike Dip Rake Slip Length Width Nis
(x10"¥Nm) ©) ) (km) ©) ) ) (m) (km) (km)

Existing studies

‘;
INSAR, Funning et al., (2005) 7.7 -17.899 -65.164 7.40 7.0 .079 171.0 1.1 14.5 15.0 \
/'
INSAR, Funning et al., (2005) (ds) 8.44 -17.893  -65.177 730 7.0 79.0 171.0 0.6 24.0 18.0 J
‘;

INSAR, Devlin et al., (2012) -17.910 -65.153 5.2 1.0+1.0 75.0+1.0 179.0+1.0 21.0+1.0 8.0£1.0 \
‘;

Seismic, Devlin et al., (2012) -17.860 -65.539 11.0 358.0 .084 179.0 \
‘;

GCMT 8.44 -17.600 -65.200 15.0 186.0 79.0 -178.0 \

This study

Q

INSAR 7.27 -17.899 -65.165 7.4 7.3 79.1 171.3 1.1 14.6 15.0 048. \
Q

LPS 9.08 -17.899 -65.165 12.0 4.1 60.4 176.1 1.2 15.0 16.7 0.082 \
‘s

LPB 6.87 -17.899  -65.165 12.0 1.4 87.6 164.5 1.1 15.0 14.5 0.36 \
‘;

LPS & LPB 7.7 -17.899 -65.165 12.0 4.6 90.0 180.0 1.2 15.0 14.5 0.193 \
‘;

INSAR, LPS 7.15 -17.899 -65.173 8.3 35 82.7 179.5 1.0 13.7 616 0.172 \
Q

INSAR, LPB 4.64 -17.911  -65.162 7.23 7.5 75.2 161.1 0.87 11.8 15.0 0.156 \
Q

INSAR, LPS, LPB 6.75 -17.901 -65.169 8.9 4.2 81.1 179.8 0.89 401 18.0 0.188 \
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and the yellow star denotes the earthquake location.
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station distribution and its corresponding misfit to theadiat the vertical, transverse and longitudinal componeetpectively. Great circle paths are shown in yellow and
the yellow star denotes the earthquake location.
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5.8 Case Study: Zarand, Iran, M,, 6.5, 22¢ February 2005

The 2005 Zarand, Iran earthquake occurred on a previousiwkrault in the Kerman
province in south-central Iran. This region is shortening tb the collision of the Ara-
bian and Eurasian plates (Figure 5.21), which are convgraira rate ofv 24 mm yr!
(Rouhollahiet al, 2012). The fault is part of the Kuhbanan fault zone (Figu2l}h
however, unusually, this reverse event occurred on a féartepoblique to the edge of the
mountain range, as defined by the Kuh-Banan fault (Talebiah, 2006). Furthermore,
the seismic potential of this fault was underestimated duis unclear geomorphological
expression and lack of evidence for recent activity. Thikhdight to be due to the high
levels of erosion as a result of winter rain, snow melt andkweaks. Triassic-Jurassic
sediments mostly comprised of sandstones and shales makeicip of the epicentral
region (Talebiaret al.,, 2006).

The M,, 6.5 earthquake occured at 02.25 (GCMT) on thé?2Rebruary 2005, and
caused over 500 fatalities (Rouhollattial,, 2012), only a year after the Bam earthquake
which ruptured a blind strike-slip fault further southd. Talebianet al., 2004), and re-
sulted in more than 30,000 fatalities (USGS, 2010). Thesedarthquakes highlight the
difficulty of estimating the seismic hazard in this regiomefefore, robust source models
are beneficial for gaining insight into the tectonic proessdriving the deformation in
this region, and consequently to achieve a better undelisguof the potential for future
earthquakes.

Two interferograms (ascending and descending) calculaséty images from EN-
VISAT were available for this event (Figure 5.22 a & b). Howewvthe signal is very
decorrelated near the fault due to steep terrain, possitaer,scoseismic ground shak-
ing, and landslides (Talebiaat al., 2006). The dip reported by the GCMT catalogue is
much shallower than those reported by existing studiesl€Tab, Talebiaret al., 2006;
Rouhollahiet al,, 2012). This event is the most recent of all the three cashestand the
second highest in moment magnitude. A total of 92 seismiefeaxns are used (46 LPS,

46 LPB) from 36 stations (see Figures 5.23-5.24).
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Table 5.5 shows that separate inversions of the two intggfams result in source
parameters which disagree regarding fault geometry, wiher@scending data favour a
larger right lateral strike-slip component and a much highement. The source model
from the ascending interferogram shows a higher misfit tal&tte and hence is given less
weight than the descending data in the subsequent jointsioves. The best fit model
from the inversion using only body wave data exhibits a sirittip and rake similar to
the INSAR-only solutions, however, the moment is the loveéstll the source models
(Mo = 3.78x10% Nm). The resulting source model from the joint inversion mSAR
and LPS is very similar to that calculated using INSAR and LRBoint inversion of
INSAR, surface and body waves results in a model which inrgéfiés the seismic data
well, particularly the LPS (Figure 5.23), where a slightnazthal trend in the misfit of the
vertical component data is apparent (poorer fit for statairé and 270, Figure 5.23d).
Overall the body wave data fit is good (Figure 5.24), excepafiew stations, notably for
some SH wavese(g, for stations DGAR, PAB, TSUM, WRAB in Figure 5.24 b & e).
The optimal source model from the joint inversion fits theestied deformation pattern
reasonably well, for the descending interferogram. Howetrgere are several fringes
in the ascending residual (Figure 5.22 c¢) and the tradeoffsgh Figure 5.25 clearly
show the disagreement in source parameters between thatevierograms, this issue
is discussed in section 5.9. The seismic-only inversiongu(e 5.25 b) are relatively
tightly clustered, although there is a slight tradeoff iriket and moment. There is an
improvement when the two interferograms are jointly inedrith the seismic data, the
results (red stars, Figure 5.25) are much more tightly ehest, and the moment, dip and

rake are particularly better constrained than in singka-tigpe inversions.



Table 5.5: Summary of source inversion results and existing studiethtoM,, 6.5 Zarand earthquake. Format is same as in Table 5.3.

Study Mo (x138Nm) Lat(® Lon(®)  Depth (km) Strike® Dip(® Rake(®) Slip(m) Length (km) Width (km)

Existing studies

7
Bodywaves, Talebian et al., (2006) 4.9 56.736  30.774 7.93 0 27 60 104 0.8 9
INSAR - Talebian et al., (2006) 6.7 4.8 266 67 105 1.7 12.6 104 9
Strong motion - Rouhollahi et al. (2012) 7.0 260.0 60.0 104.0 18.0 14.0 9
GCMT 5.2 56.800  30.760 12.0 266.0 46.0 124.0 O
EHB 56.790 30.710

This study /
INSAR 6.25 56.792 30.754 3.8 270.9 65.0 107.8 2.23 13.1 7.2 0180. 9
INSAR Asc 7.44 56.793  30.805 4.8 264.2 62.5 110.1 21 13.8 8.6 0.062 9
INSAR Dsc 6.91 56.806 30.799 4.1 273.4 64.6 96.8 2.0 13.4 8.7 .0050 9
LPS 8.52 56.797 30.803 12.0 284.2 24.2 136.2 1.1 13.0 20.75 0.100 9
LPB 3.78 56.797  30.803 12.0 272.3 55.8 104.9 0.94 13.0 10.3 0.530 Q
LPS & LPB 5.0 56.797  30.803 12.0 272.9 53.4 110.0 1.2 13.0 10.6 0.426 9
INSAR & LPS 6.36 56.804 30.798 3.9 270.4 64.9 103.2 2.1 13.1 6 7. 0.029 9
INSAR & LPB 6.56 56.805  30.799 4.1 269.0 65.4 94.9 21 13.0 7.9 0.041 Q
INSAR, LPS & LPB 6.50 56.805 30.799 4.1 269.1 65.2 97.03 2.1 .013 7.9 0.046 9
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Figure 5.22: Fit of joint inversion results for the Iy 6.5 Zarand earthquake. a) Ascending in-
terferogram calculated using two images from 19/09/04 a3/@3/05, taken on track 285. b)

Descending data calculated using images from 17/02/05 4fM@B®5 on track 435. The sec-

ond row c¢) and d) are synthetic ascending and descendingerdgrams, respectively, forward

modelled using the joint source inversion result. e) - f) e residuals for the ascending and
descending data and results, respectively.
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Figure 5.25: a) Tradeoff scatterplots for joint inversion results (redfl INSAR for the M, 6.5
Zarand earthquake, where separate inversions were cautedsing the ascending (cyan) and
descending (blue) data and the focal mechanism is showd iatthe top. b) Tradeoff scatterplots
for inversion of seismic data. Format is follows that desed in Figure 5.7.
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5.9 Discussion

The results from both synthetic tests and real data invesswill now be discussed in
terms of the data used, fault geometry and centroid locatigth particular reference to
the effect of incorporating 3-D Earth structure in the mbdglof seismic data.

A key consideration in joint inversions is the weighting efch dataset; the results
from the analysis of the Zarand earthquake highlight inipaldr the importance of con-
sidering separately the various datasets, even when teeyf #ne same type. Two inter-
ferograms from ascending and descending tracks were blesita this event and separate
inversions of the two datasets led to source parametersoaithiderable discrepancies,
with fault rake exhibiting the largest differences. Thipayof issue has been previously
reported in inversions with synthetic dagd.Lohmanet al., 2002), and it is widely ac-
knowledged that data from both ascending and descendicksteae needed to constrain
the rake as the displacements are measured from more théoosrdrection €.9.Wright
et al,, 2003). Moreover, the ascending data were acquired at bbalealangle (41) to
the descending data (23and consequently are less sensitive to vertical moticas the
descending data. This could explain the difference in fgatimetry between the two
datasets and also the higher misfit of the reuslting joingrision forward model to the
ascending data. The poorer fit to the ascending data is aitp @eplained by unresolved
tradeoffs in the joint inversion and the type of misfit andgi®ing approach used, issues
which are discussed later.

Body waves and surface waves also need to be considereditadypamainly due to
their varying sensitivity to the Earth structure. Resultsri synthetic tests using 1-D and
3-D Earth models show that long period surface waves are semgtive than long period
body waves to 3-D Earth structure (Tables 5.1 & 5.2, Figu6.5Due to their natural
dispersion and sensitivity to shallow structure, longigmbsurface waves show a stronger
frequency dependence regarding changes in phase andwdepitg.Zhouet al., 2011).
The difference is particularly clear when assuming a 1-DitEatructure, with evident
phase shifts in the Rayleigh waves (Figure 5.6 a), althobghetare also shifts in the
arrival of SH waves (Figure 5.6 ¢). Similar changes in was@ffrom comparisons of
wave propagation simulations for 1-D and 3-D Earth model® teeen observed in other

studies €.g.Marqueringet al,, 1998; Furumurat al., 1999).
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The changes in waveforms due to Earth structure influencestteery of resulting
source parameters. In this study the fault dip angle isqaatily poorly constrained in
synthetic tests using the 1-D Earth model, PREM, with resiuim separate and joint
inversions leading to a steeper dip angle than the actuat isqution (5-18 steeper).
Results from PREM surface wave inversions exhibit the gstefault dip angle and all
other parameters are the furthest from the input solutienthe surface wave solution
leads to a lower misfit to the long period surface wave$<0.32) than the long period
body wavesi{:2=0.60). This suggests that errors in the Earth structureretie retrieved
source model compensate each other, leading to an ovemllfgdo the observed long
period surface waves.

Tests with real data have also highlighted the influencesmfigsumed Earth structure
model on the resulting source parameters. Previous geaaledi seismic studies found
a large range of values for fault strike for the Eureka Vakeythquake { 30° varia-
tion). The results from the INSAR inversion in this study @ragreement with a previous
geodetic study by Massonnet and Feigl (1995). Peltzer aseiRL995) suggest a more
westerly striking fault (strike=187°), which is in agreement with other seismic studies
suggesting strike values of 198Ichinoseet al,, 2003) and of 2100(GCMT). Inter-
estingly, these seismic studies assume a 1-D velocitytatejcwhereas an aftershock
relocation study using a 3-D velocity model obtains a faldinp with a strike of 165
that is in better agreement with the LPS inversion in thighgtwhich also employs a 3-D
Earth structure model. However, the body wave inversionltgé this study suggest a
strike more in agreement with seismic results that assum® avdlocity structure or a
very smooth 3-D Earth model. Yet substituting this more mavesterly strike (219 into
the joint inversion result significantly reduces the fit te thterferogram (Figures 5.12d
& e). Therefore, considering the shorter period of the bodyes (T~ 30 s) , this could
suggest that smaller scaler heterogeneities, at a loaall #&vin Asacet al. (1999), and
a global level are at least one factor that needs to be takkeragtount to improve the
modelling of the body waves.

Existing studies for the Eureka Valley earthquake also gsepa wide range of dip
angles (30-60°). Geodetic studies (Massonnet and Feigl, 1995; PeltzeRaisdn, 1995)

determine a dip of&-50° but there are large discrepancies concerning the seisuodest
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A moment tensor inversion of regional seismic data finds daimalue of 48 (Ichinose

et al, 2003) but information from relocated aftershocks suggesteeper dipd.g. a dip
value of 60 by Asadet al,, 1999), and the GCMT catalogue reports the shallowest dip of
all the existing studies, dip=80Another moment tensor inversion study which uses long
period regional data obtains a fault which dips at,48ut in the opposite direction to all
other results (Ritsema and Lay, 1995). The dip from the jioiversion results presented
here lies in the shallower region of estimates37.0°, but this fits the data very well and
could be due to tradeoffs between the fault geometry, stiteerake (Figure 5.15). The
wide variation in fault geometry estimates in existing ggdnight be due to the complex
nature of the event; curvature of the aftershock locatiamggests that the fault could be
slightly concave (Asaét al., 1999). If this is the case then complex fault geometries are
more likely to influence the body waves and could partly expthe poorer fit to these
waveforms (Figure 5.14, in comparison with the surface wdi#gure 5.13).

A similar issue concerning the fault dip angle is highlighie the results for the
Zarand earthquake. InSAR and body wave source inversiantsdsr this earthquake
agree well with existing source modeésd. Talebianet al., 2006; Rouhollahét al., 2012).

A slightly shallower dip (55.8) and lower moment are favoured in this body wave inver-
sion in comparison with body wave results from Talebéhral. (2006), but this could be
due to the different velocity structures assumed (haltepa Talebiaret al,, 2006). In
addition, we use longer body-wave time series in this stédyinversion of long period
surface waves results in a much shallower dip angle {24shallower than the GCMT
result (45.0), but when combined with the body waves the dip steepens to Bhis
suggests that the shallower GCMT dip could be due to a stmafhgeince of long period
surface waves in the inversions. There is significant lategterogeneity in the crust
and upper mantle in this region as a result of the convergeht®o continental plates
(e.g.Priestleyet al,, 2012; Hatzfield and Molnar, 2010; Kaviareaal., 2007). Therefore,
the lack of inclusion of accurate crustal properties cowddrdsponsible for this under-
estimation of the dip angle. Incorporating accurate ctystaperties at the source and
receiver could further improve the long period surface wawmarce inversion resultg.g.
Hjorleifsdottir and Ekstrom, 2009).

Using earthquake locations estimated using INSAR along avi8-D Earth structure
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model is an attempt at trying to resolve these issues sutingrhe influence of the as-
sumed Earth structure, including the mislocation of everdtsint inversion results for
Eureka Valley and Aiquile have shown that the 40-50 km diz@neies in seismic and
geodetic locations can be resolved. Using the locationsrigéed using INSAR in the
modelling lead to a good fit to the seismic data in both caseggi(€s 5.13, 5.14, 5.17
& 5.18). The seismic data can be reconciled with INSAR-aeteed locations, includ-
ing in complex regions such as the central Andes in Boliviagwe accurate earthquake
locations and source models are especially important ftindu understanding their com-
plicated tectonic regime. However, the use of the InNSARtlooato try and fit the data
could be biasing the resulting source models, due to tré&lbefween location and Earth
structure. This could also explain some of the variatiorsource parameters seen for the
seismic only inversions in comparison with the INSAR-onhdgoint inversion results,
for example, the shallow dip estimates from the long periadiase wave inversions for
all three case studies (Tables 5.3, 5.4 & 5.5).

The synthetic tests in the presence of noise carried outisrsthdy clearly showed
that the joint inversion technique reduces the level ofeddi$ within model solutions.
Moreover, for all three case studies, it is found that thes®yparameters, particularly
fault strike, dip and rake, are more robustly constraindgufies 5.15, 5.20 & 5.25) in
joint inversions using INSAR and seismic data than in sepatata inversions, and that
both datasets are fit reasonably well. However, the fit to ti$AR data for the Aiquile
and Zarand events could be improved. The few fringes of aigphent in the residual
interferogram for Aiquile (Figure 5.19) could be due to thelerestimation of the fault
length in the joint inversion, 14 km in comparison with the &4 and 21 km reported
by Funninget al. (2007) and Devliret al. (2012), respectively. If a length of 19 km is
used instead then a residual interferogram similar to teah $n Funninget al. (2007)
is obtained. Therefore the length is likely underestimatedl this could be due to the
tradeoffs between length, width and slip that are not resbin the joint inversion. The
addition of seismic data may not resolve these tradeoffausxthe period of the data used
provides little constraint on the length, as the earthquskepoint source with respect the

wavelength.
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A similar issue is seen for Zarand, where the fit to the ascgndata could be im-
proved, there are several residual fringes (Figure 5.22h&hwis partly due to the data
being heavily downweighted, with respect to the descendirtgset, in the joint inversion.
This is based on the high misfit value observed in the INSAR-mwersion, which may
be the result of the assumption of uniform slip on one fautbdti-segment or distributed
slip model could improve the fit to this dataset. Talelaaal. (2006) suggest a kink in the
fault may better explain the ascending data, but argue hisaist not consistent with field
observations. They do achieve a better fit to the ascendiog than that seen in Figure
5.22, and slip shows the largest discrepancy between trmdehand the one reported
here. If the lower slip value from Talebiast al. (2006) is used (1.6 m) instead then the
number of residual fringes is reduced, thus suggestingaimaslip estimate is too high
and leads to an over-modelling of the displacement. This &iip value is partly due to a
tradeoff with width and length in the joint inversion, whéretseismic data are combined
with the INSAR data a thinner fault is favoured (Figure 5.2B8joreover, this slip value
appears to be originating from the INSAR data, if the sepa@AR inversion results
are considered (Table 5.5). Therefore, the weighting andetffing assumptions, seem to
explain the resulting high slip value in the joint inversiamd consequently the poorer fit
to the ascending track.

Fundamentally INSAR and seismic data are two very diffedatasets which record
different aspects related to the earthquake source, angtadigion in fit for both datasets
when viewed individually is to be expected, as the inverssamying to fit both of them.
This is partly accounted for by modelling the earthquakegiselatively simple and al-
most equivalent approaches for both datasets; point sapm@ximation for the seismic
data and uniform slip on a finite fault with respect to the IfSdata. The misfit function
and weighting of the datasets are also important considagat The results for Zarand
highlight the influence of the misfit and weighting approacioa the inversion result.
Here an L2-norm misfit is used for all datasets and the weighs based on results from
the separate inversions of the two datasets. This is avelatsimple approach and re-
lies on the assumptions that the model for the separatesioveris best possible model
for that dataset, and that the same misfit calculation isogpiate for both datasets. A

more complicated misfit function could have been chosenefample Jiet al. (2002a)
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use three different approaches to determine the misfit ®g#odetic, high and low fre-
guency seismic data (see section 5.2). The misfit to the geidata can also take into
account the fit of each seismic station to the data and thierstazimuthal distribution
(e.g.,Valleeet al,, 2011). Furthermore, the weighting of the two datsets cbeldbased

on the noise in the datases.d.,Sudhaus and Jonsson, 2009) instead of the misfit, and
this issue of weighting is discussed in more detail Chapted@erall though the results
from both the synthetic tests and the case studies showhhamisfit and weighting ap-
proaches used are sufficient to effectively combine the R8Ad seismic data, and ways

to further improve the joint inversion technique are disaagbkin the following Chapter.

5.10 Conclusions

A new joint earthquake source inversion technique is pteserwhich uses INSAR and
long-period teleseismic data and takes into account thectsffof 3-D Earth structure
when modelling the seismic data. Synthetic tests in theepiaes of data noise and using
1-D and 3-D Earth models highlight the improvement in fawdbgetry and moment
determinations that can be achieved by combining INSAR arsihéc data, particularly
when using a 3-D Earth model.

This result and the PREM and S20RTS comparisons from Chamermpted the use
of a 3-D Earth model to calculate the seismic exciation Kerrigsing the INSAR location
to calculate the excitation kernels demonstrates thatvilbedatasets can be reconciled
and overall a good fit to both datasets can be achieved. Tifadestween fault geometry
and moment are reduced in the joint inversions when compaitbdseparate inversion
results. Where there are discrepancies between the separgtperiod surface and body
wave inversions, that are not fully resolved in the jointarsion, this could partly be ex-
plained by unmodelled lateral heterogeneities in the asduarth model. For example,
the body wave inversion results for the Aiquile and Eurek#eyaearthquakes suggest
that improved modelling of these waves at these periodslaagjuire the incorporation
of smaller scale heterogeneities in current Earth modelstebVer, in regions with high
levels of heterogeneity, such as central Iran, realististat properties are important for
the robust modelling of surface waves. Consequently, eiglrehresolution global man-

tle and crustal models in the future would be beneficial fégseismic source studies.
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Overall this technique illustrates the existing potenttaincorporate the effects of 3-D
Earth structure and combine the strengths of INSAR and seidata to determine robust

source models.



Chapter 6

Discussion and Conclusions

The findings in this thesis will now be summarised and disetigs the context of the data
and inversion approaches used, assumed Earth structuréssinfluence of these factors

on resulting source models, and the consequences for thesequent interpretation.

6.1 Spatial and temporal resolution

INSAR and seismic data are contrasting datasets regatu#ngspatial and temporal res-
olution. InSAR can be seen as a ‘ground truth’ for the logatdd moderate magnitude
earthquakes. As was seen in Chapters 3 and 4, the geodetimfoewhen combined with
high-degree seismic tomography models, significantly owed the fit to the observed
seismic data. However with the current satellite resoynce$AR data lack temporal res-
olution, it is impossible to identify the sequence of evemitich may have occured in the
length of time the interferogram covers and any deformagignals related to the events
other than the other earthquake can bias inversions. Afteporoelastic or viscoelastic
relaxation if modelled as coseismic deformation could lEadn overestimation of the
moment magnitude (Figure 3.3, Chapter 3).

The influence of postseismic deformation and also atmog&pperturbations are key
issues, and methods for characterising and removing tlessiarently being developed,
with a particular focus recently on removing phase delays tduthe atmosphere. This
includes using atmospheric models to simulate the potepiiase delay due to water
vapour €.g, Puysseguet al,, 2007; Doinet al., 2009; Wadgest al,, 2010) and detecting

smaller surface displacements with increased accurmgy $hirzaei, 2013). The effects
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of postseismic deformation would be reduced by using iategrams that just cover the
very short time period in which the earthquake occurred2Q seconds), currently an
unlikely scenario for INSAR but could be possible in the fatwith real-time GPS. When
the SENTINEL-1A satellite is launched in 2013, it will haverepeat orbit of 12 days;
once the second satellite is available, the time period &stvimages could be reduced to
just six days (Potin, 2011), compared with 35 days for theonitgjof the ERS-1, ERS-2
and the Envisat missions.

In comparison, seismic data have much better temporalusolthan INSAR, the
signal solely due to the earthquake is recorded and for loeddorks a much higher
resolution picture of the propagation of the rupture can tereed, in particular from
strong motion sensors, which are able to record the highetitaitie seismic waves more
robustly. Recordings from large strike-slip events in tlastpdecade or so, such as the
M, 7.3 Izmit earthquake in 1999 in Turkey and the,M.9, Wenchuan earthquake in
China in 2008 have enabled in-depth studies into not onlgiteibution of slip, but also
the propagation of the rupture.g. Delouiset al, 2002; Zhanget al, 2012). This also
includes the observation of supershear rupture, for |zenit. Bouchonet al., 2002).

INSAR in comparison often has better spatial resolutionawdiracy; therefore, these
two datasets are very complementary. INSAR and seismicadataoth powerful tools for
constraining the slip distribution; yet, when combinea thSAR data can further refine
the spatial distribution of slip and seismic data are ableottstrain the temporal features

(e.g, Salichonet al., 2004).

6.2 Weighting the data

Increasingly, INSAR data are being jointly inverted witlhet types of data, particularly
GPS and seismic data. All these datasets when inverteddndily can give rise to trade-

offs, particularly between dip, rake and moment but, whanlgioed, these tradeoffs can
be reduced, as seen in the joint inversion results for thekauvalley, Aiquile and Zarand

earthquakes in Chapter 5. Moreover, the INSAR inversionghfe Zarand earthquake
using the ascending and descending tracks highlight theriapce of considering each
dataset separately before combining them in a joint ingarsi

Misfits from these separate inversions are the approackertiyrused to weight the
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contribution of each dataset, but there are numerous agipesao weighting, which are
well summarised in Sudhaus and Jonsson (2009). The weightbe equald.g, Be-
labbeset al., 2009) or arbitrary weights can be setd, Delouis et al, 2002). The
weights can be based on misfit statistics (e.g., Saliatoal., 2004) or the covariance
of each datasete(g, Wright et al,, 2004a; Sudhaus and Jonsson, 2009). Alternatively,
the datasets can be normalized so that the sum of the weiggitad to the individual
data points is equal to one and consequently the weightenaeesily proportional to the
measurement errore.g, Fialko, 2004b). A similar approach can be taken if the de¢a a
subsampled, and in this case the weights can be related tydhehat each of the data
points represente(g, Simonset al,, 2002). A statistical approach can also be adopted
to determine the optimal relative weighting, for example thike Bayesian Criterion
(ABIC) (e.g, Funning, 2005). If the error characteristics in the datawsed to weight
the datasets they can also be used to propagate the datéaintiEes to source parameter

uncertainties (Sudhaus and Jonsson, 2009), an issuesskistnext.

6.3 Data and source parameter uncertainties

Estimation of the uncertainty or potential errors in eanthice source parameters is an area
of increasing focus. Understanding the range of realistioes is important because when
using them as inputs for Coulomb stress change calculai@gsWoessneet al., 2012),
the forward modelling of ground motioe.g, Imperatori and Mai, 2012) and aftershocks
(e.g, Bach and Hainzl, 2012) they can lead to a range of resultssighificantly different
implications or interpretations. Variations in fault gegtny and location can significantly
impact the results when used in dynamic rupture studieg, Zhang and Chen, 2006;
Kaser and Gallovic, 2008; Ogleskyal., 2008). There are multiple sources of uncertainty
and error in geodetic, seismic and joint inversions thatiofinence the resulting source
parameters. Incomplete data or errors in the data, the fypedel space media and other
assumptions made in the modelling process can all introdacertainties. Furthermore,
as there is no uniform method for processing and modellirt§ beismic and geodetic
data, a blanket approach to assessing the uncertainty tchensed €.g, Sudhaus and
Jonsson, 2009).

The estimation of uncertainties concerning INSAR datdfjtisethe subject of much
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research, as initially the errors involved with INSAR datrenot fully understood, likely
the result of the numerous contributing factors of uncetyathat have to be accounted
for. There are various methods of quantifying potentiabesriin the data, one example
being to add representative noise to the interferogram atich&e the tradeoffs and un-
certainties in source parameters determined from multigddisations of these ‘noisy’
datasetsd.g, Wright et al, 2003). ‘Noise’ in this case referring to correlated noise d
to the atmosphere, rather than thermal noise which is ueleded €.g, Burgmanret al,,
2000). The effect of differences in water vapour contenhattoposphere, or of charged
particles in the ionosphere between the two SAR acquisiimtes is typically spatially
correlated. Thus, to simulate the noise in an interferogaaourately it is important to
accurately estimate the length scale over which it is catedl €.g, Lohman and Simons,
2005a).

The influence of noise on the resulting source parameters issaie investigated
by Dawson and Tregoning (2007) where synthetic interfenogr were calculated for 84
(My, 2.4 - 6.7) intraplate earthquakes in Australia and pertliskigh characteristic noise.
These simulated ‘noisy’ interferograms were then invef@dsource parameters which
were compared with the original parameters used to prodigcsimulated interferograms.
For earthquakes greater than,M.8 the horizontal component of the epicentral location
could be determined to within 0.07 km, the depth within 0.1% &nd the strike 02
whereas for smaller events (JVb.5) this uncertainty increases to 0.3 km, 0.5 km, and
1.0°, respectively. If we consider the different models for indiial events in this study
the variability in parameters appears larger than thesgesafor example strike angle can
vary between 1 - 1Q depth by 1 - 4 km and location by 2 - 12 km. This suggests that
although noise is a key consideration it is not the most ingmdrfactor which influences
the variability of the inversion solutions. The differenéthods and assumed Earth models
used are also highly influential, this is particularly evitlerthen comparing the range of
slip distributions, for the large events Hector Mine and \¢feran (Figures 3.18 & 3.19),
determined using a range of techniques and dataset conaliniat

In comparison with noise-related variability, which is adam error, Earth model

variability can result in systematic errors which are hartdedetect and quantify. This
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includes unmodelled lateral heterogeneity in the mantte @aostal models used to cal-
culate seismic synthetics. The comparison of source matitrmined using datasets
which are independent of each other, such as the ICMT and G&Mparisons in chap-
ter 2, is one way of identifying such errors. Uncertainties $ource parameters, such
as fault geometry and moment magnitude, reported in seisatalogues can be inde-
pendently estimated and systematic mislocations of eveetdified, such as those in the
south American subduction zone (Figure 3.9). On a smalidiyidual model scale the
uncertainty in the data is one way of quantifying the soumm@meter uncertainties (Sud-
haus and Jonsson, 2009). For events where there are musltipice models, the scatter in
source parameters also highlights other sources of systeeneor such as the data sam-
pling methods used and the smoothing parameters imposatistabuted slip models.
On a smaller, individual model scale the uncertainty in thds one way of quantifying
the source parameter uncertainties (Sudhaus and Jor2849),

The use of multiple datasets reduces the uncertainty andinigneness in the model
parameters, as is evident from the joint inversion result€hapter 5. However, the
differences between ICMT and GCMT source parameters arsigoificantly reduced
if other datasets, such as GPS and seismic data, are usesllimfSAR study, as seen in
chapter 2. Futhermore, despite the various methods begamailable for the estimation
of uncertainties it appears still not to be routine to replogterrors in earthquake source

parameters.

6.4 Importance of realistic Earth structures

Errors in Earth models can lead to the systematic mislocatioevents, for example
not properly taking into account the velocity structure albduction zones. Potentially
unmodelled lateral heterogeneities in the upper mantlecamst can also influence the
determination of fault geometry, for example the undenestion of the dip for the Zarand
earthquake when using long period surface waves (Chapted $able 5.5).
The poor fit to observed seismic data when using INSAR-détexeilocations that

are in agreement with field observations and the known ggplag) is the case for the
Izmit earthquake in chapter 3, indicates that improvemargsneeded in current crustal

and mantle models. Locations determined from INSAR datébeanseful for identifying
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and perhaps even quantifying these errors.

However, INSAR data also suffer issues regarding the assumuelelling medium.
Homogeneous half-spaces can lead to biases in depth, RBdlBe €.g, Savage, 1998;
Cattin et al, 1999; Wald and Graves, 2001). This is because there are \amations
in the upper crust and therefore such homogeneous halésggaroximations will have
the largest influence for shallow earthquakes, which ctutetimost of the events in the
ICMT database. If depths calculated taking into accounereg €.9, Lohmanet al,
2002; Pritchardet al., 2006; Pritchard and Fielding, 2008; Baatral., 2008) or in one
case 3-D structures (Bustet al., 2004) then this bias is reduced (Figure 3.14).

The Earth model used for the inversion of both INSAR and seigtata is clearly
a key consideration for the calculation of robust sourceupters, particularly location
and depth. However, comparisons between the two types tfi Bavdel used by each
dataset are hard to make due to the large difference in deatdong period seismic data,
comparisons between synthetic and observed seismic datadoce models in Chapters
3 and 4, and the inversion results in chapter 5, suggest raprents in Earth models on
a continental scale and local scale are needed. One wayitvachis could be to use the
phase and amplitude misfits for the seismic data for mulggknts in the same region to
identify and quantify potential structures with anomalgdast or slow seismic velocities,
particularly in the upper crust. The homogeneous versusdalyhalf-space issue implies
that local-scale structural improvements would be moreefieial for inversions using
INSAR data. Currently though the errors in the INSAR logaseem to be small enough
to be beneficial when combined with seismic data for the detetion of more robust

locations.

6.5 Conclusions

Since the first INSAR study of an earthquake (Landersg, T3, 28" June 1992, Mas-
sonnetet al, 1993) the interest in the technique has grown and multipfgaaches for
the processing and modelling of the data have been develdgelfirst comprehensive
global database of INSAR source models, compiled in thidystorovides a tool for in-
dependently assessing the accuracy associated with quanameters reported in widely

used global seismic catalogues. The location shows thedtargriation;~20 km for
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GCMT catalogue and-10 km for the ISC and EHB Bulletins, with large mislocations
(> 30 km) for several earthquakes. InSAR-determined depthsalso systematically
shallower than those reported in the GCMT catalogue, dubdaise of homogeneous
of half-spaces to model the data and also the fact that hpp@teand centroid depths
are compared. However, the moment magnitude and fault gepsigow good agree-
ment between the the two datasets. Investigations of tlye discrepancies, mainly in
location and fault geometry, for certain earthquakes kagibthe strong spatial resolution
of INSAR for locating moderate magnitude events. The lackrgfrovement in the fit
to the seismic data when using the INSAR location for largi&esslip and subduction
zone events shows that INSAR data suffer the same issuegsascsdata whenever the
centroid location is determined from a distributed slip mlodvhich is the result of an
inversion. Moreover, the results suggest potential elirogustal and Earth models for
certain regions, for example the North Anatolian fault amelsouth American subduction
zone.

These source parameter comparisons and forward modedisuts emphasise the
importance of the assumed Earth structure when modellitly datasets, and also their
complementary nature. This motivated the development ofrs §ource inversion tech-
nigue which takes into account the effects of 3-D Earth stinecwhen modelling the
seismic data. Synthetics tests for three events with @éiffiefaulting mechanisms clearly
show the improvement in the fit to the data that can be achieteah using a 3-D Earth
model rather than a 1-D Earth model. Also the combinationatfibnSAR and seismic
datasets reduces the parameter tradeoffs and allows tleeraimrst recovery of the source
model. These trends are evident when applied to three ntede@gnitude earthquakes
(M, 6.0 Eureka Valley, N}, 6.6 Aiquile and M, 6.5 Zarand) in different tectonic settings.
In particular the use of the INSAR location for the Eurekalé&aland Aiquile events to
calculate the excitation kernels, show that the initiafjéadiscrepancies in location be-
tween INSAR and seismic data can be resolved. It is evidenigtin from seismic only
and the joint inversion results, that further improvementsxisting crustal and mantle
models are needed. However, the results demonstrate tHareampower of INSAR and

seismic data to determine robust source models for moder#dege earthquakes.
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With the continued and future investment in satelliteshagSentinel-1A and ALOS-
2, and the deployment of denser global and local seismicarksythis volume of data
will allow us to measure earthquakes with higher resoluod accuracy than before.
Combined with increased computing capacity it will enabke ¢alculation for more com-
plex and destructive events on a much quicker timescale.app#cation and develop-
ment of joint source inversion techniques will prove inaiagly useful for characterising
earthquakes, which is an important aspect to understankegeismic hazard in regions

with increasing populations at risk.

6.6 Future Work

The past couple of decades have seen exciting developmrettis field of earthquake
source studies and this trend is set to continue. The voldrdata is rapidly expanding,
the source inversion techniques and assumed Earth s&saised to model the data are
constantly developing and this is in part motivated by tlgmi§icant and continuing ad-
vances in computing power. Geodetic data are currentlyreqpeng a rapid expansion
with the deployment of more GPS stations, investment in RO¥hight Detection and
Ranging), and the use of high quality optical images to nreasurface displacements.
In combination with increased computing power and a betteietstanding of the errors
associated with geodetic data, the automatic processitigesé large geodetic datasets,
SAR and optical images in particular, could be achieved onuahmuicker timescale
than before. With regards to seismic data, the deploymeot@&hn-bottom seismometers
(OBS) is helping to fill in gaps in the global seismic networidaenables the investiga-
tion of deformation mechanisms at plate boundary settiegs, Geissleret al.,, 2010;
Sumyet al, 2013). There are also increased efforts to engage pubticipation in mea-
suring earthquakes, such as the British Geological Susv&gismometers for Schools’
program and the 'Quake-Catcher Network’ based in Stanfoatifornia, providing more
near-source measurements.

In addition, increasingly inventive sources of data aredeised to help characterize
the earthquake source. This includes the expanding aresafibsr observations, partly
due to the rapid expansion of the tsunami warning netwotkviahg the 2004 Sumatran

earthquake. The network is a series of real-time seaflo@mbettom pressure recorders
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deployed around subduction zones, and measurements fes& shations have been used
to constrain the coseismic slip distribution of large esdetg, Pisco, Peru, M 8.1, 2007,
Sladenet al., 2010). Offline versions of the recorders also exist and lthede stations
have been useful in measuring seafloor displacement dueet®h9.0 2011 Tohoku
earthquake (linumat al,, 2012).

Inversion techniques are also becoming more sophisticdted example the use of
finite element modelling to incorporate local 3-D topograpénd fault features, when
inverting for the coseismic slip distributior.g, Volpe et al, 2012). An alternative ap-
proach involves the use of sparsity promoting algorithmsittgply and rapidly constrain
the earthquakes source.q, Evans and Meade, 2012; Rodriguetzal,, 2012). This ap-
proach has been applied to geodetic data, but for seismég datkprojection imaging
is increasingly being used to determine the coseismic &ipiloution. It is based on the
time reversal of seismic waves and is especially useful feasuaring the high frequency
radiation resulting from an earthqualked, Yaoet al, 2012). The assumed Earth mod-
els used to simulate the seismic data and the forward mogdeklichniques for seismic
wave propagation are also becoming increasingly sopatsticdue to increased comput-
ing power €.g, SPECFEM 3D Globe Komatitsch and Tromp, 1999). On a locdkesca
ambient noise tomography has proven a powerful tool forrkiersion of crustal and up-
per mantle structure®(g, Yaoet al, 2008; Benseet al., 2009; Calkinst al,, 2011; Kim
et al,, 2012). For geodetic data the modelling of interseismiodeétion using elastic
half-spaces can be used to investigate lateral rheoldgitatogeneities across fault zones
(e.g, San Andreas fault, California, Jolivetal, 2009). Taking all these advances into ac-
count, robust earthquake source models which incorporatgphe high quality seismic
and geodetic datasets, realistic fault geometries andaldteterogeneities at all scales
will, in the future, be calculated within minutes of an egubke, providing accurate in-
formation for immediate emergency response, perhaps ewfuding the estimation of
potential aftershock locations.

Following on from the work presented in this thesis thereadse several areas which

can be explored, and which will now be discussed in more Idetai
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6.6.1 ICMT database

The global database of INSAR-determined source modelsisncmusly updated when-
ever new studies become available, and currently an ontaiéve is being developed so
authors are able to submit their own models and the datalaaskeecused by the commu-
nity. As it expands it willimprove the means of identifyingstematic trends. In particular
it is becoming increasingly common that individual earthkgs are studied by multiple
independent groups using their own, different, methodekg Therefore investigating
this intraevent variation could prove useful for quantifyithe associated uncertainties.
Not all the information recorded in the database has beeahingbis study and there are
further comparisons and tests that could be conducted tisédptabase. For example the
database could be used as independent dataset to tesicalftithe significance of the

occurrence of earthquakes on previously known faults geesants on unknown faults.

6.6.2 Development of the joint inversion approach

The new technique presented in this study could be furtheeldped in several ways.
Firstly, the weighting approach could be improved by usimg noise in the datasets to
determine relative the weight for each dataset. Secondhould be expanded to in-
corporate other datsets such as known geological infoomatind shorter period seismic
data. Also the finite spatial complexity of the source cowdddken into account, rather
than assuming a point source, which would include usingstéageologic fault shapes
for known fault zones such as the San Andreag,(Pleschet al,, 2002) and subduction
zones €.g, Hayeset al, 2012). To enable the rapid implementation of the technique
(once the second SAR image is obtained) the excitation leeused to model the seismic
data could be pre-calculated at grid points concentratedries of particularly high seis-
mic activity. Also multiple Earth models could be used tacoddte the kernels, providing
another means of estimating the uncertainty in the sourcdemaVioreover, the local
crustal structure in the chosen Earth model could be usear oedions where the crustal
structure is well known layered half-spaces could be ino@ed to model the INSAR

data.
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6.6.3 Further applications of the joint inversion technique

The variation in source models for the same earthquake aresrémts in the same tectonic
setting is not only due to the different datasets used, aa e inversion technique
applied. Therefore, it can be difficult to identify robustr@aeters to use as inputs for
Coulomb stress change calculations, and for further utatesg the tectonic regime.
Systematic application of the joint inversion techniquedlieped in this thesis to events
in different tectonic settings could be beneficial in prangda uniform characterisation of
events, useful for assessing the tectonic mechanisms aiséqoently the seismic hazard

in a region.






Appendix A

Additional ICMT and GCMT

source parameter comparisons

This appendix contains additional results for the compagsetween ICMT and GCMT
source parameters in chapter 3 It includes scatterplotpaony each of the parameters
with the other to investigate any trends, but as stated iptelh& no trends are appar-
ent (Figures A.1, A.3-A.7). Figure A.2 is a comparison ofssg@c moment estimate for

uniform and distributed slip models.
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Figure A.4: Same as in Figure A3 but for differences between INSAR and EldBl depth.
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Figure A.5: Same as in Figure A3 for for the fault strike.
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Figure A.7: Same as in Figure A3 but for fault rake.



Appendix B

Additonal forward modelling

waveform comparisons

This appendix contains additional results from the seismigeform modelling in chapter
4, and includes comparisons for the transverse and longéldomponents for the Lan-
ders (Figure B.1), Izmit (Figures B.2 & B.3), Pisco (Figuigl & B.5), and Northern

Chile 1996 (B.6) earthquakes.
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3D Earth,,, 3D ICMTlat/lon 3D ICMT 4y10n

RAR 69 223
YSS 72 315
ESK 74 83
KONO 76 25
MAJO 81 308
INU 83 308
TOL 83 46
ECH 84 34
SSB 85 37
OBN 88 15
GUMO 89 286
SNZO 98 225

KIV 100 15

Shtiaaiia 4

WUS 104 348 A AA A A
CTAO 107 257 s A A~
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DRV 127 209

;
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HYB 126 342 A A AAAA
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o

Figure B.1: Additional waveform comparisons for the M7.3 Landers earthquake. Data are
shown in black, GCMT in pink, ICMT in dark blue and modified stbns in light blue. Left
column compares ICMT and GCMT solutions for the longitudic@mponent. Middle column
compares the original ICMT solution with the latitude anddd@ude replaced by the GCMT esti-
mates again for the longitudinal component. Right colunowghthe same as the middle except
for the transverse component.
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3D Earth 3D GCMTy, 3D GCMT w0 g latiion 3D ICMT a410n
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Figure B.2: Additional waveform comparisons (longitudinal compondot the M,, 7.5 lzmit
earthquake. Data are shown in black, GCMT in pink, ICMT ineband modified solutions in
light blue. Left column compares the ICMT and GCMT, left mielthe GCMT estimate with the
moment replaced by that from Cakir et al., (2003). The riglitdi®e column compares the GCMT
estimate with the latitude and longitude from Cakir et &0d3). Far right column compares
the ICMT solution where the latitude and longitude have beghaced by those reported in the
GCMT catalogue.
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Figure B.3: Additional waveform comparisons for the M7.5 Izmit earthquake. The format is
exactly the same as the previous figure, except the trareseersponent is compared.
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Figure B.4: Additional waveform comparisons (longitudinal componéortthe M,, 8.1 Pisco
earthquake. Data are in black, GCMT solution in pink, ICMTbloe and modified solutions are
highlighted in light blue. Left column compares the GCMT d8MT estimates. Middle column
compates the GCMT solution with the latitude and longituejdaced with those from Pritchard
and Fielding (2008). The right column compares the ICMT sotuwhere the latitude, longitude
and moment have been replaced with estimates reported GG catalogue.
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Figure B.5: Additional waveform comparisons for the VB.1 Pisco earthquake. Formatis exactly
the same as the previous figure except the transverse contpsreempared.
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3D Earth 7 3D ICMTy, 3D GCMT a10n
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Figure B.6: Additional waveform comparisons (transvserse comporfenthe M,, 6.6 Northern
Chile event. Data are in black, GCMT solution in pink, ICMT tue and modified solutions
are highlighted in light blue. Left column compares the GCBITd ICMT estimates, middle
column compares the ICMT estimate with the moment replagethét reported in the GCMT
catalogue. The right column compares the GCMT solution w/ittee latitude and longitude have
been replaced by that reported in Pritchard et al., (2006).






Appendix C

Technical notes

The CD attached includes the scripts and input files usedigiwaut this thesis and they
are described in more detail on the CD, but a brief summaryetontents is listed below.

There is also a copy of the joint inversion scheme present&hapter 5.

1. ICMT database scripts

This directory includes the scripts that are used to caleulse centroid parameters in-
cluded in the ICMT database, and there is also a copy of thgt srsed to determine the
distance between centroid locations.

2. Seismic data and synthetic calculations

To calculate synthetic seismograms and Green’s functieesnaing a 1-D Earth an in-
house programmapsynahis used and details of how to run it are provided in this direc
tory. To generate the sythetics and Green'’s functions asgsuan3-D Earth structure the
SPECFEM3D Globe package is used and example input files, laasebrief overview
on how to run it are included.

3. Joint inversion code

A copy of the joint inversion code is included, as well asrinstions on how to compile
it and a brief guide on how to run the programme. The scriptsl ie generate the input
seismic data are included, as a specific format is requirdtereTis also a description
of the INSAR data processing, as well as details of the scesed in the case studies
in Chapter 5. Additional scripts which generate 100 setsaifynseismic data for the

tradeoff plots are also included.
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