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ABSTRACT

Understanding earthquake source dynamics is a fundameatabfggeophysics. Progress toward

this goal has been slow due to the gap betweendftare earthquake simulations and the limited
source inaging techniquesbased on conventional lefrequency finite fault inversions. Seismic
array processing is an altative source imaging technigtreatemploys the higher frequencyreo

tent of the earthquakes and provides finer detail of the source process with few prior assumptions.
While the backprojection provides key observations of previous large earthquakestatidard
beamforming baclkrojection suffers from low resolution and severe artifacts. This thesis iotrodu

es the MUSIC technique, a higbsolution array processingethod thatims to narrow the gap

between the sghic observatiosand earthquake simuians.

The MUSIC is a highiesolution method taking advantage of the higher order signal statistics. The
methodhas not beemvidely usedin seismologyyet because of the netationary and incoherent
nature of the seismic signal. We adapt MUSIC to transisimic signal by incorporating the Mu
titapercross pectrum esti mates. We al so adopt a fAref
i'swi mmi n,ga sgstematid dafceffect in bagkojection. Theimproved MUSIC baclpro-
jections allowthe imagingof recent large earthquakes in finer details which give rise to new pe
spectives on dynamic simulations. In the 2011 Tohe&ki earthquake, we observe frequency
dependent ruptureehaviorswhich relate to the mateal variationalong the dip othe subdut¢ion
interface. In the 2 dff-Sumatraearthquakewe image the complicated ruptures involvimg o
thogonal fault system arah usual branching directiohis result along with our compteentary
dynamic simulations probebe pressurinsensitive strengtlof the deep oceanic lithosphere. In
another example, back projectisapplied to the 2010 M7 Haiti earthquake recorded at regional

distance. The higifrequency subevents are located at the edges of geodetic slip regionsanghich
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correlated to the stopp phases associated with rupture speed reduction when the earthquake

arrests.
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Chapter 1

INTRODUCTION

Earthquakes are among tmest importanbf the unsolved natural mysteries.eTh iabr upt ne s s ¢
earthquakeboth in space and time makes it difficult to study them. The earthquake source refers to

the shear slip on a fault which generates seismic svilrederstanding the earthquake sourae pr

cess is not only a fundamental physicallglem but alsds important forearthquake hazardsa

sessment and other related fields such as structure of subductisnexahetion of regional &

tonics and rheology of the lithosphere.

The first effort tocharacterizéhe earthquake source with seismobsevations startegvith Nakano

in 1923 He useda simple exploratiorsourceto explainthe observed seismic field. Since then the
efforts in various disciplines have ledanunprecedented level of knowledge edirthquake ptst

ics. The techniques toodso comprise: laboratory experimemnrock samples, field surveyf
paleoseismic events, study of historical reports and recordinglysis of seismic recoehd ge-

detic measurement. The seismic approach is the most direct among théraarig ore provi-

ing constraint on the dynamic ruptusehavior The standard technique to imate earthquake
source is finite fault inversigrwhich represestthe rupture history with the spatial and temporal
slip distribution in a parametrmodel. Nowadaydinite fault models are done routinely tonco

pute Coulomb stresshangesinfer earthquake source physics and model ground motion. However,
just like other inverse problems in geophysics, source inversions suffebé&ioill -posedand
undedeterminedlde et al.2009. To reduce the neaniqueness of the models, assumptions of the
Greenbds function, f aandrige timedaverte e mgade, whiah pfterureselt s p e e

in incomplete and partial resultBarticularly, the requirement of determinis ¢ Gr eends f ur



2
limits the approach to relatilyelow frequency (f < 0.1 Hz) in which the crustal structure is lneug

ly known. On the other handheoretical earthquake source studies, especially dynamicasimul
tions have reached a highgtee of sophitication, which is driven bthe rapid development of the
computational power and numericaéthods. Earthquakes formesiynulated with conceptual and
analytical models are now modeled with complicated constitutive lawitiple fault planes, and

3D fadt zone structures. The complex rupture patterns that emerge in these dynamic simulations,
such as variable rupture speed, isolatgaturefront, and frequency dependent behavior require
finer details of the source procegt hide in the high frequendf/> 1 Hz) contents hard te+

trieve in conventional source inversiofigre1.1).

Seismicarray processing is an emerging technigustudy the earthquake souf&ost and Tham-

as2003. Source imaging by badkacing of seismic waves recordeddsnse arrays allows us to

track the areas of strongest higequency radiationfigure 13). This approach constrains thesp
tiotemporal properties of the rupture (length, direction, speed, segmentation) based solely on the
phase of coherent seismic arigignals. Thus, it does not rely on detailed knowledge of Green's
functions and fault geometry, on restrictive parameterizations of the rupture kinematics, ctor on a
ditional smoothing. The higfrequency aspects eged by array processing revéakr detds of

the rupture process that are crucial to diseraté complicated physical models in theoretical

earthquake source studies.

Over the last two decades, the development of large deakeseismic network haveenabled
progress in manfelds of earthsciences, such as images of deep earth discontinuities, higl-resol
tion surface wave tomography, temporal velocity variations and site quantification for engineering
purposs. These largaperturearrays such as USArray, RFEUSarray (European network) @n

Hi-net (Japanese network) ajsermitfine imaging of large earthquakes based on relativelyreohe
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entpwave arrivals recorded at teleseismiac distar

tive relocationd by al i gririvalgvhich s @assumadvteodriginatens wi t
from the hypocenter. This Ahypocenter @&l i gnmen
l ocity structures. This particular version of

pr oj e ct ivasintroducedtby Ishihet a(2005) for the 2004 Sumatra earthqudkeroves
to provide robust imaging of the recent large earthquakes,asutie 2010 Chilean earthquake
[Kiser and Ishii2011; Koper et al 2012], the 2011 TohokDki earthquakgMeng et al 2011;
Zhang et al2011]and he 2012 offSumatra earthquak®eng Ampuero, Stock et &2012;Satii-

ano et al 2012}

The standard processing of back projection is beamforming, which searches the maximum sum of
recorded seismograms along different treirake curves otrial source locations. As intuitive as

the method is, it suffers from low resolution especially when simultaneously emitting sources are
present. On the other hand, since the array processing is used in a variety of military and civilian
saurce trackingapplications, many sophisticategchniqueswith high resolutiorhave been jor
posed[Krim et al 1999. However, because these methods usually utiligber order statistical
estimates which requinelatively coherent and stationary recogti, they are seldom applied to

seismic signals that are transient and incoherent due to scattering in random earth media.

In this thesis, kuccessfullyintroduced a sophisticated MUlIitiple Signal Classification (MUSIC)
[Schmidt et al1982; Therrien 1992; Chandran2006] algorithm into the back projection armh-i

proved itspractical applicability to nastationary seismic signals by incorporating the raggr

cross spectrum estimatékhe principles of MUSIGiresummarized in Appendix A.2This tet-

nique provids superior resolution over the standard beamformBygdeveloping air ef er enc e

wi ndowo strategy, [ have al sommoondiyf iseede nt hiies wai pn
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ar t i. Thase improvements revdaler details of earthquakesrceprocess and provideew

perspective on the dynamic earthquake simulations. In Chpbgrcomparing the back praje
tion result with the geodetic and teleseismic slip model of the Tebdkwarthquake, we fits
demonstrate that the peak ldsgquency slp isup-dip from the hypocenter and the hifsfequency
radiationwas geneated in the dgeer portion of the megathtugSimons et al2011]. We further
guantified the higHrequency energy ratio between thedip and dowrdip region[Huang et al
2017. We relate the @ep high frequency burst small brittle asperities embedded in the ductile
matrix at the root of the seismogeniene[Meng et al 2011]. This concept is how demonstrated

by our physichmodels of earthquake ruptufeluang et al2012].

In Chapter3, backprojection source imaging indicates that the rupture of the 2013 Dfatra
earthquake occurs on distinct planes in an orthogonal conjugate fault system. The rupture branched
twice into a fault where dynamic stresses were compressitwadiertging our conventional view

of the dynamic clamping effefiMengAmpuero Stockt al 2013. In Chapted, we develop @

namic rupture simulations to offer a mechanical interpretation for this puzzling observation. We
find that the copressional branching can ordgcur under slow rupture speed aidw apparent

friction codficient, possibly aided by the poroelastic dffddengand Ampues 2013.

While the arrayprocess providemisight onthe earthquake physics, the conventional teleseismic
back projection onlyvorks on large earthquakes with=8.0 due to limited resolution. In Chapter

5, back projection is extended to earthqusalezorded at regional distance which enablesrthe i

agery of moderate M 7 events. For instance, we image the 2010 Haiti earthguittkéhe Vere-

zuela seismic network. We observe two high frequency subevents at the terminal end of the major
geodetic slip regions, which can be interpreted as stopping phases associated with abrupt rupture

speed reductimat the edge of the slip arddeng Ampuero, Sladeet al 2017.
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Besides these applications, this thesis also studied the reliability of the back projection to avoid

misinterpretation of the potential artifact. Motivated by the gap between the low frequendy geode

ic model and high frequem back projection of the TohokDki earthquake, some low frequency

(~ 0.1 Hz) backprojectionsindicatethat the progressive transition of frequeependent npiure

properties is observabj&oper, Hutko, Lay2011; Yao et al2011;Lay et al.2013. In Chapter 6,

however, we demonstat e t hat t h e adsysematimdnft nesglting ffom signal non
stationarity, induces significant bias on beamforming haolection at low frequenciesssulting

in the apparent freagpncydependent slipehaviorfMeng Ampuero, Lu@t al 2013. On the other
hand,Itrord uced a Areference wi ndWBSIC backprajgctomgtgbe i nt o
nique, which significantly mit i gadteatslartifdcte A s wi n
demanstrate the need to perfo more rigorous synthetic tests involving mordistia rupture se-

narios and crustal velocity models, which could be addressed in future gyordbthe scope of

this thesis.

This thesis marks the beginning of an endeavor into earthquake physicadwsinged array pr
cessing technique Future work will undoubtedly involve case studies of other earthquakes a
dressing open questions of source dynamicshéurtore, | expect more efforts developing g
namic earthquake models that assimilate the némséogical observations and their uncerai

ties. Looking forward, | also anticipate progress in the following aspects of earthquake isource i

aging.

One of the advantages of bgatojection over conventional source inversion is the minimal prior
asumptionof fault geometry and Geends functions. This | eads t ¢
earthquake source imaging aimed to provide key parameters like the rupture extent and speed, and

the distribution of source power and subevent locations. The system dasitweed to monitor
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major subduction zones and str#lg systems such as the San Andreas fatiit preselected st

tions, frequencybands, and so on. These parameters can be obtained from analysis of previous
earthquakes or synthetic tests of hypothetigpture scenarios. For the regional back projection,
the required hypocentral location and the focal strike can be acquired from automated moment te
sor solutions. A pilot program could start with the Venezuela seismic network idsahecama-

bility to monitor themajor Caribbean fault system, a place vulnerable to seismic hazard due to lack

of coverage.

The fact that backrojection and finite source inversiaork at different frequency ranges gives

rise to an interesting question: Hoanback progctionbe usedo constrain the finite fault inve

sion? As a starting point, one can use the rupture speed and timing acquired frqumojeations

to constrainthe finite fault modelsljay et al 201J. A more thorough approach is to add a metric

of theback projection misfit into the cost function of the source inversion. To first order, the metric
can be the mismatch of the peak locatiothefbackprojection image at each time frame. Assu

ing the finite fault inversion is solved by a iterative metreodpmputationally efficient back gr

jection implementation needs to be performed at each iteration. A parallel implementation of the
MUSIC back projection code is under development for this purpose. The ultimate goalris to co
struct unified source modedis satisfy the observations at both low and high freqesrand unde

stand the frequenaeyependenbehaviors

This thesis focused on bapkojection at teleseismic and regional distances. Another important set
of data, the local strong motion recordingas been less explored for earthquake source imaging.
By exploring the concept of multiple seismic antennas made of clusterebsb\@ccelerometers, |
anticipate more breakthroughs in earthquake early warning research (EEW). The currerit EEW a

gorithmsaremainly based on the scaling relation of magnitude and frequency content which sat
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rates for earthquakes (M 7) because of the finite source effect. The array processing at lecal di

tances can be potentially applied to track the movemetiteaiupturefront in real time, which
provides an estimate of rupta size and hence the magnittigure 1.3). The challenges of such
ideas mainly involve the mixture of different phases and imperfect waveform coherency, which
may require integrative efforts on hageismic array processing and wave propagation in random

media.
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Figure1.1. A dynamic rupturanodelwith heterogeneous initial stresg&ipperger et al2008].

The color plots showhe fault plane view of sligatein different snapshotfked arrow indicatea
secondarysolatedrupture front. The bottom left plot shows the spaetlpof initial fault stres-

es. The black arrows indicate regions of high stress concentration that lead to secondary ruptures.
The interaction between the primary asetondary fronts generates hifjaquency bursts that
cannot be resolved by conventional #requency source inversions.
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Figure 12. Sketchof beamformingbackprojection(fi gur e adopted from £
2009 AGU talk) The black dots in the centef the rectangular grids inchtethe location

of testing sources. The true source location (red star) is connected to the receivers (black
triangles)through ray theoryThe black curves above the receivers denote the recorded
seismograms. In principleheé moveout of true source locations (red lie#)gs the sed-

mograms in phas¢husthe stack along the moveout reaches the maximum.
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Figure 13. Sketch of baclprojection applied to earthquake early warning. The color plots show the
slip velocty of a propagating rupture front on a vertical strike slip fault. The high frequency signals
generated by the rupture fronts are recorded by the network of seismic antennas composed of clu
tered lowcost accelerometersrégen triangles). The system caack the growth of earthquake size

in real time.
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Chapter 2

A WINDOW INTO THE CO MPLEXITY OF THE DYNA MIC RUPTURE OF

THE 2011 MW 9 TOHOKU -OKI EARTHQUAKE

Originally published irL.. Meng, A. Inbal and -P. Ampuerd2011), A window into the complexity
of the dyramic rupture of the 2011 Mw 9 Tohckiki earthquakeGeophys. Res. Le88, LO0GO7,

doi:10.1029/2011GL048118

Note: the supplementary materials are included in Appendix A.

2.1.Abstract

The 2011 Mw 9 Tohok®ki earthquake, recorded by over 1000 ffesdd stations and multiple
large-aperture arrays, is by far the best recorded earthquake in the history of seismology and pr
vides unique opportunities to address fundamental issues in earthquake source dynamics. Here we
conduct a high resolution array analyséséd on recordings from the USarray and the European
network. The mutually consistent results from both arrays reveal rupture complexity withednprec
dented resolution, involving phases of diverse rupture speed and intermittent high frequency bursts
within slow speed phases, which suggests spatially heterogeneous material propertiesh-The eart
quake initially propagates dowdip, with a slow initiation phase followed by sustained prapag

tion at speeds of 3 km/s. The rupture then slows down to 1.5 km/s $ecc6Ads. A rich sequence

of bursts is generated along the dedyp rim of this slow and roughly circular rupture frone-B

fore the end of the slow phase an extremely fast rupture front detaches at &bdsttéwards the

north. Finally arupture front popagates towarthe south running at about 2.5 km/s for over 100
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km. Key features of the rupture process are confirmed by the strong motion data recorded by K

net and Klknet. The energetic high frequency radiation episodes within a slow rupture pirase su
gests a patchy image of the brittlactile transition zone, composed of discrete brittle asperities
within a ductile matrix. The high frequency is generated mainly at the-dgnedge of the prine

pal slip regions constrained by geodesy, suggestingatigaralong dip of the mechanical prope

ties of the mega thrust fault or their spatial heterogeneity that affects rise time.

2.2. Introduction

The Mw 9 earthquake that occurred-siffore Tohoku, Japan, on March 2011 is by far the best
recorded earthgake in the history of seismology and will undoubtedly spawn a broad rangd-of stu

ies that will deeply transform earthquake science. In particular, this event provides a unigue oppo
tunity to address, through high resolution and robust observations, fent@iguestions about the
physics of dynamic earthquake rupture, including the initiation of rupture, the complexity of its
propagation and its arrest. Here we focus on keactobservations of the spagmporal evolution

of the rupture process of th@foku earthquake. We analyze seismic data available soon after the
event using source imaging methods that are weakly dependent on model assumptions- We back
projected teleseismic waveforms applying higholution array processing technigues to obtain a
high-frequency image of thaipture process of this megmthquake. We then identified prominent
features of the local strorgotion recordings that we associate to the main phases of the rupture
process. Our results reveal, with unprecedented detailpatterns of high frequency radiation

from the deep portions of the seismogenic zone. Our observations open a direct window into the
complexity of dynamic rupture, including phases of slow and extremely fast rupture, aratidts rel

to the heterogeneoustoee of the subduction interface.



1c
Backprojection of highfrequency (HF) seismic waves recorded by dense arfégtclier et al.

2006; Ishii et d. 2005] delives unique insights on earthquake rupture processes that areecompl
mentary to traditional finitsource invesions. Array baclprojection aims at tracking the areas of
the source that generate theosgest high frequency radiatitbased solely on the phase and the
coherency of seismic array signals. Thigvides obust constraints on the spatimpaal evolution

of the earthquake rupture, without relyeng
terizations of the rupture kinematics. We bac&jected P wave seismic waveforms recorded by
two large arrays at teleseismic distances, the tAand the European network, that illuminate the
fault from two orthogonal directionsigure 2.1). We causally filtered the waveforms from 0.5 to 1
Hz, the highest band in which the initial arrivals are coherent to be aligned robustly. We-then a
plied three different array processing e@ues: cubigoot stacking IRost and Thoma2002], a
classical beamforming technique; Multiple Signal Classification (MUSI&)Idstein and A
chuletal991;Schmidtl986], a higkresolution technique designed to resollasely spaced sintu

taneous sources; and correlation stackBgrg¢ea et al.2005; Fletcher et al.2006], a technique

known to improve robustness in the presence of scattering. The detailed descriptions & the tec

nigues are included in trelapter A Our esults based on these three techniques are mutuaty co
sistent figures2.1, 21, A.1 and A2). Nevertheless, we found that MUSIC consistently yields a
sharper image of secondary features of the rupture process. Werbguted the estimated dire

tions d arrival onto the source region using differential travel times relative to the hypocentral tra

el time, based on the IASP91 Earth model. Due to the lack of sensitivity of differential travel times

to source depth, we project the array images at anaagbiference depth of 15 km. We focus on

features of the rupture process that are consistently imaged by both arrays. Renféanamres

can be attributed to directivity effects, to interference patterns between direct and depth phases and

to geometrial properties of the isochroneBdrnard and Madariagal984; Spudich and Fa-

zer,1984]. Owing to its larger aperture, the European array provides a sharper image of the rupture
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process. Our synthetic tests base87)showthatoyi ri cal

backprojection imaging can capture the key features of the rupture process of the -Odhoku

earhquake highlighted next.

2.3. High ResolutionArray A nalysisUsing USarray and European Network

Figure2.1-a shows the location of the regsoof strongest HF radiation within 10 seconds lordy sli

ing windows. Secondary sources are often visible in our-paai&ction images, for instancefiig-

ure 2.3 between 60 and 90 seconds. However, our focus here is on first order features that we can
reliably identify by tracking the most coherent phase within each time window. The HF radiation
area extends bilaterally over 300 km along strike, roughly one third to the NNW direction and two
thirds to the SSE. It bridges over the rupture area of sevet@iitas earthquakes cfhore Miyagi

and Fukushima that were previously thought to define the segmentation of this subduction interface.
The HF rupture is mostly located landwards of the hypocenter, near thedgoend of the ssi
mogenic zone of the methaust interface determined from the spatial distribution of megathrust
seismicity in the last decaddgdrashi et al 2001]. Figure2.1-a also shows the spatial distribution

of coseismic slip averaged over a large collection of possible models comsbyigeodetic (GPS)

and tsunami (DART buoy) data in a Bayesian framew8ikpns et al2011]. The locations of HF
sources correlate with the dowlip edge of the main slip area. While coseismic slip inversians pr
duced by different teams differ signifidgn the spatial complementarity between low and high
frequency slip is a common feature well illustrated by this particular slip model. Kinematic source
inversions constrained by global teleseismic data, which are dominated by frequencies lower than
0.1 Hz for this earthquake, also place most of the low frequency (LF) slip updip from the typoce

ter [Shao et al2011]. This observation is not affected by the uncertainty in the hypoceratgsrioc

We found no secondary HF source between the trench anggbeenter. Moreover, our back
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projection analysis at lower frequencies, down to 0.125iguaré A.8), the minimum fequency

that allows reasonable temporal resolution, doesimat a conclusive trend towastidlower slip.
This suggests that slip in tisballower regions of the megathrust interface generated much weaker

seismic wave radiation at periods shorter than 10 s.

2.4. TheSpatiotemporal Evolution of the Tohoku Earthquake

The spatitemporal evolution of the strongest HF radiations is indicatétguare 2.1-a. Sustained

and energetic HF radiation is reliably imaged by our array-pegjkctions during the first 15@s

conds of the rupture. The overall extent of HF rupture size during this period indicates artow ave
age rupture speed. However, ruptapeed was highly variable, with several stages of slow, fast and
extremely fast rupture. A summary plot of rupture time as a function of epicentral distance, shown
in Figure2.2 and FigureA.8 (plotted along dip and strike), provides a more quantitajyEeca-

tion of the rupture speed and allows the identification of several distinct stages of the rupture pr
cess. Finer details can be observed in the-pagjlection imaging snapshots (Fig8) and me-

ies (AnimationA.1 andA.2), including simultanecsi but weaker HF sources. The HF ruptuiie in

tially propagates dowdip for about 100 seconds, and then splits up into bilateral rupture along
strike. The dowsdip propagation stage starts with a slow phase: the centroid of HF radiation stalls
in a confinedarea and the source power increases gradually for about 10 seconds (phase 1 indicated
in Figure2.2). This initiation culminates in a definite change of rupture speed. In the subsequent
stage (phase 2) the rupture propagates towards the West at usuab$peder 3 km/s for about 20
seconds. The rupture then slows down to less than 1 km/s or even ceases for about one minute
(phase 3). In Figur@.2 the HF source positions show wide azimuthal fluctuations but very slow
advance in epicentral distance dgriis phase. The complex structure of this slow stage is most

clearly visualized in the bagbrojection movies derived from the European array (Animation S2).
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Figure2.3 shows two simultaneous HF sources active=h3, 75 and 85 s that delineate an a

cuate shaped front. The rupture appears as a rich sequence of bursts generated along the rim of a
slowly expanding circular front. The slow front is centered significantly ediwrfrom the hyp-

center, which produces episodes of apparent-pagagation. @ the other hand, most lowefr

guency slip occurs in the same stage but mainly locatelibugiirection from the hypocentesiao

et al. 2011]. By the end of the slow stage, at about 80 seconds, an extremely fast rupture detaches
towards thenorth, with aparent supershear speed of order 5 km/s (phase 4), given the local crust S
wave \docity is 3.42- 4.5 km/s Takahashi et al2004]. Finally a fastupture front propagates-t

wardthesouth running at speeds of order 2.5 km/s for more than 100 km (phase 5).

2.5. Signatures of theRupture Process in theStrong M otion Data

We inspected the neaource ground motions recorded by dense strong motion networks in Japan
to identify the local signature of thepures we observed at teleseismic distances. Wezadaly
recordings of 64 surface and 42 borehole acomleters located along the nadistern coast of
Honshu. We bangass filtered the traces in various frequency bands, integrated to velocity and
computed smoothed S wave energy envelopes (FRy@e Figue 2.4 shows 5 10 Hz envelopes

as a function of station latitude. Amplitudes are normalized to emphasize the arrival time moveout
of the main strong motion phases. Three episodes are prominent, twanarttheconsistent with
sources near the hypocaittatitude, and one faouth near the end of the rupture. We trace rays
from the HF source locations determined by the {mojection analysis to the strong motioa-st

tions, using a 1D velocity model derived from local seismic profilekdghashi et al2004]. The

three prominent bursts are thus associated to HF phases observed at teleseismic distantes. The co

ored vertical short bars in Figuet indicate the Svave arrival times from locations thafptured
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33, 85 and 140 seconds after the mainsheiginotime. These correspond, respectively, to the

end of the first fast rupture stage, the beginning of the extremely fast northwards rupture and the
approach to the southern end of the rupture. The strong motions are intermittent in Miyagi and more
sustaned along Fukushima, reflecting the contrasted character of these two portions of the rupture

process (phase 3 and 5, respectively).

2.6. Discussion

We inspected the neaource ground motions recorded by dense strong motion networks in Japan
Our resultshighlight the spatial complementarity between low and high frequency source properties
of the Tohoku earthquake, as also discussed elsewdiateris et al2011]. This phenomenon has
been reported for several other earthquakes, although not system@ilegighara2008]. High
frequencyis radiated by fast chges in rupture speed or in sliphese changes can be due to the
presence of frictional heterogeneities in the bridtetile transitional regions at the base of the
seismogenic zone, stopping phasstiated from abrupt rupture arrest, strong phases radiated when
the rupture front encounters residual stress concentrations left by previous eartHgadkemfa

1983] and dynamic triggering orustal faults above the mdbeust. A natural generaliZah of this

HF/LF complementarity to intermediate frequencies poses a cautionary note for sourgierinve
studies that combine geodetic and seismological data, which are sensitive to different frequencies.
The relation between HF and LF source radiatisn provides an observational constraint am ki
ematic source models for broadband ground motion prediction and urges for the integratiea of phy

ics-based rupture models into those methodologtetido and Dalgu€009].

Our analysis reveals the seismicnsiture of a slow initiation of the Tohokdki earthquake 1+
ture. We used only the European data to resolve this initiation phase, since the USarray is at a P

nodal direction and domated by the sP phase which complicated the initial waveforms- Back
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projection of the initial portions of the waveforms was done with short (5 s long) gshaim-

dows. Extrapolating in figuré2 t he moveout of the HF sources
distance unambiguously reveals an initial rupture delay longer thamahgsia window. Local

strong notion recordings are deficient in high frequency content during the first Hoshiba and
Kazuhiro2011], independently implying a slow initiation. A progressive transition to dynajc ru

ture has been observed in laboraterperiments Nlielsen et al.2010; Ohnaka and Kuwahara

1990; Okuwbo and Dietericil984] and predicted by theoretical moddsnpuero and Rubif008;
Dieterich1992;Lapusta and Ric2003], but has eluded unambiguous seismological observations at
natural scas. Whether this initiation stage is subtended by an aseismic nucleation process or results
from a cascade of triggering between seismic subevEissvprth and Berozd 995] canot be
resolved by our analysis. The duration of the observed slow initistige (less than 10 s) isnco

sistent with the empirical scaling relation between nucleation phase dataseismic moment
proposed b¥llsworth and Beraz (1999, although somewhat shorter suggesting a break limgca

at very large magnitudes possilolye to saturation of the seismogenic depth. Further studies of the
nuclegtion of the Tohoku earthquake are warranted, including imaging of its early stages based on
empirical G r Shibarakiset af2002y dchide amd $de2(07] and analysis ofs fore-

shock squence Bouchon et al2011].

During the second slow rupture stage of the Tohoku earthquake (phaBgu8dR.2), the maau-

scopic rupture front almost comes to a halt and then restarts. This stage provides another potential
window into the factors controlling earthquake nucleation and arrest, especially under transient
stressing conditions. A similar slow rupture stage with apparent speed of order 1 km/s was inferred
between two main asperities during the 2007 Pisco earthquak&hoo#f Rru [Perfettini et al.

2010]. However, the scarcity of data recorded for that event did not allow resolving whether the

long delay between the two main subevents was due to a ghtwverwr to a delayed triggering

C
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process. For the Tohoku earthquake thgration pattern of the HF raatiion during the slow

stage is consistent with triggering along the rim of a slow rupture front. This slow stage could be
related to propagation over a transition region between brittle and ductile fault behaviordhat sep
rates the hypocentral region from the slip regions of the 1978 and 2005 Mikagarthquakes.

We picture this as a rheologically heterogeneous region made of a ductile fault matrix interspersed
with compact brittle asperities capable of generating HF raxtiafi his patchy view of the brittle

ductile transition zone is consistent with the observation of clusters of repeating earthquake in
Tohoku [garashi et al.2001], and is analogous to a current interpretation of the environment where
coupled slow slip anttemor processes occutd et al.2007]. Morever, throughout the rest of the
rupture the HF sources coincide with the dedim end of the background interplate seismicity
[lgarashi et al.2001]. In an alternative interpretation, the rupture slowed dasvit propagated

over regions of low stress within the slip area of the 1978 and 2005 Miyagi earthquakes, but radia
ed HF as it hit the stress concentrations left at the edges of those same events. Similarly, the final
rupture stage towards the South dedites the bottom edge of historical lequiakes offFukushima.

Yet another possibility is that the dynamic stress transfer from a slow megathrust rupture (deficient
in HF) triggered brittle rupture (rich in HF) on faults in the wiging plate. A finer reolution study

of the depth and focal mechanism of the HF sourcesshfteks and repeating earthquakes might

help discriminating these interpretations.

The stage foextremely fast rupture towatte north is most clearly visible by the European array,
which has better resolution in the alestgike direction. This stage could correspond to a supershear
rupture front. Its speed is comparable/totimes the S wave speed, a stable speed in dynamic
models of supershear ruptufedsakis?2002]. A subshear front hitting obliquely into a barrier is an
alternative interpretation, but that would generate an apparent speed in the observed ramge only u

der very restrictive conditions. Alternatively, dynamic triggering would create an apparent s
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pershear phenomena, since the harckection tends to image apparent secondary sources with

small power connecting true sources (Fight&). This artifact is unkely for the TohoktOki
earthquake, since the power is almost uniform during the supershear stage. However, the very fast
front propagates mainly along strike and existing theoretical models do not allow supenghear ru
tures in mode lll. Alongstrike supefisear rupture in subduction dagtiakes requires a significant
alongstrike slip component or yet unexplored mode coupling psesehat efficiently break the

mode Il symmetries. While the second strong phase observed in the strong motion datesean be a
scciated to the HF radiation found in dynamic rupture models during the transition to supershear
speeds, this is not a unique interpretation. Further signaturepeskear propagation might be

found in the local strong motion data if there is signifiddach cone radiation towards the land.
Ocean bottom pressure gauges that recorded HF acoustic signals, especially stations TM1 and TM2,

could also provide precious insight into this question.

Our observations provide an overview of the complicated ruptoeess of the TohokOki earh-

guake and virtually constitute, in a single event, a catalog of the broad spectra of earthguake ph
nomenology. We highlighted here key features of relevance for earthquake dynamics. These are
potential targets for further efits to assimilate the wealth of data related to this megaearthquake,
with the ultimate goal of understanding the relations between earthquake complexity andrthe hete

ogeneous and muitiale structure of active fault zones.
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Figure2.1. TohokuOki eartlguake imaged by the UBay and European network. (apdation of

the strongest high frequency radiators of the Tokokuearthquake, seen by the USarray (squares)
and by the European network (circles). The color denotes the timing with respect tgitheéroei.

The size of the symbols denote the relative amplitude of the radiators. The black contours map the
average slip distribution constrained by geodetic and tsunamiSiataris et al2011]. The green
ellipses represent the approximate rupture zdrike historical earthquakes. The pink line near the
coast indicates the dowdip limit of the megathrust seismicitygprashi et al.2001]. The inset

map shows the location of the twoays with respect to Japan. (ldation of the 291 USarray and
181European stations selected for our bpaijection analysis.
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Figure2.2. Rupture time 8. epicentral distance. The timing of the high frequency radiators seen by
both arrays are plotted against their epicentral distance. The color denotes their atmmetspeact

to the epicenter and the size of the circles denotes their relative amplitude normalized by-the max
mum amplitude during the event. The numbers in circles mark the five phases with distinct rupture
behavior discussed in sectigi3. The left pael shows the temporal evolution of normalized ampl

tudes estimated at the USarray (blue) and at the European network (red). The slope of the gray lines
indicate rupture speeds of 1 km/s (slow), 2.5 km/smBKregular) and 5 km/s (supkear). For
reference, the local crust S wave velocity is 3.42 to 4.5 Kidkdhashi et a004].



140° 141°142° 143° 140° 141°142° 143" 140°141°142° 143°144°
_ : v , : 40°

39
38°
37°
36°
39°
38°
37°
36°
39°
38°

: 37°
36° 100s | -.{ 120s | =% 140s 36°

140° 141°142° 143° 140° 141°142° 143° 140°141°142° 143°144°
Figure 2.3. Back projection images every 20 seconds. Colors shevanfplitude of the MUSIC

pseudspectrum. The warmer colors indicate the location of the dominant hgglefrey radiation

sources. The additional snapshot at 90 seconds contains a supershear front to the north. The red star
denotes the mainshock epicenter and small white dots the epicenters of aftershocks with magnitude
larger thar6 within the first2 days.The thick white line represents the trench.
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Figure2.4. Signatures of the rupture process in the4searce strong motion recordings. Smoothed
high-frequency (510 Hz) horizontal energy envelopes of strong nmotiata recorded along the
northeastern caa of Honshu. The selected stations are shown by triangles in the inset map. Traces
are scaled by their maximal amplitude. Red, yellow and green vertical bars along the time series
indicate the Svave travel times from higfrequency sources inferred byetbackprojection angl-
sis. These ruptured 33 85s and 14 after the mainshock origin time, respectively. Theialoc
tions are indicated by squares of the respective color in the inset map. The stars denotes the

mainshock epicenter.



Chapter 3

AN EARTHQ UAKE IN A MAZE: COMP RESSIONAL RUPTURE BRANCHING

DURING THE APRIL 11 2012 M8.6 SUMATRA EARTHQUAKE

Originally published ir.. Meng,J-P. Ampuero, J. Stock, Z. Duputel, Y. Luo and V. C. Tsai
(2012).Earthquake in a maz€ompressional rupture branching dgyihe 2012 Mw 8.6 Sumatra
earthquakeSciencedoi:10.1126/science.1224Q30

Note: the supplementary materials are included in Appdhdix

3.1.Abstract

Seismological observations of the 2012 Mw 8.6 Sumatra earthquake reveal unprecedanted co
plexity of dynamicrupture. The surprisingly large magnitude results from the combination of
deep extent, high stress drop and rupture of multiple faults.-Badgkction source imaging iid
cates that the rupture occurs on distinct planes in an orthogonal conjugate tautt, syith rea-

tively slow rupture speed. The ESENW ruptures add a new dimension to the seismotectonics
of the Wharton Basin which was previously thought to be controlled b§ Nitrikeslip faulting.

The rupture turns twice into the compressive quadaagdinst the preferred branching direction
predicted by dynamiccoulomb stress calculations. Orthogonal faulting and compressional
branching indicate that rupture is controlled by a pressisensitive strength of the deep oceanic

lithosphere.

3.2.Introduct ion

The April 11 2012 Mw 8.6 earthquake @ffiore Sumatra is a recebdeaking event in manyer

spects. It is the largest strifséip and intraplate earthquake ever recorded and, as shown here, one
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of the most complicated ruptures ever imaged by modermskigy. The faulting geometry

and the peculiarities of its complex rupture path offer a rare opportunity to probe the rm&chani

of the oceanic lithosphere.

The earthquake occurred in the diffuse deformation zone between the Indian and Australian
plates {nset of Fig.3.1-left). Its focal mechanism is typical for the regid@ngdahl et al2007]

with T-axis normal to the Sumatra subduction trench as observed for intraplate ocean#liptrike
earthquakes elsewhef€hoy and McGarr2002] and consistent wlit regional stress modeling
[Cloetingh and Wortell986] Rupture initiated in Paleogene oceanic lithosphere formed at the
Wharton Basin spreading center, but extended unimpeded into the adjacent oceanic lithosphere

affected by later volgasm on the Ninetyest Ridge (NER).

3.3 Rupture Process of the OffSumatra Earthquake

Due to the remote offshore location of this earthquake, geodetic constraints on fault geometry and
static slip for teleseismic finite source inversions are unavailable. We imaged tine noqatcess

by backprojection of teleseismic data from European and Japanese seismic networks. We applied
the MultitaperMUSIC array processing technique, which provides higher resolution then co
ventional beamformingMeng et al.2011] We also adopted ‘aeference window" strategy to

avoid the sgtematic "swimming" artifactMleng, Ampuero, Luo et a2012] High-frequency

(HF, 0.51 Hz) source radiation is reliably imaged during 160 secandsi€sB.1 andB.2). The
methods and their resolution and unaity analysis are described in the supplementary mater

als. The spattemporal evolution of the main HF sources (F§&.and3.2) is remarkably cm-

plex. The rupture involved at least three different, almost orthogonal, faults. Their strikes-are co
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sisent with the conjugate planes of centroid moment tensor (CMT) solutions and witls-the di

tribution of aftershocks (Fig.1). The rupture process comprises at least three distinct stages (i

set of Fig.3.1-right) and the rupture length and speed on eadh da& shown in Figur8.2. It

started as a bilateral rupture on a fault striking WNWSE (“fault A") with rupture length of

~100 km and dation of ~25 s. This stage generated the strongest HF radiationB(Blg.The

rupture then branched into an akh@rthgonal fault (“fault B") breaking bilaterally for ~60 s

over 300 km. The onset of rupture to the NNE on fault B was delayed by ~15 s and then prop
gated until near the Sumatra trench. Fault B6b6s
thogoral fault ("fault C") which ruptured to the NNW for ~100 km. The final rupture stage i
volved stepping northward from faul't C onto a
The total rupture length on faults A, B and C is 500 km, half that obt&iypectrapolatingem-

pirical scaling redtions [Wells and Coppersmithi994] Two hours later, the largest (M 8.2) afte

shock initiated on the SSE continuation of fault C but ruptured bilaterally for ~100 km an an o

thogonal fault (also shown in Fig.1-right).

3.4. The UnexpectedlyL arge M agnitude

The magnitude of this earthquake is surprising in an intraplate environment characterizad by rel
tively short faults with wide stepovers. With hindsight, the large magnitude of the 2012 Sumatra
earthquake stemsdm a conjunction of circumstances: wide depth extent, high stress drop and
rupture of multiple faults. Reported centroid depths are below 25 km (USGS Clgiidgeé sal-

tion; GCMT). Rupture penetrating into the uppermost mantle is consistent with old, thexkce
oceaniclithosphere (~55 Ma, ~35 kmWiens and Stein et al983). West of the NER, seismic
reflection lines show faults cuttingrtugh the Moho discontinuiffChamotrooke and &escluse

2008] Considering uniform slip in a 500 km long and 40 keem rupture, the estingal average
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slip is ~15 m and the stress drop is ~15 MPa, high but similar to the stress drop of other large

oceanic strikeslip earthquake$Robinson et al2001;, Antolik et al.2000] and not unugal for
intraplate and subrustal arthquakegAllmann and Sheare2009] The multisegment rupture

was encouraged by stressing from the M9.1 2004 Sumatra megathrust earthquake, whose sout
ernmost large slip region coincides with the latitude of the 2012 event (#&ft).1Coulomb
stresscalculations show that thrust faulting favors slip on cuter strikeslip faults oblique to

the trenchRollins and Stein2010]

3.5. The Dominant E-W Rupture

The dominant BV rupture of faults A, C and D adds a new dimension to the prevailingofiew
the seismotectonics of this region. These faults are sulgdcalonglived but still active faults

on the NER (Figur&.3; [Sager et al2010). The bisecting direction of the conjugate faults is
consistent with the orientation of the principal ssrénferrel from seismic and GPS daBe-
lescluse and Chamotrook2007] Strikeslip focal mechanisms from the zone east of the NER
have previously been attributed to slip orSNstriking faults, such as those imaged in seismic
lines south of the equatdr the WhartorBasin[Deplus et al1998] Active EW striking faults
west of the NER are generally attributedcompressional deformatigbelescluseand Charo-
trooke. 2008] The rupture geometry of this earthquake indicates that actW right-lateral

faults are also amriportant part of the kinematics of this broad deformation zone.

3.6. TheOrthogonally Conjugate Fault System

Back-projection imaging reveals rupture on almost orthogonal faults, as confirmed by back
projection of the M8.2 aftershockhis has been observed in earthquake pairs, (9.7 M6.2

Superstition Hill§M6.7 EImore Ranch, 1992 M7.3 Landél6.5 Big Bear) but only rarely du
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ing single events, such as in the May 8971 M6 Kagoshima earthqualdorikawa2001]and

in the 2000 M'.8 Wharton Basin earthquakBRobinson et al2001] although orthogonal faulting

of the latter is notonfirmed by later studids\bercrombie et al2003] A multiple CMT inve-

sion (methods available in the supplementary material) yields two subeventawildin shecta-

nism, the second one ~200 km SW of the hypocenter 3Hideft), consistent with mpture on the

SSW branch of fault B and on fault C. In the crust, conjugate shear faults intersect at an angle
~60 degrees. The seafloor magnetic patterns (Bifyright) rule out ractivation of fossil systems

of transform faults and ridges. The wide angle between these faults requarsgiresensitive

strength during their formation (F&2-inset).

3.7. TwoEpisodes ofRupture Branching into the Compressonal Side

The rupture path of this earthquake is unexpected: in two occasions the rupture brancheed prefer
bly into the compressive (strengthened) quadrant, with arrest or delay in the alternative branch.
The NNWward rupture front on the righateral falt A first turned left into the SSW segment of

fault B. Rupture on the NNE segment of fault B was delayed by ~15 s. This behavior is mirrored
by the second branching episode. The S8 rupture front on the lefateral fault B turned

right into the NNWseagment of fault C. In both cases, the prefdrbganching direction is toward

the compressive qdeant of the previous segment, opposite to the expectation based on usual
values of friction coeftient. Analysis of the dynamic stresses induced near phef ta right

lateral crack on orthogonal Idtteral faults (Fig.3.2-right) shows that the observed branching
direction requires two circumstances: low rupture speed1f®) and low apparent friction cbe

ficient (~0.2), i.e.a small slope ofhe failure envelope in a shear versus normal stress diagram
(Fig. 3.2-inset). The former is robustly supported by our bgrekjection results: the rupture

speed is remarkably steady, ~2.5 km/s on faults A and B 3Rdeft), not unusual compared to
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global average values but sigiintly slow compared to wave speeds below the oceanio Moh

(50%i 60 % of S wave sped&lingelhoefer et al2010). The latter implies a presstiresensitive
strength, which is characteristic of ductile materials at depthaltennative explarton by po-
roelastic effectsiCocco and Rice2002]wi t h | ar ge Skemptonds <coef fi.

pressure inconsistent with the large stress drop.
3.8.Dynamic WeakeningM echanisms atDepths

Sustained seismic rupture also requiaedynamic weakening mechanism. The relatively slow
rupture speed suggests sedépendent energy dissipation by the rupture process. The ductile
shear heating instabilitfKeleman and Hirth2007; McGuire and Beroza2012] operates &
tween 606800 €, which is limited to roughly 40 to 60 km depth. Serpentinizeddotite has

low pressure sensitivity at confining pressures over few 100 MPa, with apparent frimgifin
cients as low as 0.1fcscartin et al.2001} and might dynamically weaken by dehydratian-
brittlement[Jung et al2004] However, the serpentinization reaction is possible only up te 400
500 €, which coresponds to about 25 km defd@ihristenser2004 Delescluse and Chawn
trooke 200§. A single dynamic weakening mechanism that can operate the whole depth

range of slip of this earthquake remains to be ifledt

3.9. Implications for SeismicHazard Assessment

This is not the first time an earthquake has grown larger than expected or has occured where it is
least expected. The desttive 2011 M9.0 Tohok«Dki and M6.3 Christchurch earthquakessHu

trate the scientific challenge of estimating the likelihood of extreme events based on a short and
incomplete historical record. The 2012 Sumatra earthquake raises the concern of singlarly la

events in continental strikdip fault systems, which pose a higher hazard to populations. While
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the tectonic setting in an oceanic intraplate zone of high deformation is rare, at least one of the

ingredients that made this earthquake big, its labgess drop, is a general feature tiier in-
traplate earthquakg#lliman and Sheare2009] Its rupture complexity highlights theyportance

of consideringearthquake scenarios with ma#gment ruptures. The rupture transition from
faults C and D acroshaffset larger than 20 km is partiady extreme]Wesnousk@006] The
relation to the 2004 Sumatra earthquake suggests that large outer rise events inducgd by me
athrust events, while not producing damaging shaking because of their rermsitereftoetion,

can pose a tsunami hazard if they havepacdmponenfLay et al.201]] or displace high topp
raphy[Taniokaand Satakel996] The Gorda plate in the southern Cascadia subduction zone is

such an example.
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Figure 3.1 Spatidemporal distribution Bhigh-frequency radiation imaged by the European (left)
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and Japanese networks (right). Colored circles and squares indicate the positions of primary and
secondary peak higinequency radiation (from movieB.1 andB.2, respectively). Their size is
scaledby beamforming amplitude and their color indicates timing relative to hypocentral time
(color scale in center). The sextary peaks of the MUSIC pselgiectrum are those at least 50%

as large as the main peak in the same frame. The brown shaded citokesight figure are the
high-frequency radiation peaks from the M8.2 aftershock observed from Japan. The cafered co
tours in the Sumatra subduction zone (left) represent the slip model of the 2004 M9.1 Sumatra
earthquak¢Chilehet al.2007] The figure lackground is colored by the satellite gravity aalym

(left) in mGals (color scale on bottekeft) and the magnetic anomaly (right) in nT (color scale on
bottomvright). Black dots are the epicenters of the first day of aftershocks from the NEl@jcat

The big and small white stars indicate the hypocenter of the mainshock and M8.2 aftershock. The
moment tensors of the M8.6 mainshock, M8.2 aftershock and double CMT solutions of the
mainshock are shown as colored pink, yellow, red and blue beach ballsdTlieerin the top

left inset shows the boundary between the India (IN) and Sundaland (SU)[plaMsts et al.

2010] The patterned pink area is the diffuse deformation zone between the India and Australia
plate. The red rectangular zone indicates thdysarea. The upper right inset shows the intérpre

ed fault planes (grey dashed lines) and rupture directions (colored arrows).
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Figure 3.2 Spatidemporal details of the rupture process. Left: timing and position of the high
frequency radiators relativio the hypocenter. The position is reported in alternation along the
axes labeled X (red) and Y (blue) in Hd-inset. Circles and squares are the results of Europe
and Jpan arrays, respectively. Filled and open symbols indicate principal and secbigtary
frequency radiators, respectively. Inset: shear stretifjtrs( normal stressi diagram of a no-

linear strength envelope with small apparent friction coefficient p (almost presmensitive
material) and large cohesion C, resulting in almosttwro g o n a | fail hRight: pl anes
dynamic Coulomb stress changes induced near the tip of alaighdl crack propagating at
steady rupture speed, resolved onto orthogonaldtftal faults in the compressional quadrant as

a function of the rati between rupture speed and sheave speedpfw [Poliakov et al2002]

The synbols denote dynamic changes of normal str¥ss ( negative compressive, blue dashed
line), shear stressY( , positive leftlateral, red dashed lizeand Coulomb stressY(

¥, , color solid curves, assuming various apparent friction coefficieimdicated in the lg-

end). Streses are normalized based on the Mode Il stress intensity factpad the distance to

the crack ip (r). Rupture on the compressive side can be triggered (positive Coulomb stress

change) only for low enough apparent friction and rupture speed.
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Figure 3.3 Bathymetry where the rupture crosses the Ninetyeast Ridge. Colored background is
global bathynetry from SRTM30+ overlain by multibeam bathymetry from cruise KNOX06RR
and cruise DYNAMO, respectivelyBlack dots: aftershocks, circles: HF source radiators. These
indicate rupture through the NER during the last 15 s of the earthquake. The ruptares gla-

sistent with numerous fault scarps visible in the multibeam bathymetry.



Chapter 4

SLOW RUPTURE AND WEAKLY PRESSURE-SENSITIVE STRENGTH
ENABLES COMPRESSIONAL BRANCHING: DYNAMIC RUPTURE

SIMULATIONS OF THE 2012 OFF-SUMATRA EARTHQUAKE

Papeiin preparation.L. Meng and]-P. AmpuergSlow rupture and weakly presstgensitive
strength enables compressional branching: Dynamic rupture simulations of the 2@12naffa

earthquake.

Note: the supplementary materials are included in Appeddix

4.1.Abstract

The 2012 M8.6 ofSumatra earthquake, the largest stakp and intraplate earthquake recorded to
date, followed an exceptionally tortuous rupture path. It featured two episodes of branching into
fault segments that were experiencing increasedpoessive dynamic stresses, hence increased
frictional strength. MengAmpuero, Stoclet al. (2012) attributed this unexpected compressional
branching to slow rupture and weak pressaeasitivity of the fault strength. Here, by conducting

2D dynamic ruptte simulations, we confirm that the compressional branching can only atcur u
der slow rupture speed and low apparent friction coefficient. Poroelastic effects can also contribute
by buffering the dynamic clamping. We suggest that serpentinized mineralsrovae low frc-

tion, fluids and dynamic weakening down to 25 km depth, and ductile shear heating instability may
provide a weakening mechanism from 40 to 60 km depth. The absence of known weakehing mec
anisns in the intermediate depth range suggests tbpture may penetrate over veloeity

strengtheningagions.
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4.2.Introduction

The possibility of an earthquake rupture propagating ataultjple distinct branches of a fault sy

tem has been the subject of several earthquake dynamic studies. Understemdieghanics of

fault branching, rupture path selection and the connectivity of rupture across multiple dault se
ments could provide a physical basis to assess the maximum earthquake size in complex fault sy
tems. The basic principles of rupture branghane established dad on analytical studieBoliakov

et al.(2002 andKame et al(2003 show that fault branching can occur under specific conditions

of principal stress orientation, branching angles and rupture speed. On the other hand, rupture
branting can be complicated by the interaction with directivity effdelisy et al 2005], rupture
propagation and arresBHfiat et al 2005], heterogeneous stress distribution and state in the eart
guake cycleDuan and Oglesp2007]. The 2012 M8.6 offumata earthquake provides a rare e

ample of large scale branching in a system of almost orthogonal fdeltgj[Ampuero, Stock et al.

2012]. Its rupture path showed preferred branching into the compressional side, i.e. into faults that
were experiencing ineased normal stresses. This challenges the conventional view thgihglam
increases frictional strength and hence discourages compressional bra@gtash\2005]. Meng
Ampuero, Stockt al. (2012) attributed this puznfy observation to weak pressugensitivity of

fault strength (low appant friction coefficient) in the deep oceanic lithosphere.

Recent opportunities and advances in obsenaltgindies of large megathrust earthquakesg-esp
cially the 2011 M9.0 Tohok®@ki event, based on spageodeyg [Ozawa et al2011;Simons et al.
2011], waveform inversiondde et al.2011;Wei et al.2012] and sho#period backprojections
[Ishii et al.2011;Koper, HutkolLay, Ammonetal. 2011;Meng et al2011] have facilitated nume

ous efforts to understarnide underlying earthquake physics through dynamic simulatissessang
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the role of a variety of ingredients, including degdpendent heterogeneitidduang et al.

2012; Kato et al.2011], plastic dissipation and poroelasticityg et al. 2012], subduing se-
mounts Puan et al.2012] and shallow velocitgtrengtheningozdon and Dunham et &012].

The urusual complexity of the 2012 eBumatra event, the largest strilep and intraplate edrt

guake reorded to date, provides an opportunity to shigdtlon the dynamics of such extreme
events. Here, we oduct dynamic rupture simulations to address the conditibfiection, rupture
speed, stress drop and poroelastic properties that allow dynamic branching on an orthggonal se

ment in a conpressionafuadrant.

4.3.0bservations and their uncertainty

The fault geometry and the rupture process of this event are constrained essentially by teleseismic
backprojection studies. Mend\mpuero, Stoclet al. (2012) described its complicated rupture path,
involving multiple segments of a network of orthogonal conjugate faults, and branching twice into
dynamically clamped fault segments (Figdr&). In the first compressional branching episode,
when rupture on the rigtiiteral fault A (NWSE oriented) reachetig@ orthogonal leftateral fault

B (NE-SW oiiented), the SW branch of fault B instantaneously started breaking, while the rupture
on the NE branch was delayed by about 15 s. Later, thev&d/rupture on fault B branched into

the NW segment of the orthogarfault C, which is agaim the compressional quadrant. Here, to
detemine the possible range of the dynamic rupture model parameters, we quantify the uncertainty

of the fault bisecting angle, the rupture speed and the mean stress drop.

The aftershockand backprojection source imaging suggest a system of almost orthogonal faults.

The two dominant orientations of the fault system are best delineated by therdjackion results



3¢
of the mainshock rupture on fault C and of the M8.2 aftershock ruptuner¢Bil). By lineaty

fitting the strike of the corresponding faults, we obtained the bisecting angle of387We also

estimate the rupture speed prior to the compressional branching episodes, on the NW branch of fault
A and on the SW branch of faut. The rupture initiates rather slowly on fault A with 29%
(25%~33%) of the shear wave speed at the centroid depth of 30tk ippermost mantle (4.6

km/s [Klingelhoefer et al2010]). The SW rupture on fault B propagates with 55% (50%~60%) of

the sheawave speed. The stress drop is the quantity least constrained by the current observations,
because of large uncertainties on the depth extent of the rupture. The overall mean stress drop can
be estimated a¥t 0 ¥ “w 0 [Leonard et al201qQ Given the seismic moment of = 1e22

Nm (USGS) and rupture length= 400 km (the combined length of faults A and B, where most of

the moment was released), the estimated stress d¥dp=i®.2 MPa if we assume the depth range

W= 60 km, twice theentroid depthPuputel et al2012]. If we assume the depth range of signif

cant slip isW = 30 km, half of the above estimate, the resulting stress drop is 8.8 MPa. However,
the stress drop can be highly spatially variable. On fault A it can be as$atde6 MPa given half

of the total moment is released there on a 100 km long rupture.

4.4.Model setup and assumptions

We develop a 2D dynamic rupture model of compressive branching during {Benoéitra eaht
guake. The model comprises afiaped faulsystem with an initial faulh and an orthogonal fault
b. The 2Dmodel plane represents a csesdion of tle crust at fixed depth. The npioint of faultb
is connected with one end of faaltBoth faults are 200 km long and embedded in a honeogen
redangular elastic space with absorbing boundaries. Both faults are optimally orienteespett r

to theregional stress (48 the maximumprincipal stress axis, based Delescluse et aR007).
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The dynamic rupture simulation is solved with the speattament code SEM2DPACK

(http://www.sourceforgaetprojectgsen?d/). The assumed density, P and S wave velocities are

3000 kg/m®, 8000 m/s and 4618 m/s, respectively.

The rupture iset to nucleate at the midpoint of faalt The fault is governed by the linear slip
weakening friction law. Based on an analytical solution for the dynamic Coulomb stress at the tip of
a propagating crackPpliakov et al.2002; Freund 1998], Meng Ampuero,Stock et al. (2012)

found that compressional branching is permitted only with low rupture speed and low fricfion coe
ficient. (We note that low friction, if accompanied by large cohesion, does not imply low absolute
strength.) To confirm this interpretati, we model four differenttsitations: 1: slow and pressure
insensitive (zero friction with cohesion and low rupture spegdlow and weakly pressusens

tive (low friction and low rupture spdg 3: fast and weakly pressusensitive (low friction ad

high rupture speed): slow and strongly pressusensitive (high friction and low rupture speed).
The pressure sensitivity is controlled by the friction coefficient. The slow rupture speed can result
from selfsimilar energy disgiation, for instanceue to noelastic offfault deformation Andrews

2005]. In an elastic model, this process can be mimicked byvekeningfriction by sdting a
noruniform critical slip distancéc that grows linearly away from the hypocenter. The rupture
speedV, is relted to other model parametgi&ndrews et al2005;Kikuchi et al 1975]

"Q YO

o O
w Yt

where Vg is the Rayleigh wave speeB,is shear modulud/tis the stress drop, is the normal
stressy' is the friction drop and® ¢ i§ the spatial gradient @fc. The stress drop is set to 13kl
the average of our high and low stress drop estimates. The sketch of each model is sigaven in fi

4.2 and the parameters are listed in talle In this study, we focus on the failure condition of fault
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bc (the compressional branch). Therefore, sifaedt bd (the dilatational branch) is alwaya-f

vored to break by the dynamic Coulomb stress, we lock thebi@uadt avoid triggering obc by bd
(figure C.1). We also locked the junction between faalEndb, since this particular pointwaays
has zeralynamic stress for perfectly orthogonal faults. In reality, a slightly oblique angle results in
nonzero dynamic stress at the junction. Finally, we lock the last 10 km o fdodte to the boudt

ary to avoid the artificial large slip and reflection phas

4.5.Results

The spatitemporal distributions of slip rate resulting from our simulations are shown in Eigure

In all the models, the rupture propagated bilaterally along &éaatid accelerateth steadystate
speeds. I n t hreall Buf naxero gradierd abe (medel 8)hthe supture reaches the
Rayleigh wave speed @ km/s). Theslip rate function shows crddte behaviour with peak value
closelyfollowing the leadingruptr € f r ont . | n casatheretatvdligrge grad t h e
ent of Dc creates selsimilar cracks witha large process zone, which broadens with rupturegprop
gation distance. In models 1, 2 and 4, the peak slip velocity, which we assattiatee high fe-
guency radiation imaged by our bgmlojection sudy, propagates at a significantly slow speed,
55% pecent of the shear wave speed2(5 km/s), similar to the observed value on fault B (Figure
4.1). In all the four models, the rupture reached the junction of faaltslb. However, the braine

ing behaiiors are rather different. Models 1 and 2 are set up with the same rupture speed and static
strength through cohesion or low friction (Figy8&-inset). Faultbc in Model 1 instantaneously
breaks when the rupture reaches the junction while the brarichiigdel 2 is delayed due tomo

zero compressional stress. On the other hand, Models 3 and 4 fail to brebk.fabk large peak

slip velocity due to either large rupture speed or large friction (and proportionally large friction
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drop) generates a lamgeompressional dynamic stress field that prohibits branching. These sim

lations demonstrate that low rupture speed and low apparent friction are prerequisites for dynamic
compressional branching. These results are stable within the range of uncertairggodrop and
rupture speed. A set of models with slower rupture speed \BP&md larger stress drop (17 Mpa)

observed on fault A are shown in FiguZe2.

Another factor that can potentially facilitate compressional branching is the poroelastidretiec

2D linear poroelastic medium, the effective normal stress

Wwp T o
o

where, is the normal stresg, is pore pressurg, and, are the stresses in the 2B ylane,

T is Poisson's ratio (set to 0.25) &k the Skenpton coefficient, defined as the ratio of porespre

sure changéo the mean stress change. The above analysis only provides necessary conditions on
friction and rupture speed to break faud but it does not explain why the preferred branching d
rection is toward the compressive sidéiesca et al(2008; Ma (2012 show that if the regional
maximum principal stress bisedhe fault plane x with a small angle (such as low angle thrust
faults),, is much larger than , the normal stress (~ ) is much smaller than the mean stress

(- +, )/2,and alarge Skempton coefficient results in high pore pressure larger than the normal
stress. Therefore the effectivermal stress change is negative and failure is promoted onrthe co
pressional side (Figure 4 in Viesca etZ8l09. However, in the case of the 8timatra eanguake,

the maximum principastress bisects the faults at®’4®elescluse etla2007] which mans,

~. ,therefore the mean stress is similar to the normal stress. The effective normatsmess r
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positive for reasonable values of the Skempton coeffi@enD.5. The poroelastic effechiits

the mean stress changesulomb stressnicreases on the compressional side and decreases on the
dilatational side) and equalizes the probability of branching on both sides, but it doasuapttie
compressional branch. The preferred compressional branching might involve geometricalicomplex
ties and heterogeneous stress distribution that cannot be resolved by current observatiores. Neverth
less, even moderate Skempton coefficie®s~(0.5) relax the requirements for compressional
branching by permitting positiveoulomb stress changes at larg@tion coefficients (Fjure 4.3).

In laboratory experiments, high Skempton coefficieBts () are observed at low effective canfi

ing stressiPaterson and Wong005]. Given that the strength drop (the product ofcéffe normal

stress and the statio dynamic friction coefficient drop) is greater than the stress btof,

Ytx p @ 0 tithe effective normal stregs is larger than 26 MPa even assuming a large friction
dropY* = 0.5. Based on thaboratory data summarized by Paterson and \W28@9, the core-

sponding Skempton coefficient is limitedBoO0.5.

4 .6.Discussion

We showed that compressional branching in almost orthogonal conjugate faults requires- low fri
tion coefficient and slow rupture speed, and is aided by the presence of fluids (poroelastic effect).
However, the origin of lowriction and the source of fluids remain to be identified. Ménguero
Stocket al. (2012) discussed a possible petrological origin of low friction based on serpentinization
in the Indan ocean lithospher®glescluse and Gimotiooke2007]. Serpentine is found to haae

low friction coefficient in laboratory experiment&gcartin et al.2001]. The dehydration embri
tlement of the serpentine minerals due to shear heating can provide fluids and a weakerang mech

nism at depthJung et al 2004]. The serpentine mineral atitje is stable up to ~72W and 2
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GPa Ulmer and Trommsdorff995], which corresponds to about 40 km depth in our context.

However, the serpginization reaction is possible only up to 4000 °C, which corresponds to

about 25 km deptiJelescluse an€€ChamotRooke2008]. The serpentinization might interact with
downward fault growth through multiple earthquake cycles. These earthquakes are furthér facilita
ed by sepentinization and also create channels for deeper infiltration of fluids. The fauihsgste
probably systematically activated by the megathrust earthquakes in the Sunda subduction zone,
such as the 2004 Sumatra event. The centroid depth of the earthquake is around 30 km, implying
that the rpture extends even deeper than 25 km, beyond tlkemmm depth where the serpeiitin

zation reation is possible. The ductile shear heating instabii¢men and Hirtt2007;McGuire

and Bepza 2012] operating between 40 and 60 km depth provides a weakening mechanism to e
plain the deeper slip. The gapween 25 and 40 km might be a frictionally stable region dragged
along by the shallower and/or deeper rupture. Hillers et al. (2006) showed that rupturessean pen

trate well beneath the nominal seismogenic layer into veletigyngthening regions.

Our stuly highlights that the connectivity of rupture across multiple fault segments is a key factor
of earthquake hazard. While the odds of a rupture involving multiple fault segments decreases
quickly with the number of segmentd/gsnousky et a2011], thesexdreme events often surprise

us in most unexpected ways and places and cause the most significant damage. More egforts on e
timating the possibility of earthquakes connecting segments are certainly needed in places like the
San Andreas and New Madrid fasijtstens. Finally, this work demonstrates the importance of ha

ing fine observations to constrain earthquake source dynamics studies. Particulaibypfetion

studies of recent large earthqaaldemonstrate that large seateays need to be maintath® im-

age future large earthquakes. The Earthscope Global Array of BaemablArrays (GABBA) inita-
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tive is one such effort to continue the source imaging capability beyond the end of the USArray

project.
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Figure4.1. Uncertainty of the bisecting angté the conjugate fault system (left) and the rupture
speed (right) inferred from teleseismic bgwkjection source imaging. Left: the dark grey
(mainshock) and light grey (M8.2 aftershock) circles indicate the positions efraglency radi-

tion imagedwith the Japanese Hiet network. Their size is scaled by the beamforming amplitude.
Black dots are the epicenters of the first day of aftershocks from the NEIC catalog. Thedlack re
tangles denotethe fault plane A, B and C of the M8.6 mainshock and faelt plane of the M8.2
aftershock. The dashed lines are the lifigdault planes of the M8.2 aftershock and the late-NW
ward rupture of the maihsck. The bisecting angle is 87°(84%~90based on one sigma variance

of each fault plane. Right: The higrequency radiators imaged with European (circles) ara Jap
nese (squares) networks as a function of distance along the rupture path (poskivard\dh
faults A and Qred), and SWward on fault B(blue)) and rupture time. The ratio of rupture speed to
shear wave speed (4.6 km/s) along the NW branch of fault A and SW branch of fault B is 29%
(25%~33%) and 55% (50%~60%), respectively.
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Figure4.2. Sketch of the simulation setup. The yellow, blue and grey lines denote the initial right
lateral faulta and the orthogonal branching fault segméatécompressional) anlod (dilatational).

The faults are embedded in a homogeneous elastic medium surrounded by absorbing boundaries.

The red star is the hypocenter.
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Figure4.3. Spatitemporal distribution foslip rate on the initial faula and branching fault

b for various models. a: slow and pressure insensitive, b: slow and weakly pressudre sens
tive, c: fast and weakly pressure sensitive, d: slow and strongly pressure sensitive. Insets in
bottom plots she the failure envelope in shear strendthvs. normal stressi) diagrams

of the four models with different friction coefficiemt cohesion C and rupture speed Vr.
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Figure 44. Maximum friction coefficient|f) that allows compressive branching (pesitdynanic
Coulomb stress change near the rupture tip), as a function of rupture speed (Vr) and folubsee va
of the Skempton coefficient B (see legend). The curves correspond to branching on amalrthog
fault, and the color bands encompass the randult orientations within the uncertaintyférred

from the backprojection results (Figure 1). This analysis is based on analytical solutions for the
dynamic stresses near a propagatinpture front (Poliakov et a2002). The numbers in circles
indicate the parameters settings of the dynamic rupture models (wit@)Bhown in Figuret.3,

which confirm these analytical arguments.



Model index |ps |Hg | C Ko ¥ VriVs | dU Dc 6
1 0 0 38 MPa | 250 MPa |38 MPa | 0.54 13 MPa | 2.2e3
2 02]01(0 250 MPa (38 MPa | 0.4 13 MPa | 2.2e3
3 0.2101(0 250 MPa |38 MPa |0.89 13 MPa | 6e4

4 06104 (0 250 MPa | 115 MPa | 0.54 15 MPa | 1.5e3

Table4.1. Parameters of the four models showfigure4.3
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Chapter 5

HIGH -RESOLUTION BACK -PROJECTION AT REGION AL DISTANCE:
APPLICATIO N TO THE HAITI M7.0 EARTHQUAKE AND COMPA RISONS

WITH FINITE SOURCE S TUDIES

Originally published ir.. Meng,J-P. Ampuero, A. Sladen and H. Rendon (20H2yh-resolution
backprojection at regionalistance: Aplication to the Haiti M7.0 earthquake armhparisons
with finite source studied. Geophys. Red.17, B04313

Note: the supplementary materials are included in Appdhdix

5.1.Abstract

A catastrophic Mw 7 earthquake ruptured on Janbiar010 on a complex fault system near Port
au-Prince,Haiti. Offshore rupture is suggested by aftershock locations and marine geophykics stu
ies but its extent remains difficult to define using geodetic and teleseismic observations. Here we
perform themultitaper MUSIC analysis, a higlesolution array techgue, at regional distance with
recordings from the Venezuela National Seismic Network to resolve high frequency (about 0.4 Hz)
aspects of the earthquake process. Our results indicate westward rupture with two subevents, roug
ly 35 km apart. In comparisoa,lower frequency finite source inversion, with fault geometry based
on new geologic and aftershock data, shows two slip patches with centroids 21 km @myzadniA

source time functions from USArray further constrain the intersubevent time delay nignglip-
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ture speed of 3.3 km/s. The tips of the slip zones coincide with subevents imaged -by back

projections. The different subevent locations found by Ipacjection and source inversiongsest

spatial complementarity between high and low frequenggceaadiation, consistent with higlefr

guency radiation originating from rupture arrest phases at the edges of main slip areas. The CMT
solution and a geodetamly inversion have similar moment, indicating most of the moment r
leased is captured by getideobservations, and no additional rupture is required beyond where it is
imaged in our preferred model. Our results demonstrate the contribution cprbgettions of e-

gional seismic array data for earthquakes down t& R especially when incomplet®verage of

seismic and geodetic data imply large uncertainties in source inversions.

5.2. Introduction

The M7 earthquake that hit Haiti in January 2010 was one of the most devastating natural disasters
of the last decades. The disproportionate damaggedaby this event and the prospect of future
hazards in the region have prompted efforts to better understand its rupture process and the tectonics
of the Northeast Caribbean, in particular the EnricillantainGarden Fault (EPGF) and thersu
rounding ault systemaNettlesandHjorleifsdottir (2010 found that a composite saarmodel with

a strikeslip sulevent bllowed by a smaller thrust sedent was consistent wittorig-period
teleseigic data. Using geodetic dat@alaisetal. (2010; Hashimotoetal. (2011) attributed the slip

to two asperities on a previously unmapped fault in the Leogane delta, north from the EPGF. Based
on the analysis of geodetic, geologic agléseismic observationdayesetal. (2010 also inferred

rupture primarily on the blind Leogane fault, with a minor contribution on the EPGF. One possible
uncertainty about this event is the extent of its ruptutberoffshore areas where it cannot be d

rectly constrained by eland geodetic data. In particular, this question became more okcarno
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after the identification of active offshore deformation by a marine geophysical survey and by the

refined location baftershocks derived from a combined temporary seismic netwo#kland and

21 ocean bottom stations (Ha@BS campaign)Nlercier de Léinay et al2011].

While finite fault inversions provide possible source models, they rely on a priori informiation a

the fault geometry, which is not readily available for the Haiti event due to the geological dgemplex
ty of the fault system and to the lack of surface ruptrerjticeetal. 201(Q and strong motioner-
cordings. In addition, the source inversion problem suffers fimited resolution of the spatim-

poral rupture process due to its low frequency band. Source imaging byprogdtion of body
waves recored by dense arrays allowackingthe areas of strongest high frequency radiation
[Ishii et al. 2005 Fletcheret al. 2006 Vallee et al. 200§. This technique constrains the spatio
temporal properties of the ruptuitength, direction, speed, segmentation) based solely on the phase
ofconeent sei smic array signals. Thus, it does
and fault geometry, on restrictive parameterizations of the rupture kinematics, ndditbonal
smoothing. The high frequency aspects of the rupture process imaged by arrpyofeation are
complementary to traditional finite source inversion models based on teleseismic and geodetic data,

which are instead sensitive to low frequenciastarthe static field.

Conventionally, baclprojection is applied to large seismic arrays at teleseismic distdeb®{

al. 2005 Menget al. 2011 or to small aperture strongotion arrays at local distanceSpudich

and Cranswick1984 Fletcheretal. 2006. Seismic arrays at regional distances can provide higher
aperture to distance matand thus higher resolutionallee et al. (2008 exploited surface waves
recorded by a regional array to study the 2001 Mw 7.8 Kunlun earthquake over a frequency band
(0.04 to 0.1 Hz) adequate tady very long ruptures, but too low to resolve smaller earthquakes. In

principle, higher frequency body waves carry higher resolution information. However, thexcomple
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ity of regional Pn waves has prevented seismologists from fully exploiting this phaseifce

imaging. Earthquake source studies using regional body wave phases have been mainly limited to
inferring macroscopic source properties from recordings at distances up tchanféred kilone-
ters[Zhuand Helmberger1996 Mendoza2005 Weietal. 2009. Guilbertetal. (2005 imaged the

rupture propagation of a very large event, the 2004 Mw 9.0 Sumatra earthquake, byarray pr
cessing of body waves reded by the CMARseismic array at regional distze. Here, we further

show that the relatively sustained character of the Pn phase enables the application of bigh resol
tion array processing technigues on moderate earthquaké<’ b provide complementary 1o

straints on rupture length and locatiofisigh-frequency source radiation. This capability can-co

tribute to rapid hazard and damage assessment for future earthquakes in the Caribbean region.

The rest of this article is organized as follows. In section 2 we describe the data recorded-by Ven
zuda National Seismic Network and argue for the need of high resolution regional array analysis. In
section 3 we present a high resolution array source imaging technique adapted to earthgyuakes re
orded at regional distance and guantify the resolution detfmigue through extensive synthetic

tests. In section 4 we present our results of source imaging of the Haiti earthquake by regional array
analysis. In section 5 we integrate these results with independent analysis of apparent source time
functions basedn USArray data and an improved finite fault model based on teleseismicand ge
detic data. In section 6 we disculke tupture speed, the frequestigpendent source properties, the
possibility of offshore coseismic rupture and the potential contribufioagional arrays to edrt

guakestudies.

5.3. VNSN data, preprocessing and selection
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Our array baclprojection study of the 2010 Haiti event is based on data recorded at regsenal di

tance by the Venezuela National Seismic Network (VNSKNg YNSN is compsed of 22 broa
band stations, oriented mainly E&gest,and locatedpproximately 9.5rom Haiti in the perpe-
dicular direction to the EPGF strike (F§1). The VNSN has a suitable geometrical configan

and location to study large earthquake reggun the Caribbean region.

Array processing at regional distance aims at estimating the azimuth of arrival and relative timing of
the seismic phases radiated from the strongest subevents of the earthquake. The study of the 2010
Haiti earthquake remainshallenging because of its compact source size, shorter than 46-km a
cording to previous studie€glaisetal. 201Q Hayesetal. 2010. The resolution length scale along

the fault that can be achieved with the standard beamforming techniques is evaluated by the array
response functiorjostand Thomas2003. Figure5.2 shows the array response of the VNSN and

the USArray, the nearest array at teleseismic distance. The array responses-prejdxek into

the hypocentral regiorf ehe 2010 Haiti earthquake based on P travel times caahiy the TadP

toolkit and the IASP91 modeShoke2009]. The array response of VNSN is not isotropic. It has

low resolution along the range direction (the souioearray direction) but adegte crossrange
resolution (suparallel to the fault strike in this case). In regional array processing, the range resol
tion is considerably poorer than the cromsge resolution, due to the small variability of thevslo

ness of Pn waves as a function of epical distance. Hence, we compute the maximum of the array
analysis result along lines parallel to the major axis of the array response pattern. Then these max
ma are mapped onto the fault trace ptatted as a function of alorgirike position. The alan

strike resolution length achieved by the USArray is approximately twice of that of the VNSN due to
its more distant location and its more unfavorable orientation with respect to the fault strike. We
note that the array response provides an ideal estirhtite array resolution. In practice, okgion

is further affected by waveform incoherence and interference, as discussed through synthetic tests in
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section 3.2. Thus, to achieve adequate imaging of the Haiti earthquake therdjacton e-

guires datdrom an array at regional distance. Moreover, since previous stutiigeq et al2010;
Calais et al 201Q indicate that the rupture length of the Haiti earthquake is as compact as 40 km,
the andysis requires an array processing technique that caevachigher resolign than standard

beanforming.

The Pn waveforms recorded by the VNSN are filtered between 0.2 and 0.7 Hz. The low frequency
cutoff is dictated by a timfrequency tradeff (see section 3.1). The high frequency cutoffaes d
termined by tb coherency of the array data, which is ultimately determined by the spacing between
stations. The dominant frequency of the Pn waves is about 0.4 Hz. We align the wawveftais

first arrival by multchannel alignmentMandecarand Crosson199Q based on crossorrelation of

10 seconds long windows containing the first Pn arrivals. This procedure reduces the effect of tra

el- time errors due to uncertainties in the edlpstructure e.g.,Ishii etal. (2005.

Array processing techniques assume coherent signals across the array. We select a subaet of 13 st
tions with adequ& waveform coherency by inspecting the array data coherence matrix. This matrix
is made of the coherence between all pairs of stations computed during thehamuiiel alignment
procedure. The indices of the matrix are reordered to group together thenaioally coherent
stations (Fig. 53). We found a modified -kearest neighbors clustering algorithm
(www.eigenvector.com/MATLAB/Mac_Mfiles/corrmap.m) to be adequate for this purpose. After
inspection of the reordered matrix we select a subset of 18nst#tiat consistently have correlation

coeffidents larger than 0.8 (Fig.3).
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54. High ResolutionM ulti taper/MUSIC Technigue for Regional Arrays

54.1. Outline of theM ethod andParameter Settings

Here, we apply at regional distance a higbolutionarray analysis technigue originally developed

for a teleseismic array studylengetal. 2011. The method combines the Multiple Signal Classif
cation (MUSIQ array processing techniquedhmidt1986 Goldsteinand Archuletal991 Guilbert

etal. 2009 with multitaper crosspectrum estimationThomsornl983. MUSIC was dsigned for

high resolution direction of arrival estimation of long and stationary sigiais [and Viberg

1994. The Pn phase is relatively stationary. The ntalber method yields a robustiesate of the

data coherence matrix on relatively short time window and thus impsmraBcantly the temporal
resolution of MUSIC. Here we only describe the choice of processing parameters for this particular

study. More details alob the method are describedMgngetal. (20117).

Number of Tapers in Crosipectrum Etimation

The multitaper techniqueThomsonl198 averages multiple, almost independent cysectral
estimates obtained after tapering the data kgquence of orthogonal functions with optimed-te
poral and spectral concentration. These Slepian tapers are the set of functions of finite temporal d
ration T with maximum energy within the band of frequencies lower than the bandwidth W. Given
a time wndow duration T and a frequency bandwidth W, the proper number of taperdis 2V

- 1. As a compromise between useful averaging (largeW) and adequate temporal resolution

(short T) we use here 3 tapers, whiciplies Tx W=2.

Length ofAnalysis Vihdow
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The MUSIC method requires narrow band estimates of -sppsstrum, i.e.the bandwidth W

(the frequency smearing of the spectral estimator) has to be small compared to any frequency of
anaysis, W<<f. This implies a tradeff between temporal resalon and fequency localization: T
x f >>2 for 3 tapers. As a compromise here we se30 s, which sasfies T x f >6 for frequencies

higher than 0.2 Hz. At the domi wbhal2. frequency

Number ofrincipal Eigenvalues

In MUSIC the signal subspace is defined as the subspace spanned by the distinctly largelst eigenva
ues of the data covariance matrix. Its complement defines the noise subspace. For stgtiaigry si

the dimension N of the signal subspace is equal tauhwer of signal sources contributing to the
data time window. In the case of transient seismic signals analyzed with relatively shortrtime wi
dows, each covariance matrix estimated with a sepai@ge tends to have only one mero eige-

value and the asciated eigenvectors tend to be independent. Hence, the rank of the covariance
matrix obtained by linear combination of the multiple taper estimates tends to be equal fa-the nu
ber of tapers. In particular, the number of significant eigenvalues is athrestwhen using three
tapers. Figh.4 shows results of the MUSIC analysis of the 2010 Haiti earthquake at 0.4 Hz, the
dominant frequency of the seismograms, with N rajffiom 1 to 4. The MUSIC pseusioectrum,

a measure of the orthogonality betweendh®ay steering vectorssociated to a candidateusoe
location and the noise subspace (for detaildvtarg et al. 2011), is plotted as a function of along

strike position with respect to the hypocenter and as a function of end time of the sligiog/svi

The MUSIC pseudspectrum is normalized by its maximum in each time window. Itsiaudpl
depends on signal power, coherence and interference but it daeently represent any physical
guantity. Nevertheless, ttsharp peaks of the MUSIC pseggectrum indicate the location ofjsi

nal sources. In the MUSIC analysis of the Haiti earthquake, two main subevents (black dots in Fig.
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5.4Db) are visible and the@stimated locations are independent of the choice of Wekdr, when

N is too small (N=1) the analysis fails to resolve two simultaneous sources. It only indicates the
strongest source in each time window. The results with N=2 or 3 show stable feftineasmure
process including simultaneous multiple sources. When N is larger than thermpfrmoizero &
genvalues (e.gN=4), the signal subspace is contaminated by noise and the resultigg is not
stable. While the spatial location of the sulmgses independent of the choice of N, their estimated
timing is not. Because we have not developed yet a completestarténg of the effect of N on

the timing of subevents, an objective rationale for the choice of N is not available at this time. Here
we choose N=2 because it yields the most clear image of the westward rupture front andthe resul
ing rupture speed is within the usual range, consistent witdpémdlent observations available for

this earthquake, as described in later sections. We natevln that the temporal details of the
back projection images, which depend on N, are not used as additional constraints to infer the ru
ture speed of this earthquake. Because ofitinmalization, the MUSIC pseusieectrum in Fig5.4

persists for a longme and reflects the sustained Pn phaseer than the source duration.

54.2. ResolutionTests

SyntheticTest for an Ideally Coherent Linearray

Fig. 55 compares the resolution of four techniques on synthetic transient signals: and MUSIC,
beamforming, cubic root stacking (a popular modification of beamforming, Rast and Thomas
2002, andcorrelation stacking. In correlation stacking the normalized -@ogslation coefficients

are beamformed instead of the waveforFistcheretal. 2009 to improve robustness againsttsca
tering, multipathing and contamination by coda waBxdeaet al. 2003. The color scale in the
images by correlation stacking and cubic root stacking indicate beamformedamesstion cok

ficients and beamformed cubic root of the signal amplitude, respectively, evaluatedy@eadte
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over a sliding time window of duration 30 s. The resolution of a method is defined abtitg@bi

separate closely spaced sources. We consider two identical Pn plane waves with dominant freque
cy of 0.3 Hz impinging simultaneously but with diffat azimuth on a linear array of 2Insers
regularly spaced at half wavelength. Gaussian white noise is added with a signal to noise ratio of 10
dB. The results as a function of the relative azimuth between the two waves5Fahow that, the
minimum azimuthal separation resolvable by MUSIC, beamforming, cubic root stackingaeorrel
tion stacking and is approximately 3, 8, a8d 8 degrees, respectively. This shows that, under pe

fect waveform coherency, the azimuthal ragoh, and hence the spatiasolution in the cross

range direction, achieved by our multitaper MUSIC method outperforms the othedmbthat

least a factor of two.

Synthetic €st for the VNSNMrray Geometry

Fig. 5.6 shows further synthetic tests to understand the performanceotemtigd bias of the back
projection of the Haiti earthquake source using the VNSN data. We compute full wave riield sy
thetics (Fig.D.1) using the SPECFEM3D packadedmpetal. 2009 with the 3D crustal velocity
model Crust2.0Bassinet al. 200Q. Our simulations are accurate up to 0.33 Hz. Given therunce
tainties in the velocity model, generating higher frequency synthetics is not warranted. |hgpired
the final result of the baglrojection, we test scenarios with a source containing two asperities. The
first one is located at the hypocenter of the Haitiheprake. The second one is located westward
along the hypothetical Leogane fault tratayeset al. 201J. We consider either the same slip
amplitude for bdt subevents or a 2:1 ratio based on the source time functions estimated at the
USArray (seesection 5.1). We explore ingrbevent distances up to k@, with rupture time e-

lays consistent with a rupture speed of 3 km/s. For both asperities we assureepspoameters

from the CMT solution (focal mechanism 251/70/28, strike/dip/rake, and centroid depth 12 km) and
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a Brune source time function with duration of 3 seconds. InS6gthe left two columns show

examples of cubic root stacking, coatsdn sta&ing and MUSIC pseudpectra. These quantities
are backprojected onto the source area based on P travel times computed by-fhéodlit and

the IASP91 model§noke2009].

We found that all the baghrojection methods are modulated by interferencesdxst subevents.

This introduces an amplitude and location fluctuation that depends periodically on the product of
intersubevent time delay and frequency of analysis. At some distance, the second subevent is reco
ered well, but not at some other distandegicted as multiple horizontal bars in right twéucons

of Figure5.6. Fig.5.7 shows two examples of interference in the cubic root stackingsaat 0.3

Hz, with sources separated by 15 and 40 km respectively. The time delay between the was/e arrival
from the two asperities varies across the array. Destructive interference ocaiisnst where the
waves from the two asperities are out of phase with respect to the dominant period (the seism
grams of some stations are deficient in low frequenoi€sg.5.7). This interference results in-i

correct imaging of two sources (left columns in Big). This issue might be less severe in practice,
since the synthetics are computed from two point sources. In reality, the broadmjictigeduces

the smultaneous destructive interference.

As expected from the resolution test, MUSIC achieves a smaller resolvable distance than the other
two techniques. This difference is particularly prominent when we set a more realistic 2:1 amplitude
ratio for the two surces. The left two columns in Figus& show the two snapshots taken at 30 s

long time windows ending at t=15 s and t=30 s when d=30 km. At t=30 s, the window includes the
simultaneous signals from botivents. While the MUSIC pseusfzectrum clearly ges two peaks

in the second snapshot, the other two techniques fail to resolve them. Note that the abs@lute ampl

tude of the MUSIC pseudspectrum, which is modulated by interference patterns, does not directly
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represent the signal power and is not usethénanalysis. The resolution limit for MUSIC in

these synthetic tests is approximately 25 km (the distance beyond which we can separate two
sources) with an unceitdy of about 5 km for each ssburce. Because the interference effect is

less prormment inactual data since they are generated by distributed sources instead of point
sources, we asider 25 km and Em are safe estimates of the resolution limit and the relatige loc

tion uncetainty in our analysis.

55. Results ofArray Analysis of the D10 Hati Earthquake at RegionalDistance

We first illustrate the accuracy of our method by an analysis of the largest aftershock, a E-5.9 (N
IC) earthquake on January,2010 (waveform shown in Fi§.8). The backprojection of the NU-

SIC pseudspectrum into th source region is shown in map view in Ega and.8b for two wi-

dows ending at t=15 s and 30 s after the first arrival, respectively. The warmest color indicates the
location of the source of the waves arriving at the VNSN within these time winAsvesplained

in section 2, the baghrojected contours are very elongated in the seam@gy direction. Our aha

ysis provides accurate source location only in the perpendicular direction, whichpiaraliél to

the EPGF strike. We hence extrted maximum of the MUSIC pseudpectrum along lines pdra

lel to the sourcarray direction, then project these maxima onto the EPGF trace. Note thét this a
tershock has a slightly different strike 2903 than the EPGF (N255Y but this difference is minor

for this magnitude. Figh.8c shows this quantity as a function of epicentral distance along the EPGF
strike and of final time of the sliding window. This result indicates that the aftershock is properly
imaged as a compact source of 5 km size near its hypocéhig distance could either be the d
mension of the sourc&\fellsand Coppersmithl994, or the spatial uncertainty of the sourcealoc

tion. In either case, it suggestsld spatial smearing in our analysis at the 5km scale angms

imaging of the mainshock, which is possibly composed of multiple subevents.
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Fig. 5.9 shows the results of our application of MUSIC to the VNSN recordings of the 2010 Haiti

mainshock. We lao applied two other popular array techniques, etdmt stack and correlation

stack with the same stations set and frequency band, shown iB.&gands.9b respectively. At

hough all these array analysis techniques unambiguously indicate two prosubevents, our
multitaperMUSIC algorithm provides the images with the sharpest contrast between thentsibe

and the adjacent areas, as expected from our synthetic tests. Note that the peak locations of the
MUSIC imaging are off the fault trace, teetsouth, due to limited resolution along the sotsicey
direction at regional distance, which highlights the importance in regional array processing-of a pr
jection along the sourege-array direction onto the fault trace. The first subevent is locagaa

imately 5.4 km east from the hypocenter. This distance is obtained by fitting a constant location to
the peak location of the first event measured after the estimated location is stab#izédsftand

before the second subvevent becomes dominan2{ s). The second subevent is approximately
35.7 km further west (30.3 km west from the hypocenter) based on the peak locations of the second
suvevent measured after 27s. This complexity is absent in the results of our analysis of the M5.9
aftershak (Fig.5.8) and hence is not due to path effects or other phases. The temporal evolution is
better imaged by array processing at the peak frequency (0.4 Hz). l4Hig.bilateral propaay

tion is observed starting around 110 s, when the last 10 s thfe 30 s window contain the signal.

The eastward front runs for about 10 km in about 3 s. The westwatdsfiows a weaker MUSIC
pseudspectra but its propagation can be consistently tracked over a distance of ~35 km and a dur
tion of about 10 s (until & 20 s). The rupture speed of both fronts is simaiad consistent with

usual subhear rupture speeds, given the shear wave speed of 3.65 km/s at 10 km depth in the Haiti
region Bassinetal. 200J. These estimated subevent locations are consistent with the arngy anal

sis at the peak frequency of 0.4 Hz (Figt4), although for the sake of robustness, the average

over frequency band 0:20.7 Hz (Figureb.9) is presented as our main result. The observed features
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are also compatible with the USArray source time functions and finite fault invedesasbed

in the next section.

5.6. Comparison tol ndependentObservations

Our study is the first example ddithquake source imaging at regional distance with Pn waves for
earthquakes of magnitude as low as 7. To build confidence in our results, we compare them here to
other available observations. The complementarity between the different source analyisjsgec

provides an integrated view of the 2010tHzarthquake rupture process.

5.6.1. SourceTime Functions at USArray

The temporal separation between the two asperities is independently estimated from apparent
source time functions obtained through decanl ut i on of tel esei smic dat
functions (Fig.5.10) [Chu et al. 2009. We selected USArray stations with epicentral distances

greater thn 30 degrees to avoid complexities of the P waveform due to triplication in the upper
mant | e. We computed synthetic Gr eehdinsberdgerunct i ot
1983, the IASPEI91 1D global velocity moddk¢nnettand Engdahl199] with the upper 30 km

adjusted to a 4ayer Haiti regional crust modeBgssinet al. 2000 and the CMT solution

(www. gl obal cmt . or g) . The vertical component P
filtered from 0.01 to 1Hz and deconvolved in the time domain with the iterative technifileuof

chi andKanamori(1982 and with the nonnegative leasjuares algorithm_pwson and Hason

1974]. Both deconvolution technigues yield consistent results. To estimate the tesapagtion

between the subevents and its uncertainty, we considered 1000 stacks of rasiécisly subsets

containing 90% of the USArray stations. We measured the delay between the tweept@eaks
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in the stacked apparent source time functions. Wg&/@ 5 s range when estitiigg the timing

of the second peak. Although some of the individual curves are noisy and bumpy,ttheyboed

stacked curve is smooth and robust. The estimated delays have a Gaussian distribution with mean
t,=5 s and standakviation 0.02 s (Fid.10). We associate theggth the two subeents found by

our array analysis. The deconvolution analysis also indicates that the second subevent accounts for
approximately one third of the total moment release, consistent withultiplenCMT solution of
NettlesandHjorleifsdottir (2010. Their analysis also indicates that the second subevent has a thrust
mechanism, in contrast to the near stsl mechanism of the first subevent. Netieless, at the
azimuth of the USArray both mechanisms produce similar amplitudes and our choice to use the

CMT solution to gener atiarodude asig@ificenebiad s f uncti ons

5.6.2. Improved Finite Fault M odel

To evaluate how the results of the backjection and USArray analysis of the source time function
relate to other data sets and integrate in the global description of the rupture, we perform a joint

source inversion based on teleseismidyb@aves and the various geodetic data available.

As detailed in previous studie€dlais et al. 201Q Hayeset al. 201Q Hashimotoet al. 2011]], the
campaign GPS measurements and INSAR data provide a very good emfetfag Leogane delta

where the rupture started and indicate that the deformation in this area is best explained by a fault
segment dipping NNW. In agreement with those studies, we choose a fault striké ah@z4dip

angle of 5b. This orientation of the fault plane is also compatible with the alignment of aftershocks
along a N7b azimuth Mercier de Léinay et al. 2011. InSAR fringes (ALOS ascending track

137) and field measurements of the coastal vertical uplift in the area near the town of Petit Goave
[Hayeset al. 201Q suggest the earthquake also extended west and offshore of the Leogane delta.

This hypothesis is supported by the aftershock catalog obtained from th®BSitiocal network
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of terrestrial and ocedrottom seismistations Mercier de Léinay etal. 2011]. In contrast with

previous models, we do not cover thissbffre area by simply extending the preferred Leogane
fault geometry (i.e.dipping NNW) to the west, but refine the model with a distinct second fault
segment dipping 45t0 the NNE (strike N275. This NNW to NNE rotation in the fault strike is
supported by the moment tensors of the aftershdd&tigsand Hjorleifsdottir 201J and by tke
identification of bathymetric features with a similar orientation, such as the Trois Baies fault and the

Transhaitian beltNlercier deLéinay etal. 2011].

The location of the NEIC epicenter is incompatible with our first fault segment as it would imply a
very superficial rupture initiation (~2 km), and would not be compatible irstefrdepth the Ne-

IC depth is fixed to 13 km by their location program. Moving the hypocenter in the northeast dire
tion, as suggested by the higher resolution HRRBE aftershocks catalog (when compared to the
NEIC catalog) Mercier de Léinay et al2011], brings the rupre initiation closer to the zone of
high slip, as we would expect from the hapicked P wave onset and assuming a standard rupture
velocity (~ 3 km/s) at initiation (FigD.2). Note that gsing the hypocenter located Mercier de
Léinay et al (2011) (72.499 W, 18.517 N, 12km deep) does not affect the array analysis other

than by shifting the MUSIC subevents locations by a similar amount.

The finite fault inversion is based on a Moftlarlo type algorithmJi et al. 2003 and uses
teleseismic data (21 P waves and 13 SH waves fasslfiltered between 2 and 100 s), campaign
GPS (data processing detailedGalaiset al. 2010 and four INSAR images (data selentand po-
cessing detailed iHayesetal. 2010. We dlow the rupture speed to vary from 3.0 to 3.6 km/s, that

is +/0.3 km/s around the rupture velocity inferred from the USArray analysis. We do not apply any

minimization criteria on the seismic moment.
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We obtain a slip model composed of two high slip pedcla first one centered on the epicenter

and a second one with peak slip amplitude 21 km further west, starting 6 s after the onset of rupture
(Fig. 5.11). The data migfin our updated model (TablB.1) is comparable to previous studies
[Calais et al. 201Q Hayeset al. 201Q Hashimotoet al. 2017. While the fit of the INSAR data is
excellent (FigD.3 andD.4), the fit of the GPS data is of moderate quality 8d.): this is mainly

due to the large misfit at ska DFRT which, despite having one of the largest measured displac
ments (0.7 m measured in the center of the deformation area), cannot be adjusted eithethin a

or amplitude. At the location of station DFRT, ascending and descending INSAR tracke are t
decorrelated to do a comparison of the 3D displacement. However, the smooth 3D pattern of d
formation inferred from INSAR in the surrounding arddayles et al2011] suggests that motion at
DFRT is indeed affeted by localized deformatio@alas et al (2010 who also used INSAR and
GPS data could not fit properly station DRFT. The vertical deformation along the coast was mea
ured using coral dataHpyes et al2010]. Since most of those measurements are within the area
where INSAR coverage allowmeto estimate the vertical motion (overlap of ascending a&nd d
scending tracks) we did not include them in the inversion and only made sure that they are compat
ble a posteriori The compatibility is verified for all points (inset in Figl1) except one sgience
measurement west ofdtsurveyed area and the east@st point. In the case of the subsidence
point, the fact that this point moves down when the surrounding points move up suggestgpthat it re
resents a local effect, perhaps a local slumplaino what is described by McHugh et é2011)

and Mercier de Lépinay et a[201]) in the offshore survey of this area. The easternmost surveyed
point (inset in Fig.5.11) is inconsistent with the INSAR data (Fig. 2 in Hayes.&0dl0) and thee-

fore canno be fit properly. We note however that this area corresponds to tleeneasd of the
rupture where the uplift pattern decrease rapidly to zero (from +3@rnoifl less than Em, Fig.

D.5) and never goes belos0 cm. Thus, the predicted surface defation is consistent with the
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observation of no vertical motion east of the rupture (Q@em of subsidence is within the error

bar of the coral measurements).

Slip reaches a maximum of 10 meters (Bid) at the center of the first patch (7 m for $eeond

patch) which concentrateéso thirdsof the total moment (& 10™° Nm for the first patch, 1.5

10" Nm for the second). This result is similar to our analysis of the USArray data. In term of bulk
parameters, we also find that the moment teokour solution (Fig5.11) and its seismic moment

(4.5 x 10"°N.m) are similar to the CMT analysibléttles and Hjorleifsdotti2010]. The telessi

mic data bound the duration of the source time function to less than 15 s and indicate that the first
patd of slip was more impulsive than the second and smaller slip episode. The oblique rake along
the rupture is consistent with the transcompressional regime in this rétgocidr de lepnay et

al. 2011] but does natupport the hypothesis of a fully pddited fault system where the EPGF

would absorb the entire stritelip componentixonetal. 1998 Calaisetal. 2003.

5.7. Discussion

5.7.1. TheRupture Speed

The rupture speed can be reliably constrained by the apparent subevent delays@td by the
spatial subevent separation of 21 km between the tweveuats centroids provided by our geodetic
only slip inversion in FigD.7. Considering a kiteral rupture, the real ingrbevent time delay is
6O o AT & 0 7& whereis the angle between the fault strike and the seameg
direction (40°), c is the apparent-Wave speed (12 km/s at epicentral distance ofedfeds), L,
and L are the distances of the centroid of the wastiand eastward subevents, respely (L., =

21 km and k = 0 km). This yields a true inmubevent time of 6.3 seconds. Theplied rupture

speed, & km/s, is within the usual sshear range. For reference the shear wave speed is 3.65 km/s
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at 10 km dpth in the Haiti regionBassinet al. 200Q. Although our regional array back

projection analysis currently has large uncertainties on the rupture timmgdésgon 3.1), our
backprojection result at the dominant frequency, 0.4 Hz (5ib), is consistent with this bu

shear rupture speed.

5.7.2. SpatialComplementarity BetweenHigh and L ow frequency Source Properties

The primary results from the arrayalysis, the finite fault inversion and the source time function
analysis suggest that the rupture propagates bilaterally with primary westward rupture and minor
eastward component, breaking two main slip patches. In the finite fault inversion, dorbiyated
frequencies lower than 0.2 Hz, the first asperity is located near the epicenter and the med®nd o

21 km west and contribig@ne third of the total seismic moment. On the other hand, the higher
frequency radiators imaged by the array analysis{2Hz) suggest a distance of 35 km between

the two asperities.

Since the bek-projection provides subevelaications relative to the hypocenter, the choice 6f ep
center is essential in interpreting the result of the array processing. Assuming the egiicamtzy

NEIC, the subevent locations are consistent with the spatial pattern of the aftershocks (BEIC cat
log), which cluster into two groups. The eastern group is close to the mainshock epicenter and the
second group is located 30 to 40 km west. If asume the NEIC hypocenter, the western subevent

is well beyond the high slip patches derived from the finite fault model, implying possiblerslip fu
ther west offshore, unconstrained by geodesy. However, #dikeetihe hypocenter adjusted Mgr-

cier de Léinay et al.(201]) using local data instead of the NEIC location, the two HF\aiiie

coincide with the terminal edges of the large slip areas. If we use the original NEk&htgy, the
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difference of the HF event and the peak slip zone is less obviotiefeastern asperity but still

holds for the western asperity. This type of spatial complementarity between high and low-freque
cy source properties was inferred for several other earthquakes, including the 1989 Loma Prieta
earthquake, the 1993 Kushi@ki earthquake Nlakahara200g9 and the 2011 TohokOki earh-

guake [de etal. 2011 Menget al. 20121, Simonset al. 2011. This complementarity can be inte

preted as high frequency radiatigenerated by the stopping phases, associated with abptyperu

speed reduction at the edge of the slip area. This mechanism dfdgjgbency radiation was first
described in circular crack modelddariagal977 1983 and was explained for general rupture

front geometries through isochrone theoBefnard and Madariaga 1984 Spudichand Fra-
zer,1984. This interpretation is also consistent with the aftershock locations clustering at the r
gions of stress concentration at the edges of
interpretatio is plausible for this particular earthquake, the generalization to other earthquakes is
not warranted. Regardless of the mechanical origin of the high frequency radiation, the baek proje
tion analysis indicates its location. This is of practical impoddior earthquake damage asses

ment. Note that the high frequency radiation is absent at the western end of the first aspssity, impl

ing a smoother stopping or rupture transition without stappetween the two asperities.

5.7.3. Extent of theOffshore Rupture

One aspect of the 2010 Haiti earthqutia still remains to be elucidated is the extent to which the
rupture propagated offshore. Previous studies did infer offshore faultalgi$ et al.2010;Hayes

et al.2010;Hashimoto et al2011;Mercier deLéinay et al 2011] but these models did nate all
thecurrentlyavailable data sets to constrain the slip extent and/or the fault geometry onto which slip
should be projected. Taking into account all these data, we investigate the possibility thyat the

ture extended further offshore than previously thought. In particular, observations ifisti@reof
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region are suggestive of rupture extending further west than previously published source models.

Marine seismic reflection profiles indicate the exiseenf a large scale active anticline associated
with the Trois Baies fault and the Transhaitian bdkicier deLéinay etal. 2017. The aftershock
locations derived from the Hai®BS campaign are offset by about 20 km NEtiret to the NEIC
catalog locationsMlercier de Lépinay et al. 20117, implying that the western aftershock cluster is
not onland but offshore. The Ha@iBS catalog also confirms the existence of a cluster af afte
shocks more thanO3km west of the epicenter, -P0 km beyond the western end okeisnic slip

of previous source models.

While thereareno direct offshore geodetic measurements to constrain the western end @f the ru
ture, INSAR and GPS data cannot be properly expldigeohland faultingalone.The displae-

ment vector ofGPS station LEOG strongly points offshore and west of the Leogane delta (Fig.
5.11) despite the existence of an asperity east of that point (this asperity is directly visibleein the d
scending INSAR tiek 447). The dense INSAR fgas of acending track 137 (FI9.4) surround the

coastline pointing to defmation in the center of the bay.

In our kinematic source inversion based on teleseismic and geodetic data, slip is allowed to spread
over more than 3 km west of the hypocenter (= maximum source duration x maximum rupture
speed = 15 x3 km). However, in the resulting model the slip remains confined to less than 22 km
west of the epicenter. We obtained a similar slip distribution in a finite faulsionebased only on

the staticdata sets, INSAR and GPS (Hy7 andD.8) without constraint on the seismic moment,

with camparable fit to the data (Fif2.9 andD.10) and with a seismic moment (5<0L0"*° Nm)

very close to the CMT solution (4 10"

Nm). Moreover, the INSAR fringes along the coast
(tracks A138a and A447d in Fi§.10) tend to rotate slightly perpendiculartbe western end of

our slip model, which suggests that there are no regions with larger slip further west.
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In summary, severarguments indicate that our preferred slip model did not miss any significant

offshore deformation to the west. This result is consistent with the previously published models
even though those models relied on different fault geometries. The spatiaiosasaflaur egional
backprojection is too coarse in the soutoearray direction (NNWSSE) to provide an indepan

ent constrain on the distance between the coast and the seccfrédnigimcy source. heever, the
position of this second source alothg cossrange direction (syjarallel to the EPGF strike) is

well constrained and is shown here to be consistent with the western end of offshore slip inferred
from static deformation. This supports the idea that4pacjection source imaging can identifiet

end tips of a rupture

5.7.4. Advantage ofRegional Array Back Projection for Earthquake Source Studies

Our study of the 2010 Haiti earthquake demonstrates thatdajglction of Pwaves recorded at
regional distances can reveal the location of highuiaqy source radiation thiztnot resolvable

by finite source inversions at teleseismic distance, which are now common practice. Thisazew cap
bility, improved by our analysis procedure combining multitaper and MUSIC techniques, adlows

to study the rupire of earthquakes with magnitude as low as 7 providing reliable spaisaiatots.

The approach requires that the approximate strike of the fault is known, but thisaitdm can

usually be reliably extracted from the focal mechanism of the evert.ifpiies that regional
backprojection will be critical in the study of earthquakes when geodetic coveragenspalete or

local seismic networks are lacking, for instance in subduction zones. Moreover, the procedure can
be automated for rapid, possilblgattime, earthquake analysis, combining the fault strikerinfo
mation from fast moment tensor inversions. In that sense, the VNSN alone has a great potential for
the analysis of earthquake hazard for the whole Caribegh America plate boundary. Thagh

frequency aspects of the source process derived from arrayptmektion are particularly useful to
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estimate potential damage in regions where the vulnerable components of the building stock are

dominated by low rise (short period) buildings. In arenglobal perspective, the statistical analysis
of the last 120 years of earthquakes demonsttiase most of the devastating earthquakes occur in
continental interiors on previously unmapped faulisdglandand Jackson2011. Thus, with the
ongoing development of regional seismic networks, many of those dagstrthquakes will still
happen at regional distance from networks, and require the resolvivey b regional back

projection.

5.8 Conclusions

In this study, we developed a bgmlojection source imaging technique for body waves recorded by
seismic arrays at regional distances (Pn waves). The technique combines the Multiple Ssurce Cla
sification (MUSIC) method #h multitaper crosspectral estimation to achieve sharper source i

aging than existing methods. This technique allowed us to extract key aspects of the roggsse pr

of the 2010 Haiti earthquake from recordings by the Venezuela National Seismic N&NEIK).

In particular, it provides the locations of high frequency source radiation. When integrated with i
dependent studies based on teleseismic and geodetic data of this earthquake, our icelts ind
bilateral rupture at subshear speed, with a nhoradper rupture segment toward thest. Prorment

high frequency radiation originates from rupture arrest phases at the tip of the main slip aieas. Add
tional rupture offshore is not supported by our analysis. Our results demonstrate how regional array
studies can contribute to the characterization of seismic sources in the Caribbean regiat and els
where, particularly in offshore regions where local seismic network or geodetic data coverage are

not available, with potential application for rapid earthquakponse.
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Figure 5.1. Haiti earthquake recorded by the Venezuela National Seismic NetWaeektriangles

denote the 22 broadband stations of the VNSN that recorded the 2010 Haiti earthquake. &he 13 st
tions shown in green were selected for our analy@é®d on their mutual coherency and signal to

noise ratio. The red star indicates the epicenter (NEIC) of the Haiti event. The inset shows vertical
component seismograms filtered from 0.2 to 0.7 Hz, aligned on their first P arrival and normalized

by the sandard deviation of their first 10 seconds.
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Figure5.2. Array response patternsf the VNSN (left) and USArray (right) bagkojected into the

Haiti source region plotted in map view. The color scale indicates the power of the array response,
normalzed by its peak value. This normalized color scale is used in all back projection images
throughout the paper. The yellow line denotes the trace of the BB et al.2010]. The white

circle is the location of the NEIC epicenter.
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Figure 5.4. Dependence of MUSIC results on the assumed size N of the signal sulbs|iade;z

with N=1 to 4 (a to d, respectively). The MUSIC psesgectrum as a function of along strike p

sition with respect to the hypocenter is shown in color and normalized by its maximum in each time
window (color scale indicated in figui2). The time axis is defined as the final time of the sliding
windows of 30 s long sliding windows. The horizordaals is the distance along the fault wigh r
spect to the epicenter. The yellow dashed lines and the black dots in figure b (N=2) showthe bila

eral rupture trend and subevent locations.
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Figure 5.5. Comparison of resolution between array processingiigebs Two plane waves, A

and B, impinge on a linear array. The azimuth of A is fixed at O degrees while the azimuth of B is
varied from-10 to O degrees. Four array processing techniques are considered: MUSIC (a), classical
beanforming (b), cubic root sicking (c), correlation stacking (d). Each curve in the top plots shows
the normalized pseuespectra (a) or the stack-¢h as a function of relative azimuth with respect to

A for a given azimuth separation between A and B (value indicated in the legkadjottom pa-

els show the same quantities in color plotddr scale indicated in figu&2). The white dots mark

the halfwidth of the two largest maxima at a given azimuth of B. This comparison showsUhat M

SIC can resolve waves with azimuth separatis small as 3 degrees, achieving at least twite hig

er resolution (minimum resolvable azimuthal separation) than the other methods.
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Figure5.6. Synthetic test of array processing for the Haiti earthquake scehhdaarthquake is
modeled by twgoint sources with 3 s long Brune source time functions. The first source is at the
hypocenter (green dot) and the second one is at a distgbtck dot) westward along the fault
trace. We applied cubic root stacking (a), correlation stacking (b) arl@®A(¢). The left two de

umns are map view bagkojection images for d = 30 km (10s delay), in the time windows (30 s
long) that end at the t =15 s and t = 30 s. (t=0 is arrival time of the first source). The rightt two co
umns show the projection of tirmages along the sourte-array direction onto the fault trace, as a
function of the distancd. The color scale indicates the pseudospectra (c) or the stapk@bma-

ized by the maximum value at each tiroel¢r scale indicated in figu®2). The whte lines ind-

cate the locations of the two sources. We considered moment ratios between first and second
sources of 1:1 and 2:1. In the case of 2:1 source ratio, the cubic root stacking and correletion stac
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ing methods show resolution limit of about K%, while the resolution limit of MUSIC is about

25 km and the location error is approximately 5 km for each subevent.
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30 s long time widow ends at 15 s after the arrival of the second source. Left: maps of cubic root

beam amplitude bagbrojected into the source region. Right: synthetic seismograms. dioast

deficient in low frequencies, due to interference effects, are colored.in re
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Figure 5.8. The MUSIC analysis of the largest aftersh@@16.9). The top row shows MUSICGn+

ages from 30 s long time windows ending at t=15 s and 30 s, respectively (=0 s is the arrival time).
The green dot indicates the location of the epiceifites. yellow curve indicates the trace of the
EPGF [Calais et al.2010]. The bottonteft plot shows the projection on the fault as a function of
final time of the sliding window. The color scale indesthe normalized MUSIC pseugpectra

(color scale indiated in figureb.2). The vertical recordings of the aftershock recorded at the VNSN

filtered at 0.2 9.7 Hz shown in the bottom right panel.
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Figure5.9. Array analysis of the Haiti evertt.onsidering cubic root stacking (a), correlation lstac

ing (b) ard MUSIC (c). The left two columns shows bamiojection images at t=15 s and 30 s. The
MUSIC analysis has higher resolution and can clearly separate two asperities. The blue line in the
top-left plot is the major axis of the array response pattern alor@hwie project the array analysis

onto the fault. The right column shows the projection on the fault as a function of final time of the
sliding window. In the bottoright plot, the peak locations of the two subevents are marked white
dots. For each subeve the averaged dation is @noted by the green line. The color scale and rest

of the symbols are used in the same fashion as in Fadtire
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Figure 5.10. Source time function from USArray datéhe blue and green triangles in the map

show the USArmy stations that recorded the Haiti event. The stations in green have epicentral di
tance greater than 30 degree and good signal to noise ratio, and are selected for deconvolution. The
red star is the epicenter of the Haiti earthquake. The red triargiigtitn R23A. The inset shows

(a) the recorded and synthetic seismograms, (b) the source time function retrieveehbgatoe

least square (red) and Kikuekanamori deconvolution techniques (blue) at station R23A; and (c)
source time functions (greyjdm all selected USArray stations and the stacked source tirme fun

tion (red). (d)histogram showing the delay between the two peaks from bootstrapping the stacked

source time functions and the bésGaussian distribution (red curve).
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Figure 511. Improved joint finite fault inversion of the Haiti eveurface projection of the slip
distribution inferred from the joint inversion of teleseismic, GPS and INSAR data. The black and
red arrows represent the recorded and model predicted campaign Gi?S resptectively. The two
orange dash lines mark the locations of the subevents identified by MUSHpriogettion assu-

ing our refined mainshock epicenter as reference (red star). The black empty star is the ISGS ep
center. The small empty circles are tiftershock epicenters of the H&BS campaign. The three

inset maps show the location of the study area (top left), the measured (black) and predicted (red)
coastal uplift based on coral datdalyes et al201Q (top right) and the inverted source tirfioec-

tion (lower right). The dashed line rectangle on the main map corresponds to spatial extent of the
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coastal uplift inset map (top right). On the source time function plot, the blue and green curve

show the contribution of the Leogane and offshore fagtents respectively.



Chapter6

MITIGATING ARTIFACTS IN BACK -PROJECTION SOURCE IM AGING
WITH IMPLICATIONS FOR FREQUENCY-DEPENDENT PROPERTIES OF

THE TOHOKU -OKI EARTHQUAKE

Originally published in.. Meng,J-P. Ampuero, Y. Luo, W. Wu and S. Ni (201Bjitigatingarti-
facts inbackprojectionsourceimaging with mplications orfrequencydependenproperties of the
TohokuOki earthquakeEarth, Planets and Spacspecial issue "The 2011 Tohekki earh-

g u a kei:20.5047/eps.2012.05.010.

6.1.Abstract

Comparing teleseismic array bagkojection source images of the 2011 Toh@ki earthquake to

results from static and kinematic finite source inversions has revealed little overlap between the r

gions of high and low frequency slip. Motivated by this interesting observationpbajektion

studies extended to intermediate frequencies, down to abodizPtave proposed that a progre

sive transition of rupture properties as a function of frequency is observable. Here, by adapting the
concept ofthe array response function to netatiorary signals, we demonstree t hatm- t he fis
mi ng a a bystédmatliift, rasulting from signal n®tationarity, induces significant bias on
beanformingbackpr oj ecti on at | ow frequencies. We intr.
the multitapesMUSIC backpr oj ect i on techni que and stiiglnadtia@ an
in high frequencies (1 t® 4 s). At lower frequencies, this modification yields notable but signif

cantly smaller artifacts than tingomain stacking. We perform extenssgnthetic tests thahi
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clude a 3D regional velocity model for Japan. We analyze the recordings of the -Kakioku

earhquake at the USArray and at the European array at periods from 1 s to 16 s. The migration of

the source location as a function of peri@djardless of the bagikojection methods, has charaete

itsics that are consistent witthha dryparicdax fhepet ed ef
parent updip migration as a function of frequency obtained with the USArray can be explained by

the Aswi mming artifacto. Thi s i ndependence ®f the h at t
TohokuOki earthquake source occurs at periods longer than 16 s. Thus, low frequency back
projection needs to be further tested and validated in order to contohtie characterization of

frequencydependent rupture properties.

6.2.Introduction

As one of the most important earthquakes in the history of seismology, the 2011 M9 -O#noku
earthquake enables a broad spectrum of studies of the physics of devadbatilngjau earthquake
giants. One key feature observed in this earthquake is that most of the low frequency (LF) slip is
located ugdip from the hypocenter. This is supported by teleseismic and geodetic source inversions
[Koketsu et al2011;Lee et al2012, Shao et al2011;Simons et ak011;Yue and Lap011] s&-

floor displacement measuremé¢gato et al2011]and Rayleigh wave bagbrojection [Roten et al.

2011] In contrast, the high frequency (HF) slip is distributed at the bottom of the seismpgeai

This is inferred from teleseismic back projectigshii 2011; Koper, Hutko, Lay, Ammoeet al.

2011, Meng et al.2011; Wang and Mori2011;Yao et al.2011] and local strong motion studies
[Asano and Iwat2011;Meng et al.2011;Miyake et al.2011] This frequencydependent foture
behavior is reported by Nakahara et(a008) for a number of earthquakes and has also been pr
posed for the 2004 Sumatra and 2010 Maule earthqliake®t al.2012] This spatial complenme

tarity between low and highdquency slip provides interesting constraints for physical models of
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earthquake rupturgkato 2007;Huang et al2011]and is important for strong motion prediction.

Meng et al.(2011) related this observation to rheological heterogeneities in a brd#d-thuictile

transition zone.

Motivated by the spatial complementarity between LF slip (< 0.1 Hz) and HF slip (~1 Hz)-a nu
ber of studieg§Koper, Hutko, Lay2011, Mori 2011;Yao et al2011;Lay et al.2012] attemped to

probe the transition between theés® frequency ranges by performing bgmjection at interre-

diate frequencies. Their results based on the USArray recordings suggest a progredipive-up
gration of the dominant sources as a function of decreasing frequency from 1 to 0.1 Hz. iAs plaus
ble as this finding is, the bagkojection at low frequencies around 0.1 Hz needs to be validated. A
potential source of bias addressed here isthead | ed fiswi rfighii @@l 2@07;t i f act
Walker and Sheare2009;Xu et al.2009;Yao et al2012]which appears as a frequeragpendent
migration artifact due to the nsiationarity of seismic signals. This artifact is a vwelbwn prdo-

lem in the baclprojection community. It degrades the quality of the images and makes it difficult to
build confidene on the fine details of the source imaging, especially when the features of interest
have a similar migration direction as the artifact. A common practice is to smooth the images to
suppress the artifafiKoper, Hutko, Lay011], but this is not fully sugessful and comes at the-e

pense of resolution.

In this study, by introducing a modified form of the array response funaiiomofstationary sj-

nals and synthetic tests that incorporate regional velocity models for Japan, we show that the
Aswi mmiaagoar si fpr ofequeneyrbéamforminglbagkojection and can lead to

apparent frequeney e pendent rupture behavior. On nt he ot h

dow str at egy édomam MUSIGbadprojection[Meng at al2011] weare ale to
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compensate the signal retationarity and mitigate the swimming artifacts at high frequency (~1

Hz) and significantly reduce them at relative low frequencies (H2)1Based on extensiversy
thetic tests and improved results from the USArray Baropean array, we find that the frequency
dependent source offset observed for the Tol@kiuearthquake is ewsistent with the expected
effect of the artifact regardless of the backjection methods. We thus conclude with a caatip
note on the irdrence of frequency dependent source properties from loweiney backprojection

studies.

63. 1 Swi rkffect m&ack Projection of Nonstationary Signals

6.3.1. Nonstationary Array Responsd-unction

The basic tool to assess the resolution capabiliy geismic array is the array response function
(ARF) defined as the linear beamforming amplitude as a function of source location (or direction of
arrival theta) offset with respect to the true location of a point source, under the assumption of a

statimary signal with perfect coherence across the gergy Rost and Thoma2002):

wherg is the angular frequencf, T @ is the the time delay at theh station as a function of
relative location—of the trial source. In principle, the true source location brings in phase the signal
a all the stations and yields the maximum array beamforming output. The ARF of 2D arrays typ
cally shows an elliptical main lobe, whose size is proportional to the wavelength to aperture ratio
and defines the resolution limit of standard beamforming.dlityeearthquake waveforms are far

from being stationary. Their envelope amplitude decays as a function of time due to scattering in the



91
heterogeneous cru$ato and Fehlet998;Zerva and Zerva2002] To account for the neta-

tionarity of the seismicignal, we propose a modified ARF by introducing an additional time d
mension and a decaying weight functi&ft) that represents the typical decay of the wavefarm e

velopes:

65— Yo —0Q

The functionS(t)can berather complicated since it involves both the amplitude and phase perturb
tion. Furthermore, in general this function differs from station to station due to site effect®-To si
plify the presentation, we consider tt®&{t) is the same for all the statiomsthe array and adopt a
decaying exponential function. We estimate its characteristic decay time as a function otfreque
by fitting a decaying exponential to the envelope of the stacked USArray seismograms of a Mw 7.1
foreshock ¢n March 9, 201)lin different frequency bands. Introducing this decay function into the
ARF represents the beamforming of a signal with an exponentially decaying enveltpg stdr

0 (Fig.6.1.c).

632 TheOr i gi n Saimminglet iAf act o

We study the modified ARF in 2D Earth configuration first. A linear array composed of B st
tions is located at teleseismic distances, frorh t659C¢° away from the hypocenter of a point
source. The stations are regularly spaced°yify. 6.1a). We computed the modified ARF infdi
ferent frequency bandszigure 6.1b shows that the main lobe of the modified ARF miggaas a
function of time towardhe direction of the array. This is the hallmark of an artifact that has been
referred to in previous bagkr oj ect i on smmidn g safldtiset & .20BT; \balkew i
and SheareP009;Xu et al.2009;Yao et al2012] Our analysis shows thatdfartifact is caused by

the norstationarity of the signals.
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Although the decay rate &(t) controls the severity of the artifact, tegistence of the bias is

ineuvtable as long as the signal power decays as a function of time. In particular its existence does
not depend on the detailed shape of the decay function. The origin of the artifact can be understood
as follows. We consider thieue source location A and a trial location B closer to the array=At t

s, when the signal envelope reaches its maximum, the travel time curve from source A samples the
maximum of the signal envelope at all stations and leads to a maximum stacthel'paak of the

beam gives a correct estimate of the true location. Later on, for instared @tst the travel time

curve from A still aligns the array signals with uniform, although lower amplitude. However, the
travel time curve from source B (d&sHine in Figure6.1a) samples also the earlier, larger ampl

tude part of the waveform. Although it renders the stations slightly out of phase, it gives a larger
stack than a trial source onak t=10 (solid line in Figuré.1b). Thus, the modified ARF at B

larger than at A, which creates an apparent shift in the estimated source location. The speed of the
drift scales with wavelength, so it is amplified at lower frequency. For a given travel time curve, the
phase perturbation is smaller at longer peniedulting in the peak sum appearing even further off

the true location. Although our analysis is based on the array response, a concept belonging to
standard beamforming, this phenomenon is common to all array processing methods, since they are

all basedn the signal coherency and amplitude.

The Aswimming artifacto in this 2D Eartch examp
curs in the sourearray direction, which is in the alorslyike direction when imaging the Tohoeku

Oki earthquake wit the USArray. However, in the 3D Earth case, the direction and strength of the
artifact are controlled by both the soutoearray direction and the array configuration. Figéi2

shows that the artifact is most prominent along the longer axis of #erasponse for both the

USArray and European array. The configuration of the two arrays can be found in@=gurbe

ARF of the USArray extends along theV¥ direction due to its dominantly longitudinal station
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distribution. Hence the swimming artifagperates along dip (Figu@2). This can potentially

perturb any attempt to image frequency dependent adgmipcation of slip.
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6.3.3. Mitigating the Artifact

Based on our developed under st anddenoagnoapfo- t he or
pose a mitigation technique. Since the artifact is due to the fact that the windows corresponding to
different trial slownesses sampl#ferent amplitudes of the netationary signal envelope, weopr

pose a certain choice of windowing to minimize tffea of the signal nostationarity. We call this

techniqgue a fAireference windowod approach.

The idea is to sample the recordings with the window corresponding to a reference slownless, usua
ly corresponding to the hypocenter. When testirfitgidint slownesss (corresponding to different

trial source locations) instead of using the actual window defined by the trial differential arrival
times, we phase shift the data inside the reference window in the Fourier domain. Becapse this a
proach tests different slow@sses with the same segment of the waveforms, the resutiaiacted

by the temporal natationarity of the signaland thegfore the swimming artifact is significantly
reduced. Our reference window approach can berstoel in the example in Figuéel. At t=10 s,

when testing the travel time curve corresponding to location B, instead of using the actual curve

(blue daskdline in Figure61 a) we t est a edlnmeindé&iguBéla)(thathasthg e das |

same slope as B but whose meanisadpdd t o t hat of curve A. Thi s
same | ocation as B but has a delayed absol ute
part of the waveform and thus the same amplitu

curve A since it is off phase. Therefore the correct location A is recovered and no artifact-is intr
duced.
The reference window strategy is embedded in frequency domairpiigektion techniques, such

as the frequenegtomain beamforming, MUSI@Meng et al.2011]and compressive sensifigao
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et al.2011] in which the Fourier coefficients or the covariance matrix are computed based on the

signals in the reference window. Because the Fourier shift implies periodic signals, the phase shift
should not be too g relative to the window. Hence the method is appropriate provided that the
differential arrival times across the array are small compared to the length of the window. This is
true when the sizes of the array and source region are small compared statieedhat P waves

travel over the window duration. For the TohaBki earthquake imaged by the European array and
USArray at teleseismic distance, if the trial source region is ug foon the epicenter, the sidn

ard deviation of the travel time curigsmaller than 1 s, which is a small fraction of the 10 s long

window. Hence the reference window approach is valid in this case.

The reference window approach introduces a time shift, the difference between the mean of B and
B6, t her ef octienisaeedeflyao enatP0ld]d misrcerrection is readily implemented

once the radiator locations have been identified in eachrafction image frame. The timing
shown in our summary maps of HF radiation incorporates this correction, in whicbhelsource

time (color coded) of each identified radiator equals to the timing of theppajgction image

frame minus the mean of the travel time curve corresponding to the location of the radiator. In the
next section we conduct a series of synthetitstto compare the frequency domain MUSIC (refe

ence window) and time domairasking (absolute window).

6.4. SyntheticTest ofBack Projection at Various Frequencies

6.4.1 Point Source Synthetic Test

To demonstrate the artifact at various frequenareshow well it can be mitigated by MUSIC, we
test the baclprojection on the synthetic USArray and EU array seismograms of a M6.2 aftershock

with hypocenter location &t43.4 E, 38.32°N. The station distributions of the two arrays are
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shown in Figuré.3. The synthetics are computed by a hybrid approach in which the wavefield in

the source regio(a 1100 km x1000 km %70 km box)is computed by the spectral element method
(SPECFEMS3D,[Tromp et al.2008) and interfaced with the geometrical ray theorytapthe
teleseismic receiverfdHelmberger1983] This approach enables incorporating the complexity of
regional velocity structures at affordable computational cost and is ideal for testing teleseismic
backprojection techniques at relatively high frequeacin the SPECFEM3D simulation we used a
regional tomography modg\iura et al.2005]to account for waveform complexity introduced by

3D structures. The synthetic seismograms are computed with the sampling rate of 5 Hz, but due to
the limited computatin power accuracy in the SPECFEM simulation is warranted only up to 1 Hz.
Future work involves incorporating realistic small scale heterogeneities in the velocity model under

the receivers to model waveform incoherence and coda decay.

Figure6.4 shows tk results of MUSIC and timgomain stacking baegrojection of the aftershock
scenario at various frequency bands. As expected from the modified ARF, the peak ofrthe bea
forming power progressively migrates along the major axis of the array response. dukeded

ized ARF analysis, the peak amplitude decreases as it swims. On the other hand, the spatial bias of
the MUSIC analysis at high frequencies (0.25 ~1 Hz) is negligible. At frequencies lower than 0.25
Hz, the location shift is notable but subsiait smaller than in time&lomain stacking. Hence at

l ow frequency t he @swi mmenwghdhe MUSICGappeoach. cannot b

6.4.2 Kinematic Source Synthetic Test

To further understand the artifact under more complicated and realistic ¢mooes we conduct a
kinematic rupture scenario involving two branches of simultaneous rupture along a circular rim

(Fig.6.5). The circle is centered at the hypocenter of the M6.2 aftershock with a radius of 100 km. It



97
is divided into two semicircles by lane trending 210 through the center. Two simultaneous

north-to-south ruptures develop along each semicircle with rupture speed of 2 km/s. Physically, this
seenario is inspired by dynamic simulations in which a rupture front surrounds a circular asperity

low stress region before breakind@unham et al2003] The ruptures are composed of moving

sources with a spatial interval of 40 km. This spacing is chosen so that the sources are dense enough

to represent a continuous ruptuyet the coda wave istill substantial@ maintain realistic signal
nostationarity. The Greends functions atree t he s
model is relatively simple but has enough complexity, including simultaneous sourcesnith te

rally varying spacing.

Figure6.5 shows the results of MUSIC and linear beamforming{pagjection of the circular pt

ture scenario with seismograms computed for both USArray and European array at periods from 2 s
to 16 s. In order to compare to resultsvapo et & (2011), we set the time window to be 10 s at the
band of - 4 s and 20 s forg}+ 16 s. The locations of the first and second strongest radiaors d
tected by both arrays in each window are plotted and-colied by time. The size of the radiators

is normalized by the maximum of thedreforming power or MUSIC pseusigectrum over the first

150 s of the rupture. In the highest frequency band(®z), the MUSIC result of the Eapean

array almost exactly reproduces the synthetic rupture scenarioeriegpradiators on the edge of
the circle. The USArray result is noisicer and
tions have a smaller coherent arrival to coda ratio resulting from the nodal orientation of the array
with respect to the f@ mechanism. In the period band of 2 s to 4 s, the MUSIC result of both a
rays are within the circle. In the low frequency band {86ss), the uncertainties become large due

to limited resolution and the swimming bias starts to be notable.



9¢
In comparisa, the beamforming is less capable of resolving the simultaneous sources: The r

covered radiators are distributed along the expected artifact directiomwéealso applied a oe

mon pogbrocessing technique to weaken the swimming arf{ifémper, Hutko,Lay 2011]. The idea

is that athough the artifact swims, the true location always has the largest beamformed power. Thus
plotting the high frequency power against time and picking only the local maximyrim gaimd-

ple, discriminate the true source locatiaioiin the spurious sources. The processing is useful when

the source process is simple, for instance for a fixed point source or a unilgitenad, rhut less

effective in complicated rupture scenarios involving multiple simultaneous sources. In the case of

the circular rupture scenario, at relatively short periods (1 s~4 s) the identified radiatorstade loca

in between the true |l ocations. At |l onger peri
streamo of the true | oom treatng an appgarenthyg frequéney ar t i

dependent rupture pattern.

6.5.Low FrequencyBack Projection of the Tohoku-Oki Earthquake

The alongdip frequency dependent slip migration observed in previous back projection studies is
based on the USArray ddtdope, Hutko, Lay, Ammoet al. 2011 Mori 2011;Yao et al.2011]

The oher large egional array, the European array, has been processed at high frequency around 1
Hz [Koper, Hutkg Lay2011 Meng et al2011] Analysis of the European array data at longek p

ods has not beemyported lefore. Here we bachkroject the Tohok«Dki earthquake data reckd

by the European array and USArray at periods from 2 s to 16 s with both the MUSIC and linear
beanforming mehods (Fig.6.6). In order to be comparable Y@ao et al.(2011), we set e bea-

forming time wndow to be 10 s at the band 0614 s and 20 s for 416 s. The locations of the
radiators detected by both arrays in each frequency band are shown ablEglite size of the

radiators is normalized by the rm@um of the bamforming power or MUSIC pseudpectrum
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over the first 150 s of the rupture. For tish@main stacking, similar to the point source synthetic

test, we bserve strong swimming effect at periods longer than 2 s. In the highest frequency band
(0.51 Hz), the arfact is smaller and the beamforming images are roughly consistent witHthe M

SIC estmates, whichxplain the oveall agreement of high frequency bgmiojection studies.

At lower frequencies, the peak beamforming power migrates along the elongated ARElaad

ly dominated by the swimming effect. In contrast, in the MUSIC {projection results, the dam

nant distribution of the seismic radiation in the dedym region is clear in all frequency bands at
both arrays, except in the 8~16 s band which shioear patterns corresponding to the artifact. We
therefore restrict analysis of frequerdgpendent source behavior based on MUSIC results to the
band of 1~8 s. As shown by the synthetic tests, even with the reference window strategy and the
MUSIC method the artifact at lower frequency is significant. For a given period, the radiators i
aged by MUSIC with the European array are always to the west of those imaged with the USArray.
At USArray an edsvard migration of about 70 km is seen between 1 an@l@sis consistent with

the most clearly reported frequency dependent shifts by compressive dafaingt al.2011]
However, this trend is absent in the European array results, which do not show notable frequency
dependent variation. This differencec@nsistent with the stronger artifact in USArray, as shown in
Figure6.5, due to the smaller signal to coda ratio resulting from its nodal orienfBtierefore, a
frequencydependent source location is not needed to explain the observations withirBtee 1~
band. Thisndicates that any true frequency dependent source migration is minor compared to the

70 km shift apparerih the USArray baclprojection

6.6.Summary and Discussion

In this study we explained the oprojeagidnthromhf t he i

the modified array response function and synthetic tests. We find that this effect is significant for
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time-domain stacking but can be efficiently mitigated by MUSIC array processing withra refe

ence window strategy. MUSIC bagpkojectionof the TohokuwOki earthquake recordings at the
USArray and European array show no significant tendency for the source to migrate towards the
trench at increasing periods within the period bandsef8ls. An alternative interpretation is that

the most suktantial transition from deep to shallow slip occurs at periods longer than 16 s, which
implies even longer rise time in the shallow portion of the megathifusthermore, given that the
swimming artifact is substantial in the tird®@main stacking backrpjections especially at longep

riods, and that this bias at USArray behaves aitgilto the potential frequenalependent along

dip migration of slip, we consider further tests and validations need to be performed before one can

conclude that the alondip slip migration can be observed by the-frequency back projection.

Our study also poses an interesting question: over which frequency band can we reliably image
earthquake rupture processes by teleseismic-fmajiction? To image the 2011 Tohe®ki
earthquake by the tirmdomain stacking technique with the USArray and European array we dete
mined that the frequency should be above 0.25 Hz to avoid substantial artifacts. As falSt@ M
technique, which suffers less severely from the swimming artifecsuggest that the low freque

cy results around 0.1 Hz can indicate first order spatial patterns, but the finer detailgvafgibe i

are not reliablelue to the limited resolution.

The reference window strategy needs to be compared with oftsefo  mi t isgna tmemi tnhged
effect. For instance<oper, Hutko, Lay2011proposed reduig the strength of the artifact bg-s

lecting the temporal maxima among all the identified radiators. However, as we show in-the sy
thetic circular rupture testhis approach cannot fully eliminate the frequedependent artifact

when dealing with realistic rupture complexity involving for instamoeltiple simultaneous

sources.
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One mystery that remains to belvedis the discrepancy between the MUSIC and cosgive

sensing resulfYao et al.2011] In principle, they are both performed in frequency domain and
share the reference window strategy, therefore should both suffer less from the swimming artifact.
Yet, canpressive sensing provide large trenchward shiftO s~ 20 s, which is absent in the & s

16 s band result with MUSIC. Efforts could be devoted to understand the other potential bias and
artifact of various backrojection techniques. This concern also demonstrates the need to perform
more rigorousynthetic tests involving more realistic rupture scenarios and crustal velocity models,

which we will address in future work.
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Figure6.1.T h e fi s w iartifantiofhad. [ array in a 2D Earth

(a) A S weffechat longrdrequency (0.125 Hz) withspect to a teleseismic (790°) linear
array of 16 stations {spacing).

Upper left figure shows the artifact: at t = 4,0maximum array response drifted from true location
A (0°, as solidedged star) to apparent location B {D@ashedged star), difference of about 100
km.

Upper right figure shows the traveling time cusampling envelopes of statidn 6, 11 and 16
(distance 75, 8CF, 85, 9CF, respectively, plotted as yellow triangles). The solid and dashed-absci
sas denote the travel timeree of a hypothetical source occurring at certain location and origin
time. Att= 10 s, Blue dasllline is the traveling time curve that yields the overall maximum of the
array response taking into account the signal decay. Instead of the true satror it into-
duces an apparent location B closer to the afthye ar ray response of t
window strategy) is smaller than that of A, therefore no swimming artifact idedrea
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(b) A S w effieanin diffedent frequency bagdwith solid curves showing t = Os, and

dasled curves showing t = 16, respectively. Note that at all the frequencies the maximum of array
response shifts towards the array direction, this effect is reduced at higher frequency.
(c) Exponentiafitting estmation of the frequency dependent time decay functiemvelopes of

the stacked signals are smoothed with a time window 2.5 times the upper period bound af-the ban
pass filter. Each envelopgaligned to t = 0 and normalized with respect to its maxinDoe to

the contaminabn of the signals by micegisms, only signals higher than 0.25 Hz are analyzed. An

attenuation decay functio € is estimated and used for all frequencies in tiispter
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Figure6.2. Swimming effect in the 2D array resporafethe USArray (left two columns) and

European array (right two columns) at frequency of 1, 0.5, 0.25 and 0.125 Hz, with atéal &

ray response normalized by its maximum, white circle indicates the epicenter and black-star ind
cates the location of maximum array response. Note that the swimming effect intensifees as fr
guency decreases like in the 1D case, but the maximum sSwimglirection that combines the

longer axis of the array response and the setoraeray direction.
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Figure 6.3 Selected stationsf the USArray and European arrage denoted as the blue dots. The
JMA hypocenter of the Toholk@Qki is the yellowstar. The red lines are the great circle parth from
the centroid of each array to the hypocenter. The two arrays are Beg7away from the hyp-

center.
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Figure 6.4. Backprojection of aftershock synthetic¥he synthetic aftershock seismograms at
USArray (left two columns) and European array (right two columns) are processed by the MUSIC
and linear stacking techniques separately at periods of 1~2 s, 2~4 s, 4~8 s and 8~16 s. The location
of the aftershock is denoted by the asterisk. The solid cirdabhapeak of the back projection-i

ages colocoded by time and sized by their relative amplitude with respect to the global maximum.

The beamforming results show a Aswimmingo artd.i
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reliable at periods short¢han 4 s. In lower frequencies, the spatial bias is notable bukless s

vere than that of beamforming.
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Figure6.5. Backprojection of circular rupture syntheticBhe synthetic seismograms of a circular
rupture scenario recorded at USArray (left eadumns) and European array (right two columns)
are processed by the MUSIC and linear stacking techniques separately at periods of 1~2 s, 2~4 s,
4~8 s and 8~16 s. The location of the aftershock is denoted by the black asterisk. The black circle is

the hypahetical circular path of the rupture scenario. The solid circles are the peak of thedsack pr
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jection images colocoded by time and sized by their relative amplitude with respect to the

gl obal maxi mum. The bl ue as toe rtidstackingaesult. ThHeh e it e
MUSIC recovers the rupture reasonably well at high frequency but loses the resolution beyond 4 s.
The timedomain stacking method shows bias resulting from the swimming artifact.
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Figure6.6. Backprojection of the TohoktDki earthquake at various periods (1$6s)of USArray
and European array data with the linear stacking and MUSIC approaches. The hypocentéer is deno
ed by the black asterisk. The location of the radiators are colored by time and sized by the amplitude
withre spect to the maxi mum. The Dblue asterisks a
result. Tke background grey lines are 12,ddd 36 m slip contours of a geodetic and seismic joint
inversion mode]Wei et al.2012] The beamforming results are doated by the artifact at periods
longer than 4 s. The MUSIC results are consistent over all frequency bands. Mipmuigration
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shows up in the period of 1~s8 s at the USArray, but it is within the range expected from the

Aswi mmi ngo0 iaabsentinthe Eurogeandetwork.
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AppendixA

SUPPLEMENTARY MATERIAL OF CHAPTER 2

A.1. Movies of backprojection results

The attached files, jp_movie_EU_music.gif and jp_movie_US_music.gif, are mbwzeing
results of our MUSIC baegrojection source imaging in the @l5Hz band. The quantities plotted

and convations are similar to those igfire 2.3 of the main text.
A.2. Theory and parameter selection of MUSIC backprojection

Theory

We applied a Ilgh resolution array processing technique called Multiple Signal Classification
(MUSIC) [Goldstein and Archuletd991 Schmidt19864, which estimates the direction of arrival

(DOA) of multiple waves propagating through an array by a subspace projection method. We first
estimate the covariance matrix of the array data for each sliding time window and each frequency
using a multitaper techniqu&jomsonl982]. The eigenvectors corresponding to its largesheige
values span the signal subspace. Its complement defines the noise subspace. For a given DOA, a
steering vectoAcollects the Fouriedomain phase shift termsrfeach station resulting from the
differential travel times relative to the hypocentral travel times. The MUSIC pspedtrum, as a

function of DOA, is defined as the inverse of the projection of the steering vector onto the noise

subspace (through agpection matrixs ):

H
Pm:%
a'uu a (A1)

where the superscriptdenotes the complex conjugate transpose. Ideally, the steeriog oka
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signal is orthogonal to the noise subspace. In practice, the DOAs of the multiple sources are

identfied by the lagest peaks of the MUSIC psesgectrum. We improve the estimate robustness

by averaging over a frequency band the pseypdatra nanalized by their respective maximum at

each frequency. The absawmplitude of the MUSIC pseusfmectrum is not directly related to the

strength of the source. Once the DOA of the sources are determined, we estimate their power by the
projection of the pncipal eigenvalues (diagonal matrx) onto the signal subspace (projection

matrix5) excluding the noise power ( s[ylestiereea. of t he

2007

aa
Pw=
a"U,(L.-s?)'Ula

(A.2)

Data Rreprocessing an@election

We bandpass filtered the vertical component of the waveforms between 0.5 and 1 Hz. We then
selected the stations with signal to noise ratio greater than 3. We aligned these orBtsedoats
of P arrival by mulithannel crescorrelation[Vandecar and Crossat®9d. The seismograms are

then normalized by the standard deviation of the first 200 s of P wave recordings.

Length ofdiding Windows
To achieve a balance between temporal resolution argirighatability we fixed the length of the
analysis windows to 5 times the longest period at which the data is analysed. For our pemary fr

guency band (0-% Hz) we slide a 10 seconds long analysis window by steps of 1 second.
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Number ofPrincipal Eigenvdues in MUSIC

In theory the number (M) of eigenvalues of the covariance matrix contained in the simppacsu

is equal to the number of signal sources. In practice the signal is not perfectly coherent and its po
er is partially diverted into the subspaof smaller genvalues. We set M equal to the number of
eigenvalues greater than the number of stations times the floating point precision scaled ¢py the lar

est eigenvalue.

Number ofTapers in Cros$Spectrum Btimation

MUSIC achieves better resolutiohan beamfaning in direction of arrival estimation problems
with sufficiently long and stationary signdlsrim and Vibergl99q. However, seismic signals are
highly transient. This hampers the robust eatiion of the data covariance matrix. To circumvent
this issue, we estimate the array covariance with the multitapEsspectrum estimatdiThomson

1987, which averages the Fourier estimates tapered by a sequence of functions with optimal spe
tral concentration. Thel&pian tapers mamiize the ratio of energy within and outside a frequency
band7 for a window of duratiod. We iequire the frequency smearing bandwidth to be at most
20% of the highest frequency (1 Hz), that7is, 1@ Hz. Following standard practice, weaithe

first¢ 4 7 ptapers. Hence, for the frequoy band 0.51 Hz andd  p 16 we use 3 tapers.

A.3. Foreshocks andAftershocks

The M7.2 March 9, foreshock and the March WF,.1 aftershock have adequate signal to noise
ratio to be aligned andabk projectal by the USarray (Fig. A.3). The two events appear to radiate
coherent energies no longer than 30s with rupture length around 30km. The two events also have

different rupture directions, indicating no systematic bias due to the array orientation. iEtierdev
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of the backprojection locations of the initial phases with respect to their epicenter is due to i

pef ect alignment of the waveforms. We wuatsne t he

for the synthetic scenario tests in the next section.

A.4. SyntheticTests ofBack Projection Source | maging

To understand the performance and potential bias of thepajgction we conduct tests over a
series of hypothetical earthquake scenarios. To include key characteristics of the real wave field,

suchas the decay of the waveform coherence as

functions (eGf). Synthetics based on theoreti

spherically symmetric Earth models tend to aymphasize the effect afterference between rhu

tiple sources. We chose the March M.1 aftershock as eGf event. The initial location error due

to the waveforms misalignment is corrected by shifting the initial HF radiator to the event epicenter.
We first test a scenario ohilateral rupture to the Sith. We consider 10 uniform ssturces loda

ed every 15 km along the strike direction (Fig. A.4). Their rupture time correspondsssuared
rupture speed of 1.5 km/s. The MUSIC backjection recovers the location and timioigthe se-

nario sources very well. The aopnt secondary rupture to theswis an artifact due to the rupture

pattern of the eGf event itself.

We also tested more complicated scenarios inspired by our final results of thrdjaction of the

Tohoku @rthquake. Our second scenario is composed of five different phases with various rupture
speeds and directions (Fig. A.5). The source process is well recovered, although perturbed by
modulation by the rupture pattern of the eGf event. Toimire that effet, in our third scenario the
inter-subevent spacing is exaggerated (Fig. A.6). Overall, the back projection results image our sy

thetic scenarios adequately. In particular, the stagedfefefit rupture speed are reproduced. One

(
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of potential bias of thback projection imaging is that when rupture temporally ceases, the coda

of previous rupture would create apparent secondary sources (Fig. A.7). However, these sources
show substantially smaller power than the previously sources, which is unlikelyhe base of

this earthquake, since we observed sources of almost uniform power during the rupture.

A.5. Rupture Time Versus alongStrike and Dip Distance

An alternative vaty of demonstrating the spagmpaoal rupture evolution is to plot the rupture time
versus the along strike and dip distance (FB).LAassuming the strike is 21@6llowing the trench
trace). The along dip plots indicate very clear daindistribution of the HF hotspots. In the along
strike plots, both arrays shows very little aloirike propagation in the first 100s and progressive
southern rupture thereafter, with the exception of supershear rupture at about 80 to 90srelearly i

aged by the European array.

A.6. Array Analysis ofL ower FrequencyRecordings

To explore the potenfirequencydependence of the spatial distribution of the source radiation, we
repeat the backrojection analysis of the Tohol@ki earthquake in two lower frequency bands,
0.1250.25 Hz and 0.28.5 Hz. Fig. A.9 shows a map of the peak energy radigBwsrall the
lower frequency results follow the similar dowip distribution and temporal evolution as the high
frequencies (Figur@.1 of the main text). The results from both arrays remain mutually consistent.
However, the lower frequency results are enecattered due to the expected lower resolution of the

array processing, which is inversely proportional to the wavelength.
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A.7. Analysis ofStrong Motion Data

We examine velocity envelopes of strong motion data recorded along the northeastern Honshu
coastline in order to identify prominent phases observed at teleseismic distances. WWadzafid

ter the data, integrate, square and sum traces of horizontal components. The resulting vedecity env
lopes are averaged using a sliding median filter whosehliéngigual to five times the lower bound

of the bangass filter. Fig. A.10a and Fig. A.10b show scaled smoothed velocity envelopes for 0.5

1 Hz and 2.5 Hz frequency bands, respectively. We find that the prominentfit@gbency bursts

from locations tharuptured 33, 85, and 140 seconds after the mainshock are well resolved for fr
guencies as low as 0.5Hz. This observation is consistent with our results fekGHézSrequency

band presented in the main text.

A.8. Velocity M odel

In the analysis of #gnground motion data recorded by th@dt and Kiknet seismic networks we

use the following 1D model derived frdiakahashi et a004 :

Table A.1. 1D veloty model in Japan.

Depth (km) S-wave velocity (km/s)
0 3.46
16 3.87

32 4.5



A.9. DataSources

We downloaded the data from the following sources:

USArray: http://www.usarray.org/

European seismic networtttp://www.orfeuseu.org/
K-net: http://www.knet.bosai.go.jp/

Kik-net: http://www.kik.bosai.go.jp/

Italian network:http://iside.rm.ingv.it/

11¢
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Figure A.3 Foreshocks and aftershocks processed by the MUSIC techniquelatz) Based on

USArraydata. Same convention as as in fegu61 and S2. Top: the Marcivi9.2 foreshock. Bb

tom: the March 1M7.1 aftershock.
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SUPPLEMENTARY MATERIALS OF CHAPTER 3

B.1. BackProjection Data Selection andProcessing

We processed the seismic data recorded by various seismic arrays at epicentral distances between
30 and 90 degrees. The large aperture and dense sphttiegeuropean (www.orfewesu.org; Fg-

ure B.1) and Japanese et networks ww.hinet.bosai.go.jpFigure B.2) provided fine spatial
resolution for this event. The two arrays are located at almost orthagomalths relative to the
source area, providing complementary views of the rupture process. The P waveforms were filtered
between 0.5 and 1 Hz, selected by their sigmabise ratio and by the mutual coherency of their
initial 10 seconds, and then alighéy mnultichannel crossorrelation. We applied the MUSIC
backprojection techniqu¢Meng et al.2011; Meng Anpuero Sladen et ak013 on sliding wi-

dows ten econds in length. This source imaging technique allows tracking the migration of the
multiple sources of higfrequency (HF) radiation of an earthquake rupture. Our particular approach
combines a higkresolution array processing technigigzhmidt1986; Goldstein and Archuleta

1991] with multitaper crossspectral estimatiofiThomsonl982]to achieve higher resolah than
conveitional beanforming. Adopting a "reference window" strategy avoids tretesgatic "swin-

ming" artifactfMengAmpuero Lueet al 2013. The MUSIC pseudgpectrum is backrojected into

the offSumatra region based on P travel times computed by thé Tanlkit and the I1ASP91

madel [Snoke2009}

B.2. Resolution andUncertainty of Back Projection Source Imaging

We conducted several analyses to understand the strengths and limitations of quipjeatikn

method, as specifically applied to the EuropeanJapdnese arrays. We address two different array
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performance criteria. The spatial resolution of an array is defined as the capability to separate

two simultaneous sources of different location: the resolution length is the minimum distance b
tween sourcethat can be distinguished without ambiguity. The spatial uncertainty of an array is

defined as the error in estimates of source location for isolated sources.

The resolution length that can be achieved with linear beamfolimcwnventionally estimated as

the width at half peak amplitude of the main lobe of the array response function (ARF, 35). Figs. S4
and S5 show the ARFs of the Japanese and the European networksdjected into the off
Sumatra region. The European ARF is relatively compact withutean lengths of 35 km in the-N

S direction and 65 km in the-® direction. These are one order of magnitude smaller than the
source dimension of the M8.6 ébfumatra event, which indicates that the overall rupture process
can be resolved as long as ther adequate signal coherence. The Japanddettdirray has a lg¢

er and more anisotropic ARF, with resolution lengths of 450 km in tBediection and 70 km in

the EW direction. This helps explaining why the early separation of the bilateral rdpiote on

fault B is imaged by the European array (mdi2) but the two fronts appear simultaneously in the

Hi-Net images only when they reach the ends of fault B.

In backprojection source imaging with linear beamforming, the estimation of sourc@efodsat

based on identifying the peak position of an image that is smeared by the array response. The
CramerRao bound, a theoretical estimate of the upper bound of uncertainty of an estimator, ind
cates that the source location uncertainty is proportimntie resolution length of the ARF and
inversely proportional to the sigr@-noise ratio of the images (SNR), defined as the ratio between
the main peak amplitude and the mean amplitude of the background peaks of the image. The SNR

depends on both thégaal quality (noise and multipath) and the station density (sidelobé-ampl
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tude). The HiNet array has a particularly large SNR due to its small ambient noise lewe| (bor

hole stations) and extremely dense spacing (~20 km).

However, due to the nonlinearity the MUSIC technique, its resolution cannot be fully egipted

by considering the ARF. Typically, the resolution length of MUSIC is at least two times smaller
than the beamforming resolution lengileng Ampuero Sladept al. 2013. Moreover, the resot

tion andysis based on the ARF assumes perfect signal coherence. In practice, we quantify the u
certainty of backprojection of HiNet data by bootstrapping the bamlojection of a M6.1 afte
shock that ocurred on April 21, 2012 at 93.39°E and 2.2R° The aftershdc seismograms are

first aligned by the initial 3 s of the-ave arrival. The noise at each station is computed as the
waveform resiual with respect to the arrayacked waveform. The noise is shuffled by randemi

ing its Fourier phase spectrum, then adoack to the stack. One thousand synthetic realizations of
the aftershock array recordings plus noise are thelagrajected considering the 4bng wndow

that begins at the initial arrival. The resulting bac&jection locations are shown in Fig. Ste
bootstrap 95% adidence ellipse is elongated along theSNlirection with a major axis length of

9.5 km and rimor axis length of 2.8 km. Unfortunately, the recording of this aftershock at tbe Eur

pean array is too weak to be used in thelO freqency band.

To further understand the performance of the fmolection on complicated ruptures, we conduct

two synthetic eahguake scenarios. To include key characteristics of the real wavefield, such as the
decay of waveformaherence as a function ofi me , we use the M6.1 event
function. Inspired by our final bagkrojection result, particularly a jump from the fault C to fault D

imaged with the HNet array, we test scenarios of bilateral rupture on Fault A and B and unilateral
rupture on Fault C with (FigB.7) or without (Fig.B.8) an additional fault D. We consider ai-un

form distribution of subources, regularly located every 15 km along each fault. The rupture times
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correspond to an assumed rupture speed of 2.5 KhésMUSIC backprojection technique

recovers the location and timing of the scenario sources very well. The uncertainty of the peak loc
tions is less than 20 km, which is reasonably good considering the coda and interference between
subsources. These syntheticttemdicate that the jump between faults C and D is resolvable by the

Hi-Net aray.

B.3. Multiple Point Source Analysis

Seismic waves from the 2012 Sumatra earthquake sequence were recorded by a large number of
broadband seismic stations enabling robuost reliable characterization of the overall source-cha
acteristics at long periods. For the Mw=8.6 event, 113 channels were used to perform a multiple
point source inversion. We inverted simultaneously for the moment tensors of the subevents, their
locations (latitude, longitude, depth) and time delays using a global sampling approach. The inve
sion is performed using the Yhase waveforms at shorter period (680 s) than the usual pra

tice for single point source inversions of Mw>8.0 earthquakes. Thmalptentroid depth of the
mainshock is 30 km. Our preferred model is a two point source solution which is presented on Fig.

3.1.
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Figure B1. Selected stations used for bagmojection from the European network.
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by MUSIC as a function of time, obtained with the European array (green) and Japahkte Hi
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yellow and red dots indicate the amplitude of the secondary sources for the European and

Japanese arrays, respectively.
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Movie B.1: The movie shows the raw results of bgekjection source imaging based on
teleseismic data from European networks. Warm colors indicate the positions of the high
frequency (b to 1 Hz) radiation baegrojected onto the source region based on IASP91 travel
times[Snoke2009]. The sliding window is 1& long and the origin time is 08:38:37,-02-12

(UTC). The beginning of the sliding window is set to be 5 s before the iRiMdve arrival.
Colors indicate tb amplitude of the MUSIC pseusfoectrum on a logarithmic scale (dB) after
subtracting the background level and rescaling the maximum to the linear beamforming power in
each frame separately. The white star is the mainsapidenter and the green circles are the
epicenters of the first day of aftershocks from the NEIC catalog. Time relative to hypocentral

arrival time is shown on top. The trench and coastlines are shown by white curves.

Movie B.2: Backprojection source inting based on teleseismic data from Japanese networks.

Same convention as the previous movie.
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FigureC.1. The slip rate of models with same parameters &igure4.3 except that the dilatatio
al branch faulbd is unlocked. Faulbc in Model 3 fails to break in Figu#e3 but broke here due to
the triggering byod.
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Figure C.2. The Slip rate of models with smaller rupture speed and larger stressdflisiec to
scenario of Fault A. The simulation results remain the same as shown irdgjure
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Model in-|{Mu_s|{Mu_d|C SigmaO | TauO ViVs|d_Tau |Dc 6

dex

1 0 0 42 250 42 Mpa | 0.29 |17 3.2e3

Mpa Mpa Mpa

2 02 |01 0 250 42 Mpa | 0.29 [17Mpa | 3.2e3
Mpa

3 0.2 |01 0 250 42 Mpa |1 17 0(Dc=5
Mpa Mpa m)

4 06 |04 |O 250 115 0.29 |17 1.5e3
Mpa Mpa Mpa

TableC.1. Parameters of the 4 models showfiguire C.2




14¢
AppendixD

SUPPLEMENTARY MATERIAL OF CHAPTER 5


javascript:opensupplement()

14,

0 10 20 30 40 50 60
Time(s)

FigureD.1. Synthetic seismograms at the VNSthe top figure (a) shows the vertical component
of the synthetic seismograms of the mainshock filtered from 0.2 to 0.7 Hz, assuming a point source

with mechanism given by the CMT solution.
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Teleseismic P+SH waveform fits
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Figure D.2. Fit of the téeseismic P and SH waveforms for the kinematic slip mdci@iparison
between the observed (black) and predicted (red) waveforms computed for our preferred-joint ki
ematic slip model. The P and SH waveforms are sorted with increasing azimuth angle (number
above the beginning of each waveform, number below is the azimuthal distance). The maximum
amplitude of the observed seismograms is indicated above the end of each waveform.
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FigureD.3. Comparison of the unwrapped INSAR images for the kinematic siijein

Each row is composed of the observed minus the ramp (left) and predicted (middle) motion in the
line-of-sight of the satellite, and the amplitude of this constant ramp correction (right). The satellite
track number is indicated in the taght correr of the images with the last letter indicating whether
this is an (a)scending or (d)escending track.
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Figure D.4. Comparison of the wrapped InNSAR images for the kinematic slip miédeh pw is
composed of the observedinus the ramp (left), prediadgmiddle) motion in the linef-sight of
the satellite, as well as the difference between the two (right). The satellite track number is indicated
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in the topright corner of the images with the last letter indicating whether this is an (a)scending

or (d)escending track.



Figure D.5. Predicted surface deformation for the hypocenter segment (left), the second segment
(middle) and both segments (right) corresponding to our preferred kinematic source maedel. Hor
zontal motion is indicated with arrows andtieal motion by the color scale.
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Figure D.6. Headon view of the slip distribution for our preferred kinematic mo@ellor levels
represent the amplitude of slip at each node of the fault model, the arrows the rake orientation, and

the red star theypocenter. The time evolution of slip is plotted as line contours every 2 seconds.
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Figure D.7. Surface projection of the preferred static slip model (INSAR+GH®).black and red

arrows represent the recorded and model predicted campaign GPS resperdively. The two

orange dagtd lines mark the centroid locations of the subevents identified by MUSIC- back
projection assuming our refined mainshock epicenter as reference (red star). The black empty star is
the USGS epicenter. The small empty cir@es the aftershock epicenters of the HalS can-

paign. The two inset maps show the location of the study area (top left) and the measured (black)

and predicted (red) coastal uplift (top right).



























