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Summary

The San Andreas transform fault system is one of the most extensively studied plate

boundaries in the world. Sine the great 1906 San Franiso earthquake at the latest,

geosientists investigate the huge transform plate boundary in order to derive detailed

models of the omplex fault system. The aim is to understand the proesses that on-

trol the transform motion of the adjaent lithospheri plates and to estimate its future

potential to trigger large and destrutive earthquakes.

Seismi migration methods provide valuable information on the subsurfae struture by

investigating the ability of the subsurfae materials to re�et seismi signals that have

been generated by ontrolled seismi soures. The resulting depth images an then further

be interpreted in terms of the subsurfae geologial strutures.

The present thesis uses advaned imaging tehniques to determine new strutural seismi

depth images from the old industry re�etion seismi data set SJ-6 aross the San Andreas

fault system in south entral California.

The omplete data set from 1981 was purhased from the United States Geologial Survey

(USGS). The pro�le line rosses the California Coast Ranges nearly perpendiular to the

prominent San Andreas fault zone and the Great Valley from west to east.

Three di�erent migration tehniques, Kirhho� Prestak Depth migration, Fresnel Vol-

ume migration and Re�etion Image Spetrosopy, respetively, are used to determine

the re�etivity struture of the whole rust beneath the SJ-6 pro�le line. The imaging

results are ompared and evaluated with respet to the image quality and the observable

subsurfae strutures. Kirhho� Prestak Depth migration is a standard imaging teh-

nique that is suitable to image omplex geologial strutures. Compared to the other

applied methods it is less time onsuming but produes onsiderable migration artefats

espeially in ases of low data overage. The advaned Fresnel Volume migration uses the

priniple of Fresnel Volumes to restrit the migration operator to the region around the

atual re�etion point. In this way, migration artefats are signi�antly redued and far

more distint strutures an be observed in the seismi images. Re�etion Image Spe-

trosopy is used to onsider the relation between the signals wavelength and the size of
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the heterogeneities in the subsurfae by individually migrating disrete frequeny bands.

Additional small- as well as large-sale subsurfae strutures are imaged.

The applied migration tehniques are implemented in 3D in order to aount for the

irregular ourse of line SJ-6 and its signi�ant kink that results in a hange of diretion

from predominantly northeast to east. For that reason, the proessing steps are adjusted

in order to obtain seismi depth images of the whole rust from diretly beneath the SJ-6

reeiver line. The most signi�ant strutures that an be identi�ed in eah of the seismi

depth images are summarized by reating respetive re�etor maps of the subsurfae. Eah

of the three migration tehniques is performed by using the same loal 3D bakground

veloity model derived from earthquake tomography.

The imaged strutures are �nally interpreted by omparing the imaging results with other

reent geophysial studies. It is shown that the individual terranes aross the San Andreas

fault system signi�antly di�er in their re�etivity struture. Sequentially layered strong

re�etors are identi�ed in the lower rust of the Salinian Blok southwest towards the San

Andreas fault. They are approximately 5 km in width and terminate abruptly adjaent

to the San Andreas fault zone. The San Andreas fault zone itself appears as a near

vertial zone that is 4 km in width and laks of distint re�etors. The imaged fault zone

is further haraterized by low seismi veloities and a narrow subvertial band of high

seismi ativity in the upper and middle rust. It suessively broadens with inreasing

depth below the brittle-dutile transition zone. Non-volani tremor loations are mainly

loated in the lower rust southwest to the San Andreas fault surfae trae but inside the

non-re�etive zone. For that reason, these spei� seismi signals are attributed to the

deep extensions of the San Andreas fault zone that an be traed through the entire rust

aording to its distintive re�etivity struture.

The San Joaquin Valley east to the San Andreas fault zone is haraterized by westward

dipping sedimentary layer sequenes in the shallow rust. They overlay a body of steeper

west dipping strutures that are attributed to Great Valley ophiolites aording to its

orrelation with unusual high veloities. These partiular strutures have so far been

imaged for the �rst time in this partiular region. The depth of the rust-mantle boundary

gradually inreases towards east with inreasing distane to the San Andreas fault zone.

This work demonstrates that old seismi data sets ontain a multitude of subsurfae

information that traditional proessing tehniques are not able to extrat. Additional

subsurfae information also on new target depths an be obtained by reproessing old data

sets using advaned proessing tehniques. Previous interpretations an be omplemented

and reevaluated in onsideration of reent investigation results.
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Zusammenfassung

Das San Andreas Störungssystem ist seit vielen Jahrzehnten Objekt umfangreiher geowis-

senshaftliher Studien. Spätestens seit dem verheerenden Erdbeben von San Franiso im

Jahr 1906 wird das komplexe Störungssystem genau untersuht, um detaillierte Modelle

abzuleiten, mit deren Hilfe das Erdbebenrisiko entlang der Verwerfungszonen abgeshätzt

und die Prozesse der Plattenvershiebung beshrieben werden können.

Seismishe Migrationsmethoden bieten dazu die Möglihkeit mittels aktiver seismisher

Experimente das Re�exionsvermögen des Untergrundes als seismishes Abbild darzustellen.

Dieses kann anshlieÿend hinsihtlih der geologishen Strukturen interpretiert werden.

In der vorliegenden Arbeit wird der 1981 industriell erhobene re�exionsseismishe Daten-

satz SJ-6 erneut bearbeitet, um mittels moderner Migrationsmethoden neuartige seismis-

he Abbilder entlang des San Andreas Störungssystems im südlihen Zentralkalifornien

zu erzeugen.

Dazu wurde der komplette Datensatz vom Geologishen Dienst der Vereinigten Staaten

(USGS) erworben, dessen Pro�llinie das kalifornishe Küstengebirge nahezu senkreht zur

San Andreas Verwerfung und das kalifornishe Längstal (San Joaquin Valley) in Rihtung

von West nah Ost überquert.

Das Re�exionsvermögen der gesamten Kruste unterhalb der Pro�lline wird durh drei ver-

shiedene Migrationsmethoden bestimmt, um die Ergebnisse zu vergleihen und die Meth-

oden hinsihtlih der Qualität der Abbilder beurteilen zu können. Angewendet werden

die Kirhho� Prestak Tiefenmigration, die Fresnel Volumen Migration und die Re�etion

Image Spetrosopy Methode. Die Kirhho� Prestak Tiefenmigration wird heutzutage

standardmäÿig eingesetzt und eignet sih sehr gut zur Abbildung komplexer Untergrund-

strukturen. Obwohl sie shnell in der Durhführung ist, verursaht sie erheblihe Mi-

grationsartefakte, die durh eine geringe Datenabdekung, besonders am Rand der seis-

mishen Sektionen, aber auh verursaht durh die geringen Quell-Empfängerabstände,

entstehen. Die neuartige Fresnel VolumenMigration greift das aus der Optik und Funküber-

tragung bekannte Prinzip der Fresnel Zonen auf, um den Migrationsoperator im Unter-

grund auf die Region nahe des eigentlihen Re�exionspunktes zu beshränken und dadurh
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die Bildung von Migrationartefakten zu vermindern. Die daraus resultierenden Abbilder

enthalten zusätzlihe Untergrundstrukturen, die sih deutliher vom Hintergrundraushen

abgrenzen. Da das Re�exionsvermögen im Untergrund auh von der Gröÿe der Unter-

grundstrukturen und den Wellenlängen der verwendeten seismishen Signale abhängt,

wird zusätzlih die Re�etion Image Spetrosopy Methode auf die Daten angewendet.

Auf diese Weise können zusätzlihe Strukturen sowohl im groÿ- als auh im kleinskaligen

Bereih unter Berüksihtigung diskreter Frequenzbereihe abgebildet werden.

Die verwendeten Migrationsmethoden werden aufgrund des unregelmäÿigen Verlaufs und

des markanten Rihtungswehsels der SJ-6 Pro�llinie in 3D implementiert. Die Bear-

beitungsshritte werden entsprehend angepasst, um jeweils ein verlässlihes seismishes

Abbild der kompletten Erdkruste unterhalb der Pro�llinie zu erzeugen. Anshlieÿend

werden die Abbildungsergebnisse miteinander verglihen und eine Karte der abgebildeten

Strukturen erstellt.

Jede der drei Migrationsmethoden wird unter Verwendung des gleihen 3D Geshwindig-

keitsmodells durhgeführt, das durh Erdbebentomographie erzeugt und für diese Arbeit

zur Verfügung gestellt wurde.

Die in dieser Arbeit abgebildeten Strukturen werden mit den jüngsten Ergebnissen an-

derer geophysikalisher Studien verglihen und interpretiert. Die abgebildeten Struk-

turen zeigen, dass sih die einzelnen Gesteinskomplexe des San Andreas Störungssystems

deutlih in ihrer Struktur untersheiden. Südwestlih der San Andreas Verwerfung im

Salinishen Gesteinskomplex wird in der unteren Erdkruste eine ungefähr 5 km dike

Sequenz subparalleler starker Re�ektoren abgebildet, die südwestlih der San Andreas

Verwerfung abrupt enden. Die San Andreas Verwerfung wird als 4 km breite re�exion-

sarme subvertikale Zone abgebildet, die durh hohe Seismizität und niedrige seismishe

Geshwindigkeiten im oberen und mittleren Teil der Erdkruste gekennzeihnet ist. Unter-

halb des spröd-duktil Übergangs verbreitert sih die re�exionsarme Zone mit zunehmender

Tiefe. Im südwestlihen Teil dieser Zone wurden niht-vulkanishe Tremore in der un-

teren Kruste lokalisiert, die somit der tiefen San Andreas Verwerfung zugeordnet werden

können, die durh ihr harakteristishes Re�exionsvermögen in der gesamten Erdkruste

identi�zierbar ist.

Mit zunehmender Entfernung von der San Andreas Verwerfung in östliher Rihtung

nimmt die Tiefe der Erdkruste sukzessive und damit auh die Tiefe des spröd-duktil-

Überganges zu. Das San Joaquin Valley ist durh westwärts einfallende subparallele Sedi-

mentshihten in der oberen Kruste harakterisiert, die unterhalb der östlihen Grenze des

Küstengebirges gefaltet sind. Die Sedimentshihten des San Joaquin Valleys überlagern

einen Blok mit starken steil nah Westen geneigten Re�ektoren. Diese Strukturen wer-
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den aufgrund ihrer Geshwindigkeitsstruktur den sogenannten Great Valley Ophioliten

zugeordnet, die in dieser Region erstmals strukturell abgebildet werden konnten.

Es wird gezeigt, dass alte seismishe Datensätze meist eine Vielzahl von Informatio-

nen enthalten, die mit den üblihen Prozessierungsmethoden niht erfasst werden kön-

nen. Die erneute Bearbeitung dieser Datensätze mit modernen Prozessierung- und Abbil-

dungsmethoden bietet die Möglihkeit zusätzlihe strukturelle Informationen zu erhalten

und vorhandene Interpretationen, wenn nötig, zu aktualisieren und vor dem Hintergrund

aktueller Forshungsergebnisse neu zu bewerten.
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1 Introdution and Motivation

Controlled-soure seismi experiments have been exeuted world wide sine more than 60

years. They provide substantial information on subsurfae strutures and the tetonis

of the earth's rust by resolving the shape and loation of large- as well as small-sale

rustal strutures. The quality of the resulting seismi depth images thereby depend

on the quality of the reorded data but also on the available omputing failities and

proessing proedures. With the time, the aquisition layouts, reording instruments and

the data proessing routines have been further developed in order to enhane the earth's

seismi response signals and to suppress noise at the same time aiming to ahieve seismi

depth images of enhaned quality and high resolution.

The essential proessing step that plaes reorded seismi signals to their subsurfae

origins is alled Seismi Migration or Seismi Imaging.

Due to limited omputing failities in the past, post-stak migration of ommon-midpoint

(CMP) proessed data have been the onventional method to generate seismi depth

images. This method was used espeially by the exploration industry as oil and gas a-

umulations an usually be found in sedimentary layer sequenes that often show simple

geology. CMP post-stak migration works �ne for plane and gently dipping re�etors

but fails in regions with omplex geology. For that reason and for the fat that omput-

ing failities developed rapidly during the last three deades, other migration tehniques

replaed the standard CMP proessing routines.

Today, Kirhho� Prestak Depth migration is one of the widely used imaging methods.

It works in omplex geologi settings and an suessfully be used in ases of irregular

survey layouts. During Kirhho� Prestak Depth migration the reorded wave�eld is

attributed to eah potential re�etion point in the subsurfae aording to its two-way

traveltime. It an be said, that the wave�eld is "smeared" along the orresponding two-

way travel time isohrones. The true re�etor is imaged where the two-way travel time

isohrones interfere onstrutively. However, in ases of sparse sampling and limited

aperture Kirhho� Prestak Depth migration produes signi�ant migration artefats. In

this ase, the two-way travel time isohrones do not su�iently interfere to produe a lear
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seismi image of the re�etor. For that reason, Görtz et al. (2003), Lüth et al. (2005) and

Buske et al. (2009) propose to use the onept of Fresnel Volumes in order to restrit the

migration operator (i.e. the two-way traveltime isohrones) to that partiular subsurfae

region that physially ontributes to the reorded re�etion event. For this purpose, rays

are traed into the subsurfae aording to the emergene angle of the reorded events.

Then, the Fresnel Volume is alulated for eah ray and the wave�eld values are attributed

to those partiular subsurfae points that are loated within the �rst Fresnel Volume. This

advaned imaging approah is alled Fresnel Volume migration. The studies of Görtz et

al. (2003), Lüth et al. (2005) and Buske et al. (2009) learly show the advantages

of Fresnel Volume migration ompared to standard Kirhho� Prestak Depth migration.

Migration artefats are signi�antly redued and onsequently re�etors appear more

distintive. Sik (2006) and Chalbaud (2010) applied both methods, Kirhho� Prestak

Depth migration and Fresnel Volume migration, respetively, to ative seismi data sets

from di�erent sites along the Chilenean subdution margin. Both authors obtained preise

depth images of the subdution environment that are more suitable for interpretation

than the orresponding depth images produed by Kirhho� Prestak Depth migration.

Furthermore, Fresnel Volume migration sueeds in imaging steeply dipping re�etors

where standard Kirhho� Prestak Depth migration fails. This was shown by Gutjahr

(2009) who used syntheti seismi data from a vertial re�etor model and managed to

suessfully image the vertial re�etor with Fresnel Volume migration.

Yoon (2005) showed that the quality of seismi depth images depends strongly on the

onsidered wavelengths of the reorded seismi signals beause heterogeneous zones in the

subsurfae ause sattering. The range of partiular wavelengths thereby depend on the

size of the heterogeneities. For this reason, the sattering harateristis of the subsurfae

an be haraterized by performing the migration algorithm within disrete frequeny

bands. This approah is alled Re�etion Image Spetrosopy. Certain small-sale as well

as large-sale strutures an additionally be resolved that are usually superimposed by

signals from di�erent frequeny ranges.

The present thesis aims to reproess an old industry re�etion data set using standard

Kirhho� Prestak Depth migration, Fresnel Volume migration and Re�etion Image

Spetrosopy. It shall be shown that the appliation of advaned imaging tehniques

on an old re�etion data set is able to omplement previous studies with new strutural

details from beneath the investigation area.

The data set used in the frame of this thesis is the industry re�etion data set SJ-6 that

has been aquired in 1981 in order to explore oil aumulations in the shallow rust of

south entral California, USA. Line SJ-6 is of valuable interest to the sienti� ommunity
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beause it rosses major parts of the prominent San Andreas transform fault system whih

is a major transform plate boundary separating the North Amerian plate and the Pai�

plate, respetively.

The San Andreas transform fault system is one of the most intensely studied plate bound-

aries in the world beause it an be observed on land and is therefore more easily to aess.

Furthermore, the San Andreas fault system onsists of many fault strands that are apa-

ble of produing large earthquakes that pose danger for itizens living near the fault zones

espeially those in large ities, for example San Franiso and Los Angeles, respetively.

Various studies on the San Andreas fault aim to understand the mehanisms and pro-

esses that ontrol the displaement of rustal bloks whih is so far not yet ompletely

understood, nor is its omplex tetoni evolution. Additionally, the San Andreas fault

system an be separated into many segments that all have di�erent harateristis, for

example with respet to adjaent geology, seismiity or fault dip.

Pro�le SJ-6 rosses the San Andreas fault near the small town Cholame where the seismi

behaviour of two di�erent segments hanges from seismially loked (i.e. few large earth-

quakes) to transitional (i.e. aseismi reep, miroearthquakes and intermediate reurring

earthquakes). Along the transitional segment approximately 50 km north of Cholame

the famous San Andreas Fault Observatory At Depth (SAFOD) is loated whih on-

tains a borehole that was drilled diretly through the San Andreas fault zone at approx.

3 km depth in order to examine the fault zone diretly at the loations of earthquake

hypoenters. The preliminary survey at SAFOD ontained a 2D ative seismi re�e-

tion/refration data set (SAFOD2003) aross the drilling site and the San Andreas fault

zone. Buske et al. (2007) proessed a limited portion of the full data set using Fres-

nel Volume migration. The resulting depth images show two distint almost subvertial

strutures down to depth of approximately 4 km that are related to the San Andreas fault

and the adjaent Buzzard Canyon fault.

The present work is strongly motivated by the studies of Buske et al. (2007) and Buske et

al. (2009). The question ame up how the San Andreas and other related faults appear in

the seismi depth image at other loations of the fault system and how potential di�erenes

might be orrelated to other geologial or geophysial observations.

With a total extend of 180 km line SJ-6 is an exeptionally long pro�le line that rosses

the major geomorphologial units and fault zones in south entral California, e.g. the

Coast Ranges and the Great Valley as well as the Naimiento-Rinonada fault zone, the

San Andreas fault zone and the San Juan fault, respetively. Another interesting aspet

about the SJ-6 data set is its loation diretly above a zone of high non-volani tremor

ativity. These seismi signals have �rstly been desribed along the San Andreas fault
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by Nadeau and Dolen (2005). It is expeted that non-volani tremor are related to

proesses in the deep San Andreas fault zone. Determined non-volani tremor loations

(e.g. Shelly et al., 2009, Nadeau et al., 2009 and Ryberg et al., 2010) are so far unertain

and the proesses that generate non-volani tremor signals are not yet understood. For

that reason, many studies deal with these extraordinary seismi signals in order to gain

an insight into the deep San Andreas fault zone.

The United States Geologial Survey (USGS) fortunately made the full industry SJ-6

re�etion data set available to the sienti� ommunity. It was shown in 1985 by several

working groups (Walter et al., 1987) that the data set ontains striking information not

only on the shallow rust but also on the lower rust. However, only partiular parts

of the data set were available to the sientists and CMP post-stak proessing was the

standard imaging tehnique used in those days. Bloh et al. (1993) reproessed a part

of the SJ-6 data east towards the San Andreas fault using Prestak Migration tehniques

in order to investigate the tetoni evolution of the eastern Coast Ranges and the Great

Valley but their seismi depth images only ontain strutural information on the shallow

rust.

In the sope of this thesis, the full SJ-6 data set is reproessed with the aim to image

the whole rust with partiular fous on the deep rustal strutures of the San Andreas

fault system. The major questions aording to the San Andreas fault zone are: Does

the fault an again be imaged as distint subvertial feature in the shallow rust? What

is the appearene of the fault in the lower rust and does it reah the Moho? Does the

depth images show any indiators that orrelate with non-volani tremor loations?

The depth images that are obatined by eah of the three imaging tehniques are ompared

to magnetotelluri investigation results that have been obtained aross nearly the same

pro�le line (Beken et al., 2011 and Tietze et al., 2013), to the seismi veloity struture

(Thurber at al., 2006 and Lin et al., 2010) and to the loal seismiity (Waldhauser and

Sha�, 2008) as well as non-volani tremor loations (Nadeau et al., 2009).

The struture of the present thesis is as follows: Chapter 2 introdues the investigation

area fousing on the main harateristis of the San Andreas fault zone aording to its

evolution and its seismi attributes. Furthermore, the most important geomorphologial

units along line SJ-6 are presented. Chapter 3 explains the theory behind the three

applied imaging methods used in this thesis. It starts with the priniple of Kirhho�

Prestak Depth migration followed by a disription of Fresnel Volumes and Fresnel Volume

migration. Finally, the basi idea behind Re�etion Image Spetrosopy is explained.

Chapter 4 gives an overview on the data set. The exat loation of line SJ-6 as well as the

aquisition geometry and the reording parameter are introdued in setion 4.1. Setion
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4.2 shows major results from seleted previous studies that used parts of the same data

set.

Line SJ-6 is partly rooked in some regions and shows a signi�ant kink where it rosses

the San Andreas fault. The imaging tehniques are for that reason implemented in 3D and

line SJ-6 is separated into two distint segments aording to the signi�ant kink. The

dimensions of the prede�ned subsurfae models and the two segments are presented in

setion 4.3.1 followed by a haraterization of the additionally required veloity model in

setion 4.3.2. The migration operator, namely the two-way travel time isohrones are then

determined aording to the brief desription in setion 4.3.3. Setion 4.3.4 demonstrates

the preproessing steps that are applied to prepare the data for migration. Finally, it

is explained how eah single imaging approah is implemented on the data set and how

reliable 2D depth images are produed from 3D migrated volumes under onsideration of

a rooked reeiver line. Chapter 5 presents and ompares the migration results of eah

migration approah for the two separate line segments aording to the predominating

geomorphologial units along line SJ-6. A �nal re�etor map is presented at the end of

the hapter.

Finally, in hapter 6, the resulting depth images are disussed and partly interpreted by

omparing it with other geophysial investigation results. The major aspets of this thesis

are summarized und onluded in hapter 7.
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2 Tetoni and Geologial Setting

The western North Amerian margin experiened several di�erent tetoni plate inter-

ations through historial time, eah of them triggering geologi events that together

formed a highly omplex geology. The present-day tetoni setting along the western

North Amerian margin onsists of a onvergent plate boundary along the oast of Ore-

gon, Washington and Canada as well as a transform plate boundary parallel to the Pai�

oast of California, USA. There, the Pai� and the North Amerian plates move past

eah other and form the prominent San Andreas transform fault system. The present

hapter aims to give a brief and rather simple overview on the main harateristis of the

San Andreas fault system and the geology of the investigation area in partiular. The

present-day geology is diretly related to the tetoni proesses that ourred prior to

the initiation of the transform motion that later reshaped the geologi setting. Setion

2.1.1 brie�y illustrates the tetoni evolution of the western North Amerian margin and

the San Andreas fault in partiular. Setion 2.1.2 summarizes the seismi harater of

the San Andreas fault system that is a diret onsequene of ative plate tetonis and

bears a risk for residents along partiular parts of the fault system. Reently, seismi

signals alled non-volani tremor have been observed along ertain setions of the San

Andreas fault system that are introdued shortly in setion 2.1.3. The �nal setion of this

hapter deals with the most signi�ant geomorphologial units aross the San Andreas

fault system fousing on the area of investigation in south entral California.

2.1 The San Andreas Fault System

The San Andreas transform plate boundary is loated at the western margin of the North

Amerian ontinent and de�nes a large region that is a�eted by the transform motion

of the oeani Pai� plate against the ontinental North Amerian plate. Thereby, the

Pai� plate moves relatively northwestward past the North Amerian plate with a rate

of approximately 49 mm/yr (Thather, 1990).

The largest portion of this transform motion (approx. 75 %) is aomodated by the San
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Figure 2.1: a) The San Andreas fault system represents the transform plate boundary be-

tween the Pai� plate and the North Amerian plate along the west oast of California, USA

(Kious et al., 1996). b) A omplex network of faults rosses California from northwest towards

southeast de�ning the San Andreas fault system (modi�ed after Jennings et al., 2002).

Andreas fault system that is loated nearly parallel to the Pai� Coast of California,

USA. The rate of dextral strike-slip along the San Andreas fault system amounts to 33-37

mm/yr (Thather, 1990) resulting in an estimated total o�set of 560 km (Irwin, 1987)

sine the transform plate boundary started to develope approximately 30 Ma ago. The

extensive deformation as a result of transform plate motion an be observed aross the

San Andreas fault system along a region of 50 km to 100 km in width and more than 1000

km in length from Cape Mendoino north of San Franiso southeast towards the Gulf

of California. A omplex network omposed of many faults developed within this region

subparallel to the plate boundary where the San Andreas fault is designated as the main

fault and therefore lends its name to that large transform plate boundary. Figure 2.1 a)

illustrates the main trae of the San Andreas fault zone through California and Figure 2.1

b) gives an impression of the omplex fault network that de�nes the San Andreas fault

system.

The prominent San Andreas fault is a right-lateral strike-slip fault that an be traed from

Cape Mendoino southeast towards the Gulf of California over a distane of 1.200 km.

Near Cape Mendoino the San Andreas fault forms a triple juntion with the Mendoino

transform fault and the Casadia subdution zone. Three lithosperi plates interat in

this region and the transform system hanges to subdution towards north.

On its way southeast from the Mendoino triple juntion to the Gulf of California the San
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Figure 2.2: The San Andreas fault is haraterized by a signi�ant sar that an be observed

at the surfae through almost the length of California. The dashed blak line demonstrates the

o�set of a drainage pattern due to strike slip movement along the fault (Kious et al., 1996).

Andreas fault uts through diverse rok types and regional strutures. In its entral part

the San Andreas fault is relatively straight and separates ontrasting rustal elements

that di�er signi�antly in age and lithology. The southern setion of the San Andreas

fault ontains a bend towards east near Los Angeles.

The overall strike-slip movement along the San Andreas fault is loally aompanied by a

relevant omponent of ompression perpendiular to the strike of the fault. The diretion

of strike slip movement along the fault di�ers by approximately 6

◦
from the diretion of

relative plate movement of the transform system (Eaton and Rymer, 1990).

Along the surfae the San Andreas fault zone an be observed by linear landforms and

a great sar that is existent through most of California. Linear rigdes and valleys are

oriented subparallel to the plate boundary. Di�erent lithologies on either side of the fault

indiate the past displaement of rustal bloks against eah other. Respetive surfae

expressions resulting from the displaement are o�set streams as illustrated in Figure

2.2. It is possible that the o�set shown in Figure 2.2 may have been fored by one large

earthquake or propably by multiple earthquakes over the past million years. Other surfae

indiators of the frature zone an diretly be observed by en ehelon or linear raks in

some regions as well as o�sets in formerly straight fenes and damaged buildings that

have been built diretly upon the fault. And of ourse, the present plate movement an

diretly be experiened by moderate to large earthquakes.
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2.1.1 Evolution

The evolution of the San Andreas transform system was initiated approximately 30 Ma

ago. By then the anient oeani Farallon plate was subduted eastward beneath the

North Amerian ontinent sine Pangaea broke apart approximately 200 Ma ago. Where

the Farallon plate adjoined the Pai� plate, new oeani rust was produed along the

East Pai� rise, an oeani ridge system. Figure 2.3 a) shematially illustrates this

situation. The spreading enter of the East Pai� rise is marked by the thik red line.

With the time, the rate of subdution between the North Amerian plate and the Farallon

plate exeeded the spreading rate at the ridge system farther west. Consequently, the

North Amerian plate started to override the spreading enter ausing the Farallon plate

to progressively destrut as an it be seen in Figure 2.3 b). Two triple juntions developed

at the edges of the ontat zone between the Pai� and the North Amerian plates, the

Mendoino triple juntion (M in Figure 2.3) and the Rivera triple juntion (R in Figure

2.3), respetively. While subdution of the Farallon plate ontinued northwestward and

southeastward to the triple juntions, the latter started to migrate towards northwest

and southeast, respetively, approximately 20 Ma ago. Sine then, the right lateral San

Andreas transform fault formed in between the migrating triple juntions (see Figures 2.3

)-e)). The above given desription of the San Andreas fault evolution only highlights

the main aspets of a very omplex and long proess. Even today, this proess is not yet

fully understood and ontinues to be a subjet of intense researh. The reader is referred

Figure 2.3: Cenozoi plate tetoni evolution of the San Andreas transform fault system

(Irwin, 1990).
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to Irwin (1990), Brown (1990) or Atwater (1970) who studied and summarized the main

aspets of the San Andreas fault Cenozoi tetoni evolution in detail. Popov et al. (2012)

simulated 20 Ma of San Andreas fault evolution in order to �nd possible mehanisms that

explain an observed migration of the ative San Andreas fault zone towards east during

this period.

2.1.2 Seismiity

The motion of the lithospheri North Amerian and Pai� plates against eah other

generates stresses and aompanying strain within the adjaent rustal bloks along the

plate boundary. The global tetoni stress fores the plates to move against eah other

but frition between the adjaent rustal bloks auses these to stik together. When

frition exeeds, the rustal bloks slip against eah other and stress is loally released by

earthquakes of di�erent magnitudes. Figure 2.4 shows the San Andreas fault main trae

and seismi events (blue points) reorded in the years between 1984 and 2011 that have

been reloated by Waldhauser and Sha� (2008). The San Andreas fault zone itself an

be subdivided into segments that signi�antly di�er in its seismi behaviour. The red

segments in Figure 2.4 have ruptured in historial times and generated large earthquakes,

like the 1906 San Franiso earthquake and the 1857 Fort Tejon earthquake, both with

a magnitude of approximately 7.9. The San Franiso 1906 and the Fort Tejon 1857

earthquakes are marked by white stars in Figure 2.4. Both segments are supposed to be

loked until the aommodated strain exeeds the fritional strength of the rustal bloks

and sudden slip auses the next large earthquake. Tetoni ativity in Central California is

haraterised by aseismi reep, shallow miroseismi events and few reurring M6 events

loated between the two loked segments. The so-alled reeping segment is illustrated

by a green fault line in Figure 2.4. Historial reep rates are 32 mm/yr along this 132

km long setion (Bryant et al., 2002). The adjaent rustal bloks slip onstantly or

periodially against eah other. Large earthquakes have not been reported from this fault

segment and it is unlikely that they will our in the future as loal plate motion is

almost ompletely aomodated by the long-term slip (Hill et al., 1987). Miroseismi

ativity is rather high along the reeping setion of the fault ompared to the loked fault

segments. Maximum depths of miroseismi events have been loated not deeper than 13

km along the reeping segment and 15 km along the reeping to loked transition zones

(Waldhauser and Sha�, 2008). For this reason and beause of the narrow distribution

of miroseismi events beneath and around the faults surfae trae, the San Andreas

fault an seismially be de�ned as a near vertial struture down to depth of 15 km.

The shallow seismiity is assoiated with the brittle upper rust that is haraterized by

10



Figure 2.4: Seismi ativity map showing seismi events (blue dots) reorded in the years

between 1984 and 2011 reloated by Waldhauser and Sha� (2008). The San Andreas fault

loked segments are indiated by red lines and the reeping segment by the green line, respe-

tively. White stars mark the epientres of the M7.9 1906 San Franiso, the 1857 Fort Tejon,

the 1982 M5.5 New Indria, the 1983 M6.7 Coalinga and the 1985 M5.4 Kettleman Hills earth-

quakes, respetively.

prevalent elasti deformation. From the so far aseismi lower rust it is inferred that

plasti deformation predominates in the dutile part of the rust.

The seismi ativity map shows several bands of seismiity that strike subparallel north-

east and southwest to the San Andreas fault. The strutures there are apable of produ-

ing relatively large earthquakes suh as the M6.7 Coalinga and the M5.4 Kettleman Hills

earthquakes. These seismi events are assoiated with reverse and thrust fault earthquakes

that our at the western and eastern �anks of the California Coast Ranges. Eaton and
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Figure 2.5: Seismotetoni model from Eaton and Rymer, 1990.

Rymer (1990) proposed a seismotetoni model that is illustrated in Figure 2.5. They

presume the Coast Ranges to be underlain by a transform zone in the mantle and a

dutile lower rust that borders a mehanially stronger lower rust at the edges of the

Coast Ranges. The brittle upper rust above is supposed to be deoupled from the lower

rust and mantle along subhorizontal detahements that generate thrust and reverse fault

earthquakes when reahing the brittle upper rust at the �anks of the Coast Ranges.

2.1.3 Non-volani tremor

The San Andreas fault zone is one of the most intensely studied faults in the world. Seismi

reeiver density along the fault is therefore high, espeially along the reeping segment.

Along partiular segments of the fault low amplitude, high frequeny seismi signals have

been deteted amongst the seismi reordings. The same kind of signals have previously

been deteted along subdution zones in southern Japan and Casadia (Obara, 2002) and

are alled non-volani tremor. Figure 2.6 illustrates the non-volani tremor ativity

sine 2005 (Nadeau and Dolen, 2005 and Nadeau et al., 2009). Non-volani tremor

loations are marked as blue dots. The non-volani tremor ativity is inreased along

the reeping segment of the San Andreas fault and highest at the southeastern transition

from the reeping into the loked segment. Identi�ation and loation determinations

of non-volani tremor is a hallenging task beause these signals lak lear P- and S-

phase arrivals. They our spontanously or an be triggered by loal earthquakes and

by teleseismi earthquakes. The duration of non-volani tremor is variable and an last

from several minutes up to days. At subdution zones non-volani tremor are supposed

to be related to slow-slip events in the subduted rust that are indued by dehydration

proesses. The proesses that are related to non-volani tremor generation along the

San Andreas fault remain unknown. It is speulated that these proesses might be �uid
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Figure 2.6: Non-volani tremor loations in South Central California (Nadeau et al. ,2009).

Blue dots are non-volani tremor loations, gray dots are seismi events (Waldhauser and

Sha�, 2008).

driven. As lear body wave phase arrivals an not be deteted diverse loation approahes

have been developed by di�erent working groups. The results are not onsistent and yield

in diverse interpretations. Aording to Nadeau et al. (2009) non-volani tremor are

widely distributed within and adjaent to the San Andreas fault zone. Thereby higher

non-volani tremor ativities are onentrated slightly west of the fault. The loation

results from Shelly et al. (2009) show non-volani tremor events that are mostly aligned

within the deep fault zone. Both groups loated the non volani tremor events in the

lower rust beneath the seismogeni zone and presume a diret relationship to the deep

San Andreas fault onluding that the fault zone is a distint feature that intersets

the entire rust. Loations by Ryberg et al. (2010) are parallel to, but o�set towards

southwest from the San Andreas fault. Rubinstein et al. (2010) presents two physial

models that aim to explain the generation of non-volani tremor, a �uid-�ow model and

a fritional model, respetively. The fritional model explains non-volani tremor as a

result of slow-slip events whereas the �uid-�ow model attributes �uid proesses to non-

volani tremor generation. Nevertheless, further studies of non-volani tremor events

might reveal important information on the proesses that are related to the deep rust

whih are so far poorly understood.
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2.2 Geomorphi Provines of South Central California

California is subdivided into eleven geomorphi provines as illustrated in Figure 2.7.

Eah provine is haraterized by distint features suh as landforms, limate, geology or

topography. The following setion fouses on the geology of three partiular provines

and its spei� subregions that are loated aross the area of interest in south entral

California that is indiated by the blak retangle in Figure 2.7. This partiular region

ontains the California Coast Ranges, the Great Valley and the foothills of the Sierra

Nevada.

Muh of the present day rok units in California developed as a result of Mesozoi subdu-

tion proesses. Cenozoi strike-slip movement deformed these roks and displaed most

of the rok units out of its original loations. Many faults have been involved over spei�

periods of time resulting in a omplex pattern of neighbouring geologi units of di�erent

origin and age. Therefore, reonstrution of Californias geologial history is a hallenging

work to do.

For more information on the evolution and the geologial struture of the San Andreas

fault system and western North Ameria the reader is referred to Irwin (1987) as well as

Page et al. (1998) to name but a few. As mentioned before, a wide variety of interesting

literature an be found on various topis relating to the San Andreas fault system.

Figure 2.7: California geomorphi provines (California Geologial Survey, 2002). The blak

retangle marks the area of interest.
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2.2.1 The California Coast Ranges

The California Coast Ranges are haraterized by mountain ranges and valleys that are

loated between the Pai� oast and the Great Valley. Tending nearly subparallel to the

San Andreas fault zone the Coast Ranges extend over a distane of approximately 300

km in northwest-southeast diretion and up to 50 km perpendiular to this. The moun-

tain ranges an ahieve elevations of 1200 m in some regions. Due to the ompressional

deformation aross the plate boundary the Coast Ranges are still undergoing folding and

thrusting (Page et al., 1998). It is suggested that uplift of the Coast Ranges was initiated

after the passage of the Mendoino triple juntion towards northwest. While the north-

ern Coast Ranges are mainly omposed of roks from the so-alled Franisan Blok, the

southern Coast Ranges additionally inlude a large blok of mainly graniti omposition,

the Salinian Blok.

Beside the famous San Andreas fault the California Coast Ranges ontain series of almost

parallel faults that belong to the San Andreas fault system, for example the Naimiento

fault, the Rinonada fault and the San Juan fault in South Central California.

Franisan Blok

The Franisan Blok is a heterogeneous assemblage of various rok types inluding

graywake, sandstone, limestone, hert as well as volani roks and metabasalts. The

Franisan roks represent an aretionary assemblage that formed during the Mesozoi

subdution proess at the front side of the overriding lithospheri plate. Deep sea sedi-

ments and parts of oeani rust were areted to the ontinent and formed an aretionary

wedge that underwent large deformation. The basement roks of the Franisan Blok

are overlain by Cretageous, marine Tertiary and ontinental Quaternary sedimentary se-

quenes. Loally Franisan roks are overlain by Great Valley Sequene roks that are

similiar in age but di�er in lithology ompared to the Franisan roks. In south Central

California Franisan roks are loated west to the Naimiento fault and east to the San

Andreas fault. In between, roks of the Salinian Blok have been brought into ontat to

the Franisan Bloks by transform motion along the San Andreas and Naimiento fault,

respetively. The western and the eastern Franisan Blok di�er signi�antly in age and

metamorphi grade. Aording to Godfrey et al. (2000) the western blok is younger

(Late Cretaeous to Mioene) and exhibits lower metamorphi grade than the eastern

blok (Late Jurassi to middle Cretaeous).

Salinian Blok

The Salinian Blok is an allohthonous blok omposited of plutoni and metamorphi
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roks (Page et al., 1998). It is loated between the Naimiento fault and the San Andreas

fault where it is in fault ontat with Franisan roks on its western and eastern margin,

respetively. The omposition of the roks of the Salinian Batholith is similiar to the

plutoni roks of the Sierra Nevada. It is assumed that Salinian roks and Sierran roks

have the same origin farther south of the present position of the Salinian Blok. The Fran-

isan roks learly di�er in omposition and evolution from the Salinian roks. As the

Franisan roks are una�eted by late Cretageous plutonism within the Salinian Blok it

is assumed that large fault displaements have taken plae, resulting in the movement of

the Salinian Blok against Franisan roks. The igneous basement roks of the Salinian

Blok are overed by Cretageous to Tertiary marine sedimentary roks and by non-marine

Quaternary roks (MBride and Brown, 1986).

Coast Range Ophiolite

Coast Range ophiolite outrops have been found along the entire length of the California

Coast Ranges. Ophiolites are remnant parts of oeani rust or possibly upper mantle

that have partially been areted onto the ontinental rust. During the uplift of the Coast

Ranges they were elevated to the surfae. Ophiolites are mainly omposed of ultrama�,

ma� and minor felsi igneous roks of Jurassi age. Sequenes of Coast Range ophiolites

lie between Franisan roks and sedimentary roks of the Great Valley Sequene. The

ontat between Franisan roks and the Coast Range ophiolites (or where missing roks

of the Great Valley Sequene) is marked by a mostly east dipping fault, namely the Coast

Range fault. Today, disussions about the origin and evolution of Coast Range ophiolites

ontinue and are subjet to a number of investigations. The reader is referred to Bailey

(1970) and Shervais (1985) or Choi et al. (2008) for further readings on ophiolites.

2.2.2 The Great Valley

The Great Valley is a large basin that is aligned in north-south diretion parallel to the

California Coast Ranges. The eastern margin of the Great Valley abuts to the Sierra

Nevada mountain range and the western margin to the Coast Ranges, respetively. The

Great Valley is separated into the northern Saramento Valley and the southern San

Joaquin Valley. During the Mesozoi subdution proesses the Valley originated below

sea level along the Farallon-North Amerian plate boundary. These proesses aused

depression and sedimentation of marine deposits. Though, the Great Valley inluded a

fore-ar setting in Mesozoi time until subdution eased. The western San Joaquin Val-

ley is assumed to be underlain by a wedge of Franisan roks that proeeds eastward
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due to ompressive omponents of deformation (Walter et al., 1987 and Wentworth et al.,

1984). The basement of the eastern San Joaquin Valley is presumably omposed of ma�

roks of the so-alled Great Valley ophiolite as proposed by Godfrey et al. (1998) and

Fliedner et al. (2000). The geologi omposition and the pre-Cenozoi tetoni history of

the Great Valley basement are not yet ompletely understood.

Great Valley Sequene

The Great Valley Sequene sediments have been deposited in the fore-ar basin environ-

ment during Mesozoi subdution proesses. Most of the deposits have been transported

from the Sierra Nevada mountain site. Great Valley Sequene roks lay upon Franisan

roks in the eastern Coast Ranges and partially in the western Coast Ranges. The age

and lithology is similiar to sediments of the Franisan, but unlike the Franisan roks

the Great Valley Sequene roks are intat and less deformed. Their age is dated from

Late Jurassi to Cretageous. Most of the Great Valley Sequene onsist of mudstone,

sandstone and onglomerate. Sandstones are suggested to be deposited from turbidity

urrents. The sediments have been deposited into shallow seawater environment and are

likely to ontain abundane of oil and gas.

Great Valley Ophiolite

Ophiolites as previously desribed above are suggested to form the basement of the Great

Valley. Godfrey et al. (1998) analyzed various of geophysial data sets and onluded that

the sedimentary strata of the Great Valley lie upon ma� and ultrama� material that he

referred to as Great Valley ophiolite that may be related to the Coast Range ophiolite.

Beneath the San Joaquin Valley the ophioliti setion is presumably 10-12 km thik. It is

not yet lear whether the Great Valley ophiolite originated from an intraoeani island ar

rust or from oeani rust. Furthermore, it ould not be distinguished if the ophioliti

setion onsists purely of rust or if there are omponents of oeani mantle material.

Aording to his investigations Godfrey et al. (1998) derived possible senarios for the

pre-Cenozoi evolution of the western North Amerian plate boundary.

2.2.3 The Sierra Nevada

The Sierra Nevada is a large mountain system that trends northwest through California

over a distane of 700 km. The orientation of the Sierra Nevada is the result of Mesozoi

subdution proesses. Magma intruded into the upper North Amerian plate during

subdution of the Farallon plate and built up a magmati ar. The magma was emplaed
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into older roks that have been deformed and metamorphosed. Large bodies of plutons

formed the Sierra Nevada Batholith that is in many plaes exposed today as uplift resulted

in erosion of sedimentary and volani roks.

The area of interest of this work inludes only the western foothills of the Sierra Nevada

in south entral California. The Sierra Nevada foothills are loated towards east adja-

ent to the Great Valley. In south entral California the foothills omprise in prini-

pal graniti and metamorphosed roks.The geology of the Sierra Nevada and the Sierra

Nevada foothills is very omplex as diverse geologi events formed the present rok units

and moved it to its present day loations.
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3 Applied Methods of Seismi Imaging

Seismi migration is the proess that plaes reorded seismi signals to their subsurfae

origins in order to reate an image of the subsurfae strutures. These strutural images

are further used to interpret the imaged strutures for the shape, size and distribution of

geologi strutures and to identify the loation and orientation of harateristi subsur-

fae features suh as faults and major lithologial boundaries. While migration provides

information on the spatial orientation an distribution of subsurfae strutures, additional

proessing tehniques suh as Amplitude versus O�set (AVO) yield supplementary infor-

mation on harateristi parameters of the geologial units.

Ative seismi experiments use ontrolled seismi soures to generate elasti waves that

propagate downward through the subsurfae (see Figure 3.1). The propagation veloities

of the waves depent on the elasti properties of the subsurfae roks. The downward

travelling waves are partly re�eted and refrated at suburfae heterogeneities where the

ontrast of the aousti impedane is high enough. The aousti impedane is de�ned as

the produt of the materials spei� parameters seismi veloity and density. The upward

travelling re�eted portion of the wave�eld is reorded at the surfae as a funtion of

Figure 3.1: Simple survey line layout of an ative seismi experiment. The wave�eld is

re�eted when the ontrast of aousti impedane between medium 1 and medium 2 is high

enough.
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Figure 3.2: Priniple of Seismi Migration (after Yilmaz, 1987). a) Re�etion events reorded

at reeiver A and B at di�erent two-way travel times (TWT) tA and tB indiate a dipping

re�etor, b) migration yields the true spatial position and dip β of the orresponding re�etor

(red line).

travel time along prede�ned reeiver lines or arrays. In the following, the term re�etion

will be used in order to desribe oherent seismi re�etion signals that are reorded

and displayed in the time setion whereas the term re�etor is used for the interfae or

subsurfae struture that aounts for the reorded re�etions at ertain depths. The

shape of the re�etions is given by the intervals in whih the signals are reorded at

di�erent stations. The term o�set de�nes the distane between the soure point position

and the reeiver loation.

In a zero-o�set experiment, that means that the soure and the reeiver are plaed at the

same loation, a horizontal re�etor an be identi�ed by horizontal oherent re�etion

signals in the time setion if the wave�eld generation is repeated at di�erent surfae

positions. A �nite-o�set time setion displayes a re�etion hyperbola, when the soure

point is �xed in one loation. The larger the o�set, the longer beomes the travel path

of the waves and hene the travel time. In the ase of dipping re�etion events or more

omplex re�etion strutures in the time setion, the shape of the related subsurfae

re�etor is so far unknown. Seismi migration therefore aims to solve this problem by

determining the true subsurfae positions of reorded re�etion signals.

The basi priniple of migration is rather simple. Figure 3.2 a) illustrates two stations

A and B in a zero-o�set set-up. The di�erene of the arrival times (tA and tB) of the

re�etion response at the stations A and B is obviously generated at a dipping subsurfae

re�etor. The onnetion of both reorded events in the time setion gives a straight

travel time urve with the dipping angle α.
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The true dip β of the orresponding re�etor is so far unknown but an be reonstruted by

drawing the two-way travel time isohrones (i.e. the time the wave�eld needs to propagate

from the soure to the re�etion point and bak to the reeiver) around eah station. Eah

point loated on the two-way travel time isohrone is a potential re�etion point in the

subsurfae that might be the origin of the reorded re�etion response. The loation of

the true re�etor is obtained by onstruting a straight line that tangentially strikes both

isohrones (red line in Figure 3.2 b). The relation between α and β is formulated by the

so-alled migrators equation: tanα = sin β (Sheri�, 1991). This proedure is simple in

the ase of small data volumes and simple re�etor shapes but beomes very ompliated

when realisti situations are onsidered.

Today, seismi surveys are very omplex and provide large data volumes. Moreover,

omplex veloity models have to be taken into aount that represent the true veloity

strutures as preisely as possible. All in all, seismi migration is a far more omplex

proess as illustrated above beause it atually means to solve an inverse problem for the

loation and the orientation of subsurfae re�etors .

A variety of approahes have been developed in order to obtain detailed images of the geo-

logial and tetoni strutures, whereas the suppression of artefats and the enhanement

of resolution are still subjet to various studies. Throughout this thesis a dynami migra-

tion approah is used to obtain strutural subsurfae information from seismi re�etion

data. Dynami migration approahes are based on wave theory and ontain in priniple

two steps. First, the reorded wave�eld is bakpropagated into the subsurfae. The se-

ond step plaes the reorded energy to the orresponding subsurfae points depending on

the partiular travel times of the waves between the soure and eah subsurfae point.

Three main tehniques are ommonly used for wave�eld bakpropagation: Kirhho� meth-

ods (Shneider, 1978), Fourier methods (Gazdag, 1978) and Finite Di�erene methods

(Claerbout, 1976). In the sope of this thesis, Kirhho� Prestak Depth migration and

the so-alled Fresnel Volume migration approah are performed in order to obtain stru-

tural subsurfae information. The Fresnel Volume migration approah was developed in

order to improve the image quality ompared to standard Kirhho� Prestak Depth mi-

gration by signi�antly reduing migration artefats. Kirhho� Prestak Depth migration

as well as the advaned Fresnel Volume migration approah are introdued in setions 3.1

and 3.2, respetively.

Additional strutural details an be obtained by migrating disrete narrow-frequeny

bands that are previously extrated from the data whih has been shown by Yoon (2005).

This approah is alled Re�etion Image Spetrosopy and will be introdued in setion

3.3.
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3.1 Kirhho� Prestak Depth Migration

Kirhho� migration tehniques are based on the solution of the high-frequeny approxi-

mation of the wave equation whih is the Kirhho� integral.

In 1954, Hagedoorn showed that re�etions an be migrated graphially by reating the

envelope of equal travel time urves as has been shown in the previous setion. The equal

travel time urve depits all points that represent a possible re�etion soure for a given

soure-reeiver pair. The urves are onstruted by drawing irles that pass through the

arrivals on the seismi traes and are entered at t = 0.

The envelope of all equal travel time urves forms the image of the orresponding re�etor.

The proess is illustrated in Figure 3.3. Hagedoorn's onept is the basis for di�ration

stak migration and therefore Kirhho� Prestak Depth migration. The relation of Haage-

dorn's graphial migration approah and modern Kirhho� migration is presented in the

publiations of Bleistein (1999) and Bleistein and Gray (2001).

The following setion shortly summarizes the major aspets of di�ration stak migration

as the basis of modern Kirhho� migration tehniques.

Figure 3.3: Shemati representation of Hagedoorn's method to syntheti data of a synline

model (Bednar, 2005). Top: Syntheti time setion; Bottom: Superposition of equal travel time

urves (blak irles) forms the image of the re�etor (red urve).

22



Di�ration Stak Migration

The di�ration stak method, as based on Hagedoorns migration approah, follows Huy-

gens' priniple, stating that every single re�etion point that is hit by a wave beomes the

soure of a seondary wave�eld (di�rated wave�eld). Figure 3.4 represents the ase of a

single di�ration point P (x, z) in the subsurfae, in the following alled the image domain.

A seismi signal propagating from a single soure S at the surfae into the subsurfae is

di�rated at P (x, z) and produes a seondary wave�eld aording to Huygens' priniple.

The seondary wave�eld propagates bak from P (x, z) to the surfae where it is reorded

at ertain reeivers (r1 to r6). In the time setion, alled data domain, the reorded events

de�ne a di�ration hyperbola (red line) providing the respetive two-way travel times of

the arriving wave. The two-way travel time in the data domain ontains the important

information on how long the wave travelled from the soure to eah resepetive reeiver

(t = ts + tri, i = 1, .., 6). The shape of the di�ration urve depends on the subsurfae

veloity, on the position of the di�ration point and the soure-reeiver on�guration at

the surfae. Provided that subsurfae veloities are known or pre-estimated, di�ration

urves for any partiular subsurfae point an be alulated for a given survey geometry.

Figure 3.4: Di�ration stak migration sums the amplitudes along the di�ration hyperbola in

the �nite-o�set time setion and attributes the sum to the onsidered subsurfae point P (x, z).
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Di�ration stak migration then sums the amplitudes along all di�ration urves and as-

signs the sums to the orresponding subsurfae points in the image domain. Considering

all soure reeiver on�gurations, the results will then interfere onstrutively along the

true reorded di�ration urves and destrutively elsewhere. In the example of Figure 3.4

the sum of amplitudes will be maximal for di�ration point P (x, z) and minimal for all

other points as they do not ontribute as seondary soures. This proedure an similarly

be applied to re�etion events. Re�etion events an be assumed as a superposition of

di�ration urves in the data domain and as losely spaed di�ration points in the image

domain.

Kirhho� Migration

Kirhho� migration is a weighted di�ration stak where the amplitudes are orreted for

geometrial spreading and obliquity in advane.

The bakpropagation of the reorded wave�eld into the subsurfae is realized by an ap-

proximation of the 2D Kirhho� equation whih is an integral form of the 2D wave equa-

tion. The 2D Kirhho� equation mathematially desribes the wave�eld at any partiular

subsurfae point as the superposition of wave�eld ontributions from surrounding points

and earlier times (Sheri�, 1991). The aim of migration is to determine the subsurfae

position of the wave�eld at the time when the re�etion ourred. As the wave�eld is

reorded at the surfae the Kirhho� equation an be redued to the Kirhho� migration

integral that provides the wave�eld U(~x, t(~x)) at any point P (~x) in the subsurfae at the

time of re�etion tS = t− tR beneath the aquisition surfae A:

M(~x) = U(~x, tS(~x)) =
∫ ∫

A

W (~x, ~x′) U̇(~x′, tS + tR) d~x′
(3.1)

t = tS+tR is the two-way travel time that the wave�eld needs to propagate from the soure

to the re�etion point (tS) and from the re�etion point to the reeiver (tR). The wave�eld

M(~x) at image point P (~x) is determined by staking the time derivatives of the reorded

wave�eld U̇(~x′, tS + tR) at the surfae ~x′ = (x, z = 0). The weight funtion W (~x, ~x′)

aounts for the orret treatment of the amplitudes during the bakpropagation of the

wave�eld. In this thesis the approximated Kirhho� migration represented by equation

3.2 is used and orresponds to the weighted di�ration stak migration.

M(~x) = U(~x, t(~x)) =

∞
∫

−∞

U(~x′, tS + tR) ·W (~x′)dx′
(3.2)

In pratie, an a priori veloity model is used to determine the two-way travel times

for eah image point P (x, z) and eah partiular soure-reeiver pair on�guration. In
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the majority of ases the reorded amplitudes are orreted for geometrial spreading

in the preproessing proess prior to migration. During migration, the amplitudes are

then attributed to eah point P (x, z) that is a possible di�rator of re�etion energy, that

means amplitudes are smeared along the orresponding two-way travel time isohrones. In

the atual imaging step, amplitudes assoiated with the same subsurfae point P (x, z) are

summed so that they interfere onstrutively at atual di�ration points and destrutively

elsewhere. This approah is referred to as Kirhho� Prestak Depth migration sine the

migration is applied in the prestak domain beause migration is performed on eah single

shot gather separately. Afterwards the single migration results are staked to obtain one

�nal migrated depth setion in order to improve the signal-to-noise ratio.

The above desribed imaging tehnique has proven e�etive espeially in omplex geologi

settings and for surveys with varying aquisition parameters. High quality images an

only be obtained if the interferene of isohrones is su�iently good. Most likely this is

not the ase for low overage or limited aperture. The image result an then sigi�antly

be a�eted by migration noise and artefats. Furthermore, this imaging tehnique is not

suitable for imaging steeply dipping re�etors.
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3.2 Fresnel Volume Migration

In the following, an advaned migration approah will be introdued that is able to en-

hane the image quality signi�antly ompared to standard Kirhho� Prestak Depth

migration. The so-alled Fresnel Volume migration approah was proposed by Görtz et

al. (2003) and Lüth et al. (2005) as an extension to standard Kirhho� Prestak Depth

migration. The basi onept of this approah is to estimate the travel path of reorded

energy and to loally restrit the migration operator (two-way travel time isohrone)

around to the viinity of the travel path. Thus, the standard Kirhho� Prestak Depth

migration sheme is extended by a ray traing proedure that subsequently determines

Fresnel Volumes in order to provide the riterion for the restrition of the migration oper-

ator. In the following, the onept of Fresnel Volumes and the method of Fresnel Volume

migration will be introdued.

The onept of Fresnel Volumes

In ray theory, rays are approximated as in�nitely narrow lines as long as frequenies are

assumed to be in�nitely high. In reality, reorded data ontain �nite frequeny ranges. A-

ording to eah frequeny the reorded wave�eld propagates inside a �nite region around

the graphial ray of the high frequeny approximation (Spetzler and Snieder, 2004). This

extended region is the so-alled Fresnel Volume (Figure 3.5). The onept of Fresnel

Volumes originates from physial optis and radio ommuniation. However, the onept

is also valid for seismology and seismis as for all problems onerning the radiation of

waves. The area that intersets the Fresnel Volume perpendiular to the propagation

Figure 3.5: Fresnel Volume and Fresnel Zone.
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diretion of the orresponding ray is alled Fresnel Zone. Sheri� (1991) de�nes the �rst

Fresnel Zone as that portion of the re�etor from whih the re�eted energy arrives at

the detetor within one-half wavelength of the �rst re�eted energy. That portions of

the wave�eld that are re�eted within the �rst Fresnel Zone interfere onstrutively and

produe the re�etion seismi signal in the seismogram. The wave�eld loated outside

the �rst Fresnel zone is progressively attenuated with ineasing distane to the ray. In

the following, the term Fresnel Zone refers to the �rst Fresnel Zone. For a zero-o�set

on�guration the Fresnel Zones form annular rings around the re�etion point. In the

ase of �nite-o�set on�gurations the Fresnel Zones form ellipses.

The size of the Fresnel Zone depends on the re�etion signals dominant wavelength λ, the

soure-reeiver-pair distane x and the re�etors depth z, respetively. In a 2D �nite-o�set

example as illustrated in Figure 3.6 that inludes a horizontal re�etor in a homogenous

medium, the size of the linear Fresnel Zone D is given by the following expression:

D =

√
λ · 2l
cosϕ

(3.3)

Here, ϕ is the emergene angle of the enter ray given by the high frequeny approximation

and 2l is the distane between the soure S, the re�etion point M and the reeiver R.

Sheri�s (1991) de�nition an be used to formulate a riterion that spei�es whether an

arbitrary subsurfae point P in the viinity of a ray ontributes to the reorded signal

and therefore lies within the Fresnel Zone, or not.

This riterion an be formulated aording to simple geometri relations for travel paths

by the following expression:

|s+ r − x| ≤ λ

2
(3.4)

The same riterion related to travel times and the dominant period T reads:

|t(S, P ) + t(P,R)− t(S,R)| ≤ T

2
(3.5)

The travel paths for rays at the edge of the Fresnel Zone are given by the rays in Figure

3.6 labeled s and r. The soure-reeiver o�set is x. t(S, P ), t(P,R) and t(S,R) are the

travel times between the soure S and the subsurfae point P , the subsurfae point P

and the reeiver R and the soure S and the reeiver R, respetively.

Fresnel Volume Migration

Fresnel Volume migration inludes the onept of Fresnel Volumes into the standard

Kirhho� Prestak Depth migration sheme in order to restrit the migration operator
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Figure 3.6: Fresnel Zone D of a re�etion event at M for a �nite-o�set on�guration.

to the relevant subsurfae regions that e�etively ontribute to the re�etion event. This

restrition is inluded to the di�ration stak integral in form of an additional weight

fator wF (~x, ~x
′), the so-alled Fresnel Weight. The extended di�ration stak integral

reads:

M(~x) = U(~x, t(~x)) =

∞
∫

−∞

U(~x′, tS + tR) ·W (~x′) · wF (~x, ~x′) d~x′
(3.6)

The Fresnel Weight aounts for the Fresnel Volume that is alulated aording to the

travel paths through the subsurfae veloity �eld for eah reorded event. The partiular

travel paths are determined using a ray traing proedure.

Ray Traing Proedure

Based on equation 3.5 Ceverny & Soares (1992) proposed a ray traing algorithm that

subsequently determines paraxial Fresnel Volumes for all points on a partiular ray. Emer-

gene angles are diretly omputed from the time setions and provide the starting dire-

tions for the ray traing proedure. The starting position is given by the reeiver loations

along the surfae.

As the atual re�etion point is a priori unknown the rays are traed into the subsurfae

until they reah a point alled the virtual soure S' (see Figure 3.7). All points loated on

the rays are given by the loations ~x = (x, y, z). The di�erential equation for the loations

reads:

d~x

dt
= v2 · ~p, (3.7)

where ~p is the loal slowness vetor that indiates the diretion of the ray at eah point
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~x. The orresponding di�erential equation for the slowness vetor reads:

d~p

dt
=

1

v
· ∇v. (3.8)

The seismi veloity v(x, y, z) is given by an a priory veloity model. The initial onditions

for this problem are given by the slowness at the surfae ~p0 and the reeiver positions ~x0.

The di�erential equations above are solved by using the Runge-Kutta method that solves

this intitial value problem for eah time step in four stages:

k1 = hf(xn, yn)

k2 = hf

(

xn +
1

2
h, yn +

1

2
k1

)

k3 = hf

(

xn +
1

2
h, yn +

1

2
k2

)

(3.9)

k4 = hf (xn + h, yn + k3)

yn+1 = yn +
1

6
k1 +

1

3
k2 +

1

3
k3 +

1

6
k4

n is the total number of time steps on the ray and h is the time interval. Ray traing

provides the loations of the points on the orresponding rays ~x and the orientation of

the ray at eah point given by the loal slowness ~p. Furthermore, the algorithm gives the

so-alled ray propagator element Π13 that will later ontribute to alulate the Fresnel

Zone for eah point on the ray. The ray propagator matrix is a 4x4 matrix that ontains

the seond spatial derivatives of the veloity �eld. A detailed desription of the ray prop-

agator element an be found in Cerveny (2001).

Fresnel Weight

Lüth et al. (2005) simpli�ed the formulation of Cerveny & Soares (1992) for paraxial

Fresnel Volumes by assuming smooth veloity models. In this ase, the ray propagator

element Π13 beomes the �rst spatial derivative of the veloity �eld at eah grid node.

They derived a formulation for an approximated Fresnel Volume that gives the Fresnel

Radius rP of the orresponding Fresnel Zone for eah partiular point P (~x) on the ray.

rP =

√

√

√

√

Tdom

1
Π13(P )

− 1
Π13(P )−Π13(S′)

(3.10)

Tdom is the dominant period of the reorded seismi signals and Π13 are the respetive ray
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Figure 3.7: Shemati illustration of ray traing and Fresnel weight during Fresnel Volume

migration for one reorded event. The �rst Fresnel Volume is represented by the blue �lled area

around the ray that is traed from the reeiver R to the virtual soure point S'. The reorded

energy is assigned to the points Q along the orresponding TWT isohrone as long as the

minimum distane xmin is smaller or equal the �rst Fresnel Radius rP around point P on the

ray. For Q1 the weighting fator is 1 beause xmin1
< rP1

, for Q2 the weighting fator is 0

beause xmin2
> rP2

.

propagator elements. Within the next step the minimum distane xmin of every single

image point Q in the subsurfae model to the respetive points P on the ray is determined.

If the minimum distane xmin is larger than the seond Fresnel Radius (here approximated

by 2rP ) around P the weighting fator is set to zero. If otherwise, the minimum distane

is less the �rst Fresnel Radius rP the weighting fator is set to one (see Figure 3.7). For

minimum distanes less the seond Fresnel Radius and larger the �rst Fresnel Radius the

weighting fator is tapered between 0 and 1 in respet of the distane to the �rst Fresnel

Zone. The weight ondition thus reads:

wF (xmin, rP ) =



















1 : xmin ≤ rP

1− xmin−rP
rP

: rP < xmin ≥ 2rP

0 : xmin ≥ 2rP

(3.11)

The Fresnel Weight wF (xmin, rP ) spei�es if amplitudes or zeros are summed at eah

grid node in the subsurfae volume. Consequently, amplitudes are only staked at points

loated inside the Fresnel Volume of eah reorded event. Applying Fresnel Volume mi-

gration signi�antly redues migration noise as well as migration artefats. Furthermore,

this method is suitable for imaging steep dipping events as is shown by Gutjahr (2009).
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Emergene Angle Estimation

As desribed above, emergene angle estimations for all reorded signals are required as

starting diretions for the ray traing proedure. Nevertheless, the algorithm aounts for

the slowness vetor ~p = (px, pz) whose omponents are diretly linked to the emergene

angles by Snells law:

sin(ϕ(x, t)) = px(x, t) · v(x, z = 0). (3.12)

Here x denotes the reeiver position at the surfae, t is the two-way travel time, ϕ(x, t)

represents the emergene angle of eah reorded event and px(x, t) is the horizontal slow-

ness that is also referred to as ray parameter. The apparent veloity v(x, z = 0) at the

reeiver stations is provided by an a priory veloity model.

Geometrial relations as presented in Figure 3.8 show that the horizontal slowness px

represents the slope of the travel time urve

dt
dx

of a reorded re�etion event.

sin(ϕ(x, t)) = px(x, t) · v(x, z = 0) =
ds

dx
= v(x, z = 0) · dt

dx
(3.13)

The vertial slowness is de�ned by the following relation:

cos(ϕ(x, t)) = pz(x, t) · v(x, z = 0) =
ds

dz
= v(x, z = 0) · dt

dz
(3.14)

After all, the horizontal slowness an be estimated diretly from the ommon shot gathers

by estimating the slope of the travel time urves

dt
dx
. This is done by performing a slowness

analysis of neighbouring traes in the seismograms.

Figure 3.8: Geometrial relations of horizontal slowness px and vertial slowness pz.

31



For a given range of slopes the trae to trae oherene is alulated by staking the

amplitude values over a ertain amount of omparison traes within a prede�ned time

window around the orresponding sample. The slope with the maximum oherene or-

responds to the horizontal slowness. The vertial slowness pz(x, t) is omputed aording

to the following relation using the veloity at the reeiver v(x, z = 0) and the horizontal

slowness px(x, t):

| ~p(x, t) |=
√

px(x, t)2 + pz(x, t)2 =
1

v(x, z = 0)
(3.15)

pz(x, t) =

√

1

v(x, z = 0)2
− px(x, t)2 (3.16)
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3.3 Re�etion Image Spetrosopy

In general, seismi re�etion data analyses aim to expose geologial heterogeneities in

the subsurfae. Heterogeneities involve hanges of the materials omposition or elasti

properties as well as temperature and stress distribution, respetively. The ability to image

those features depends on the sale of the heterogeneities in relation to the wavelengths of

the emitted wave�eld. Thereby, the wavelength must be in the order of the heterogeneities

size to obtain a suitable image. Usually seismi re�etion data are aquired in a more or

less wide frequeny range of 1 to 100 Hz depending on the soure types used. Vibroseis

sweeps progressively produe frequenies between 10 and 80 Hz. For rustal veloities of

approximately 5 km/s respetive wavelenghts range between 60 m and 500 m.

Seismi images of data that ontain the full or at least a broad frequeny range will e�et

the loss of information on small-sale strutures that are mostly superimposed by large-

sale strutures imaged by the lower frequeny wave�eld omponents. Furthermore, the

image of a re�etor is strongly a�eted by the amount of frequeny dependent sattering

from above the re�etor (Yoon, 2005). These sattering e�ets ause amplitude loss and

phase �utuations of ertain frequeny omponents aording to the satterers size. On

that aount Yoon (2005) applied several bandpass �lter to the full-frequeny range data

in order to extrat data sets of disrete narrow-frequeny bands. Migration of the separate

data sets yield seismi images of large-sale strutures from the low-frequeny range and

Figure 3.9: Re�etion image spetrosopy proessing sheme.
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small-sale strutures from the high-frequeny range data. Additionally deep re�etor

images are enhaned in those frequeny ranges that are not e�eted by sattering.

Yoon (2005) alled this approah Re�etion Image Spetrosopy. The proessing sequene

of Re�etion Image Spetrosopy is shematially shown in Figure 3.9. Yoon et al. (2009)

suessfully applied this method to seismi re�etion data sets from aross the Central

Andes and Southern Andes in South Ameria and imaged additional strutural details of

the Andean subdution zone.

In the frame of this work Re�etion Image Spetrosopy will be applied to the SJ-6 data

set in order to obtain additional information on large as well as the small sale rustal

features aross the San Andreas fault system in Central California. An overview on the

implementation of Re�etion Image Spetrosopy is given in setion 4.4.3 of hapter 4.

The results are presented in hapter 5.
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4 The SJ-6 Industry Seismi Re�etion

Pro�le

Figure 4.1: Air photograph of the San Andreas fault (dashed white line) near Cholame rossing

the loation of the SJ-6 aquisition line (red line) (with kind permission of Mihael J. Rymer).

The industry seismi re�etion data set SJ-6 (San Joaquin Valley - line 6) was aquired in

1981 by Western Geophysial. The survey was designed for eonomial purposes in order

to explore oil reservoirs espeially in the antiline belt east to the San Andreas fault that

houses major oil �elds, e.g. the Coalinga, Kettleman Hills North Dome and the Lost Hills

oil �elds, respetively. In 1982 the USGS (United States Geologial Survey) performed a

seismi refration survey along approximately the same pro�le line for deep rustal studies

of the California Coast Ranges and the adjaent Great Valley. In order to omplement the

refration data the USGS purhased the SJ-6 industry re�etion data in 1983. Numerous

sienti� groups analysed parts of both data sets in order to obtain veloity and strutural

information on the subsurfae along line SJ-6. Most of the results were published in the

Open-File report 87-73 in 1987 (Mooney and Walter, 1987). The oinident re�etion

and refration data from line SJ-6 have been inluded into several studies that investigate

the rustal struture of Central California, e.g. Bloh et al. (1993), Fuis et al. (1990)

and Wentworth et al. (1987), to name but a few. In the sope of this work the omplete
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re�etion data set is reproessed using advaned imaging tehniques in order to produe

depth images of improved quality ompared to existing results. This hapter aims to

give an overview on the seismi re�etion data set SJ-6. The loation of the pro�le line

as well as the experimental setup is presented in the following setion 4.1. Setion 4.2

gives an overview on seleted investigation results of previous studies on the re�etion

and refration data sets along line SJ-6.

In the urrent study, the data set will be separated into two segments aording to the

predominating orientation of the survey line. Both data sets will be proessed separately.

But prior to the atual imaging proess several preproessing steps have to be performed

to �rst prepare the original �eld data for imaging and seond to obtain a suitable veloity

model. Setion 4.3 �rstly introdues the loal oordinate system, the individual line

segments and the model set up followed by a desription of the veloity model and the

atual data preproessing.

Finally, setion 4.4 shows how the three migration approahes are implemented and ex-

plains the staking and visualization proedure.

4.1 Loation and Experimental Setup

The omplete SJ-6 reeiver line extends over a distane of 180 km from the Pai� Coast

east towards the foothills of the Sierra Nevada. It rosses the major geologi formations

of Central California that have previously been introdued in hapter 2.

Figure 4.2 illustrates the ourse of line SJ-6 aross the California Coast Ranges and

Figure 4.2: Loation of line SJ-6 (red line) in South Central California. Colors along the San

Andreas fault represent the reeping segement (blue), the transitional segment (orange) and the

urrently loked segment (green), respetively.
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Figure 4.3: Split-spread aquisition geometry along the SJ-6 reeiver line; Maximum o�set is

1809 m.

the San Joaquin Valley in South Central California. Measurements started at the Pai�

Coast near Morro Bay and proeeded northeast towards Cholame following Highway 41.

On its way the aquisition line rosses prominent fault systems of the California Coast

Ranges suh as the Naimiento fault zone, the Rinonada fault zone, the San Juan fault

zone and the San Andreas fault zone, respetively. Unfortunately the reeiver line is

highly rooked along the southwestern part of the pro�le as the aquisition has been

partly performed along winding roads. Several shot points have been skipped due to

houses, rivers, drilling wells and other obstales.

The aquisition line intersets the San Andreas fault surfae trae near Cholame. The

line then turns east and transverses the Kettleman Hills and the San Joaquin Valley until

it was ompleted at the foothills of the Sierra Nevada. The easternmost part of the pro�le

aross the San Joaquin Valley follows a more or less straight line.

The aquisition was performed using the lassial roll-along tehnique with equidistant

soure spaing and reeiver spaing. A 48 hannel split-spread geometry with a maximum

o�set of 1.8 km and a reeiver spaing of 67m was used (see Figure 4.3). The initial soure

reeiver o�set amounted to 268 m. The reording spread hanges to an end-on spread

geometry aross the San Joaquin Valley for a length of 45 km.

The wave�eld was generated by Vibroseis soures (Trademark, Conoo In.) using a 20

seond upsweep in a frequeny range between 10 and 52 Hz. The shot point intervall is

idential to the reeiver spaing intervall of 67 m. Reeiver and shot point loations along

the line are idential. Thus, only one set of oordinates have to be onsidered during the

proessing. The reording length of the original single shot setions is 26 seonds. Single

omponent sensors reorded the vertial omponent of the inident wave�eld.
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4.2 Previous studies along line SJ-6

Sine 1983 when the USGS purhased the SJ-6 re�etion data set it was partly analysed

by several sienti� groups in the frame of a workshop of the Commission on Controlled

Soure Seismology held in 1985. The results have been published in the Open-File Report

87-73 in 1987. Due to the large data volume most groups regarded only partiular parts of

the pro�le line. The results fairly di�er as the groups used di�erent methods and assump-

tions, espeially on the veloity �eld. Mooney and Walter (1987) gave an overview on

the most important results of the above mentioned report. The following setion shortly

resumes the desriptions of Mooney and Walter (1987) and thereby onentrates on the

results of Trehu and Wheeler (1987) for the western portion of pro�le SJ-6 and Walter

et al. (1987) for the eastern portion, respetively. Both groups analysed the ombined

re�etion and refration data sets.

The studies in the Open-File Report are all restrited to ertain portions of the refration

data set. Only few studies are ompleted by the re�etion data. The resulting veloity

models that have been derived from the refration data are in loser agreement east to

the San Andreas fault than west to the fault.

Line SJ-6 southwest to the San Andreas fault

All determined veloity models inlude abrupt hanges in the shallow veloity struture at

the San Andreas fault and the Rinonada fault. Between the faults, the sedimentary layer

sequenes in the shallow rust thiken towards east. Beneath the sedimentary over the

veloities in the Salinian Blok are signi�antly higher ompared to the adjaent bloks

west of the Rinonada fault and east to the San Andreas fault, respetively.

Trehu and Wheeler (1987) modeled three low-veloity zones within the lower rust. Figure

4.4 a) illustrates veloity isolines of their �nal veloity model in ombination with a ray

diagram for a shot from the southwestern end of line SJ-6. The �rst low-veloity zone

(LVZ1) is loated at depth between 12 km and 22 km in the westernmost part of the

Salinian Blok. It shows a prominent wedge shaped struture that plunges towards east.

The top of this low veloity zone oinides with a bunh of northeast dipping re�etions

(see �gure 4.4 b)) from the SJ-6 re�etion data. Trehu and Wheeler (1987) interpret these

oiniding strutures as subduted and unmetamorphed sediments from a today inative

trenh approx. 150 km o�shore. The seond low veloity zone (LVZ2 in Figure 4.4 a))

is loalized beneath the San Andreas fault surfae trae down to midrustal depths. To

the east of the Salinian Blok the re�etion data quality is poor and no major re�etions

ould be observed from within the San Andreas fault zone. Combining their results from
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Figure 4.4: a) Veloity isolines from Trehu and Wheeler (1987) for the western SJ-6 line

segment together with a ray diagram for the westernmost shot point SP1 of the refration

survey. b) Line drawing of the unmigrated re�etion data along the same line segment.

both, the re�etion and the refration data sets, Trehu and Wheeler (1987) suggest the

existene of fault gouge material within the fault zone. Furthermore, they present a third

low veloity zone (not shown in Figure 4.4 a)) within the Salinian Blok west of the San

Andreas fault zone that oinides with west dipping re�etions whih are interpreted as

the base of the Salinian Batholith that is suggested to be thrusted over lower veloity

Franisan assemblage roks.

Line SJ-6 east to the San Andreas fault

The veloity models show westward thikening sedimentary layer sequenes aross the

San Joaquin Valley. Beneath the Kettleman Hills higher veloity sedimentary strata

are elevated by an eastward thinning wedge of intermediate veloity. Nearly eah group

derived a ontinuous basement but the top boundary of the basement is loated at di�erent

depths. The results do not provide veloity information on the basement itself. Figure 4.5

shows the results of Walter et al. (1987) and Bloh et al. (1993) where a) illustrates the

unmigrated re�etion setion and b) the interpreted depth setion inluding the veloity

information from the refration data ananlyses. Figure 4.5 ) shows the migration result
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Figure 4.5: a) Portion of the SJ-6 re�etion data along the eastern SJ-6 line segment.

b) Interpretation of ombined refration/re�etion data from Walter et al. (1987). ) Inter-

pretation of prestak migrated SJ-6 re�etion data from Bloh et al. (1993)

of Bloh et al. (1993) who analysed the eastern portion the SJ-6 re�etion data set.

The re�etion data show a prominent fold in the entre of Figure 4.5 a). Strutures

at the antilinal arh are interpreted as northeast-dipping reverse faults and southwest-

dipping thrust faults. Beneath the San Joaquin Valley west dipping horizons de�ne the

sedimentary basin west of the prominent fold. The base of these horizons steepens its dip

beneath the Kettlaman Hills and reahes depths of about 15 km farther to the west. This

interpretation is supported by the refration data that reveal a deeper ma� basement
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west to the Kettleman Hills ompared to the east aording to a veloity rise greater to

6 km/s. Furthermore, the �nal veloity model impliates a low veloity zone east of the

Kettleman Hills at depths of approx. 5 km. Wentworth et al. (1984) interpret this feature

as a repetition of Great Valley sequene material that originated west to the Kettleman

Hills. It was thrusted towards east due to ompression during the Plioene and formed the

above mentioned fold. It is furthermore suggested that roks similar to Franisan roks

form a wedge that underthrusts Great Valley sequene formations beneath the Kettleman

Hills as illustrated in Figure 4.5 b). Bloh et al. (1993) reproessed the fration of the

eastern SJ-6 data using Prestak Migration tehniques in order to image the upper rust

beneath the Kettleman Hills. Several sedimentary layer sequenes as well as thrust faults

have been identi�ed (Figure 4.5 )). Using this data, Bloh et al. (1993) derived a three-

stage growth history for the Kettleman Hills. The results provides no information on the

lower rustal strutures.
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4.3 Preproessing

4.3.1 Coordinate system and subsurfae volume set up

Line SJ-6 is an extremely long pro�le that rosses several faults and geomorphi units and

omprises a large amount of seismi data. The pro�le line is not a straight line. Instead,

it is rooked along several parts of the pro�le, espeially in the western Coast Ranges

where the data have partly been aquired along windy roads. After rossing the San

Andreas fault towards northeast the pro�le line hanges its orientation from southwest-

northeast to west-east, respetively. The reeiver line oordinates are available in SEG-P1

format (see Geophysis, vol48/no4,1983) in plane oordinates of the California Coordinate

system (CCS83) Zone 5. The oordinates are �rstly onverted into SI units (from feet in

m) and seondly transformed into a prede�ned loal oordinate system that is oriented

perpendiular to the strike of the San Andreas fault surfae trae. The origin of the

oordinate system is at 120.9◦ longitude and 35.5◦ latitude whih is marked by the red

point in Figure 4.6.

In order to aount for the prominent kink of the reeiver line and the partly rooked line

geometry the migration approahes are implemented in 3D and the SJ-6 reeiver line is

divided into two segments. For that, two subsurfae volumes are prede�ned, eah in line

with the respetive reeiver line segment. De�ning two subvolumes instead of one large

Figure 4.6: Subdivision into two line segments and the dimensions of the orresponding two

subsurfae models.
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volume redues the omputation time and the amount of oupied disk spae signi�antly.

Figure 4.6 illustrates the two individual reeiver line segments and the orrespnding sub-

volumes that are individually proessed in the following. The �rst reeiver line segment

inludes the southwestern setion of the aquisition line that rosses the western Coast

Ranges and the San Andreas fault. The seond reeiver line segment inludes the eastern

setion of line SJ-6 that rosses the eastern Coast Ranges and the San Joaquin Valley, re-

spetively. The horizontal dimensions of the subsurfae volume beneath the southwestern

segment are 80 km in southwest-northeast diretion and 20 km in northwest-southeast

diretion. Those of the seond segment are 128 km in east-west diretion and 20 km in

north-south diretion. The vertial extent is 45 km for both subvolumes in order to image

the lower rust and if possible parts of the upper mantle.

Migration is performed separately in both subsurfae volumes under onsideration of the

assoiated shot point loations. The following setion introdues the veloity model that

provides the a priori veloity information whih are the basis for travel time alulation

and the ray traing proedure that is required for Fresnel Volume migration.

4.3.2 Veloity model ompilation

In previous studies seismi veloities have been analysed and published in the Open-File

Report 87-73 in 1987 on the basis of the SJ-6 refration data. However, the resulting

models are to some degree inonsistent as the aquisition onditions have not been ideal

due to large shot point spaings and, ompared to these days, limited omputing failities.

Additionally, veloity information on the lower rust are not well resolved by these data.

In the sope of this study, two present-day three-dimensional tomographi ompressional

veloity models are used to provide veloity information for the entire rust beneath

the SJ-6 investigation site. Zhang and Thurber (2003) developed a double-di�erene

tomography method (tomoDD) in order to obtain improved veloity models by using

absolute and relative arrival times of earthquake data and ative soure experiments.

Thurber et al. (2006) used this method to derive a regional veloity model for the Park-

�eld region using loal earthquake data from densely spaed reeiver stations as well as

ative seismi data sets. They improved the veloity models resolution by inluding data

reorded from the prominent 2003 San Simeon and the 2004 Park�eld earthquakes, respe-

tively. The loal Park�eld veloity model overs a region 130 km in northeast-southwest

diretion and 120 km northwest-southeast diretion aligned with the strike of San Andreas

surfae trae. It omprises the southwestern SJ-6 line segment and parts of the eastern

line segment. The loations of the respetive grid nodes of the loal Park�eld veloity

model are shown in Figure 4.7 by blak diamants. Gridspaing varies between 25 km and
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Figure 4.7: Veloity model grid point loations. Blak diamants are grid point loations of

the loal Park�eld veloity model from Thurber et al. (2006); Green dots represent grid point

loations of the statewide California model from Lin et al. (2010) (total extent of the model is

presented in the small box in the right top orner); red line is the SJ-6 reeiver line.

2 km in perpendiular to the strike of the San Andreas fault, 20 km and 6 km in along

strike diretion and 8 km to 2 km in depth, respetively, reahing a maximum depth of

26 km.

Unfortunately, the Park�eld veloity model of Thurber provides no veloity information

on the subsurfae beneath the eastern segment of line SJ-6 and for depths greater than

26 km. To provide the rest of the subvolumes with 3D veloity information the statewide

California veloity model from Lin et al. (2010) is used. They alulated veloity models

aross California using the tomoDD algorithm from Zhang and Thurber (2003). Horizon-

tal gridspaing amount to 10 km. The respetive grid nodes are illustrated in Figure 4.7

by green dots. The vertial extend of the California statewide veloity model is 45 km.

Both ompressional wavespeed models are interpolated to a regular gridspaing of 1600 m

in eah diretion. Afterwards the models are ombined by adding the statewide model to

the edges of the Park�eld model. Both models are weighted at the edges along a ertain

amount of grid points. Finally, the ombined model is interpolated to a regular grid

spaing of 200 m in eah diretion. Slies through the �nal veloity model are shown in

Figure 4.8 for the southwestern SJ-6 line segment and the eastern segment, respetively.
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Figure 4.8: Cross-setions at y = 10 km from the separate subsurfae veloity models along

a) the southwestern and b) the eastern SJ-6 line segments, respetively.

It shows a signi�ant low-veloity zone aross the San Andreas fault zone (x = 0 km)

down to approximately 20 km depth.

Veloities are higher west of the San Andreas fault zone ompared to those east of the

fault zone above depths of 17 km. A seond low veloity zone appears approximately

40 km west to the San Andreas fault at depths between 8 km and 13 km. The veloity

struture west of the San Andreas fault and within the San Andreas fault zone derived

by Thurber et al. (2006) is similar to that modelled by Trehu and Wheeler (1987) (see

setion 4.2). Moreover, the veloity struture east to the San Andreas fault shows the

same large sale features as have been observed from the SJ-6 refration data analyses

(Mooney and Walter, 1987). Seismi veloities are low east to the San Andreas fault and

rise towards east with dereasing depths.
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4.3.3 Di�ration urve estimation

The di�ration urves are estimated by alulating the two-way travel times for all soure-

reeiver loation pairs using the a priori veloity model presented in the previous setion.

As the veloity struture is rather omplex travel time alulation is performed numer-

ially using the �nite di�erene algorithm proposed by Podvin & Leomte (1991). This

algorithm alulates �rst arrival travel times by numerially solving the eikonal equation.

Thereby Huygens' priniple is suessively applied to ompute loal travel times at every

grid node in the subsurfae model aording to eah reeiver and soure loation that at

as starting points. First arrival travel times at the grid nodes are then obtained by piking

the �rst arrival from all set of Huygens' seondary soures sourrounding the orrespondig

grid point. The algorithm allows for di�erent propagation modes, i.e. transmitted and

di�rated body waves as well as head waves. The algorithm is robust and fast and it

an easily be implemented on parallel omputer systems. In order to obtain the di�ra-

tion urve for a soure-reeiver pair loation and therefor the two-way travel time for a

partiular subsurfae point, the alulated travel time setions of orresponding soure

and reeiver loations are summed. Figure 4.9 shows the travel time isolines (in seonds)

alulated for one soure-reeiver pair infront of a ross-setion of the P-wave veloity

Figure 4.9: Two-way travel time isohrones for a soure-reeiver pair loated at xsrc = −31.5

km and xrcv = −30 km infront of the x− z-ross setion of the orresponding P-wave veloity

model along the southwestern SJ-6 line segment.
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model along the southwestern SJ-6 line segment.

In total 3388 travel time tables are alulated for all reeiver positions and stored. The

soure oordinates are idential to the reeiver oordinates, thus only one set of travel

time tables need to be alulated. In order to redue the amount of oupied dis spae,

grid spaing is enlarged from 200 m to 2000 m in the diretion perpendiular to the SJ-6

reeiver line.
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4.3.4 Data Preproessing

The original �eld data have been obtained from the USGS (Gary Fuis). These data are so

far not suitable for the imaging proess as the single shot �les are poorly sorted and the

data itself are unbalaned and noisy. The data preproessing ontains three main steps:

1. Data inspetion and sorting

2. Crossorrelation

3. Frequeny �ltering and amplitude balaning

The original �eld data need to be inspeted for their data ontent and quality and sorted

for their reeiver and shot loations along the reeiver line. Crossorrelation is required to

eliminate the soure signal from the data as will be disussed in the following. In general,

the aim of data preproessing is to enhane re�etion signals all over the seismi setion

and simultaneously suppress other reorded oherent signals like ground roll, diret and

refrated waves and inoherent noise. Preise preproessing prior to migration enhanes

seismi re�etors in the �nal depth images and redues migration noise signi�antly.

Data inspetion and sorting

The original �eld data are stored in SEGY-format. At �rst the data are examined and

onverted to Seismi Unix ompatible SU-format. The given �les are separated into

single ommon shot reords. Afterwards the data are sorted, heked for bad shots and

renamed taking into aount the SJ-6 �eld observer notes and oberserver notes made

by Mark R. Goldman from the USGS, respetively. Available reeiver oordinates are

stored in SEG-P1 format (see Geophysis, vol48/no4,1983) in plane oordinates of the

California Coordinate System (CCS83) Zone 5. The reeiver oordinates are rotated to

the prede�ned loal oordinate system that is oriented perpendiular to the predominating

strike of the San Andreas fault surfae trae. Subsequently the reeiver and shot-point

oordinates are assigned to the orresponding trae headers. Afterwards empty and noisy

traes are identi�ed and killed.

The remaining traes provide the fold for all reeiver loations. Here the fold is de�ned

by the number of traes having idential reeiver oordinates. The respetive folds along

the southwestern and the eastern SJ-6 line segments are shown in Figure 4.10. It an be

expeted that the quality of the migration results will orrelate with the respetive fold

numbers that deviate extremely along several parts of the pro�le line. The inonsisteny

of fold numbers results from skipped shot points along the line due to inaessible regions.
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Figure 4.10: Fold (blue urves on top) along a) the southwestern SJ-6 line segment and b) the

eastern line segment. Red urves are reeiver line positions along the individual line segments.

High folds better aount for hanging reording onditions and di�erent noise levels dur-

ing aquisition and thus result in better signal-to-noise ratios.

Crossorrelation

The ative seismi energy along line SJ-6 was generated by non-explosive Vibroseis soures

that produed a 20 seond long upsweep ontaining frequenies ranging from 10 Hz to

52 Hz. The sweep signal superimposes the earths re�etion response by strehing the

wave train by 20 seonds. The single re�etion events are obtained by removing the

sweep signal and therefore ompressing the data. This is done by rossorrelating the

original �eld data with the orresponding sweep signal. The following explanation of the

orrelation proess is taken from Yilmaz (1987). In the following paragraph the original

�eld data are referred to as vibrograms. The vibrograms v(t) have been reorded over

a period of 26 seonds. They ontain superpositions of the re�etion response and the

sweep signal whih is nothing else but a onvolution of the sweep sw(t) with the earth

response e(t) and the response of the reording system w(t).
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Figure 4.11: Overview on vibroseis orrelation: a) upsweep signal sw(t); b) autoorrelation

funtion of the sweep signal k(t); ) re�etion signal v(t) before rossorrelation; d) re�e-

tion response u(t) after rossorrelation; e) re�etion response u(t) orreted for geometrial

spreading.

v(t) = sw(t) ∗ e(t) ∗ w(t) (4.1)

Hene, the sweep signal has to be removed in order to obtain single re�etion events in the

seismogram u(t). Therefor the sweep signal sw(t) is rossorrelated with the vibrogram

v(t).

u(t) = v(t) ∗ sw(−t) (4.2)

In frequeny domain this operation is simply a multipliation of the vibrogram V (ω) with

the omplex onjugate of the sweep SW ∗(ω).

U(ω) = V (ω) · SW ∗(ω) (4.3)

V (ω) an now be substituted by equation 4.1 whih is a multipliation in frequeny domain

as well.

U(ω) = SW (ω) · E(ω) · SW ∗(ω) ·W (ω) (4.4)
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Considering the amplitudes and phases one an write:

U(ω) = ASW (ω) · AE(ω) ·AW (ω) · ASW (ω) · ei(φSW+φE+φW−φSW )
(4.5)

U(ω) = A2
SW ·AE(ω) · AW (ω) · ei(φE+φW )

(4.6)

Applying the inverse Fourier transform yields the rossorrelogram u(t) in the time do-

main. The powerspetrum of the sweepsignal A2
SW is its autoorrelation k(t) in the time

domain, alled klauder wavelet. The rossorrelogram u(t) writes as follows

u(t) = k(t) ∗ w(t) ∗ e(t) (4.7)

Thus, the appliation of rossorrelation ollapses the re�etions into wavelets and the

seismogram is ompressed to 6 seonds two-way travel time. Figure 4.11 illustrates how

rossorrelation ollapses re�etion signals into wavelets. The top blue urves represent

the sweep signal s(t) and its autoorrelation funtion k(t). The sweep signal strethes the

re�etion response of the original �eld data v(t) ) and makes it therefor not suitable for

imaging. The bottom urves show the rossorrelogram u(t) without amplitude saling

d) and with amplitude saling e).

The 6 seonds two-way travel time reords are muh to short for our purposes, that is,

imaging the lower rust and the deep San Andreas fault. For this reason 20 seonds of

zeros were addedto the original �eld data before rossorrelating it with the orrespond-

ing sweep signal. The results are orrelated reords of 26 seonds two-way travel time.

During this proedure high frequenies are gradually lost with inreasing time yielding

a bandwith of 10 Hz to approximately 20 Hz at the end of the orrelated reords. This

bandwidth is onsidered su�ient as late re�etions in the original �eld data predomi-

nantly ontain frequenies between 10 and 20 Hz.
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Frequeny �ltering and amplitude balaning

The orrelated single shot reords are further bandpass�ltered within a frequeny range

between 10 Hz and 25 Hz. The reorded signals are gradually attenuated with inreasing

o�set and travel time due to geometrial spreading and other auses of attenuation. These

e�ets are orreted by applying automati gain ontrol (AGC) to all traes. A time win-

dow of 500 ms is used to alulate the saling fator for eah partiular sample. Therefor

the maximum value of the orresponding trae is divided by the mean value within the

time window and multiplied with the orresponding amplitude value. Afterwards trae

balaning is applied to all ommon shot gathers by dividing eah time sample by the

maximum of the orresponding AGC-orreted trae within eah ommon shot gather.

Finally, an o�set mute was applied to the data.

Figure 4.12 shows a seismogram sample of the SJ-6 data. Further, the frequeny-time

dependene for one single trae of the seismogram sample is illustrated at the right hand

side of the Figure. Figure 4.12 a) and b) show the vibrogram of one single shot gather. No

lear re�etion signals an be reognized as the wavetrains are strethed by the overlapping

sweep signal. The sweep signal an learly be seen in the time-frequeny plot in Figure

4.12 ) as a linear slope. Figure 4.12 d) and e) is the same data sample but reorrelated

with the sweep signal. Diret arrivals as well as prominent horizontal re�etions an

learly be reognized for early two-way travel times. However, late arrivals are hard to

disover as the amplitudes are unbalaned. The gradual loss of frequenies with inreasing

time is learly shown in the time-frequeny plot in Figure 4.12 f) and beomes more lear

in Figure 4.12 i) showing the same for the preproessed data. The �nal preproessed

single shot setion of the same sample is shown in Figure 4.12 g) and h), respetively.

Figure 4.12: Single shot gather sample. Left hand side: full data range, middle: �rst 6 seonds

data, right hand side: frequeny-time dependeny. a-) unorrelated data, d-f) orrelated data

and g-j) full preproessed data.
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4.4 Seismi imaging

In the following, Kirhho� Prestak Depth migration, Fresnel Volume migration and Re-

�etion Image Spetrosopy will suessively be applied to the SJ-6 data set. The follow-

ing setions desribe the respetive migration and staking proedures that are used to

optimize the image quality.

Kirhho� Prestak Depth migration, Fresnel Volume migration and Re�etion Image

Spetrosopy follow in general the same work�ow whih is illustrated in Figure 4.13.

All preproessed single shot setions are migrated separately. In order to aount for the

true shot and reeiver positions during the migration proess, the migration sheme is

implemented in 3D as proposed by Buske et al. (1999). The total amount of single shot

gathers is indeed large. As a onsequene omputational time and the amount of data

volume is signi�antly high. In order to redue the omputational time, the migration

proesses are all performed on a parallel omputer luster system providing 184 nodes.

All migrated single shot setions are then staked yielding a �nal migrated 3D setion

that holds the re�etivity information along the respetive segment of line SJ-6. The

term re�etivity in this ase does not allow any onlusion about the atual re�etion

oe�ient. It is rather used in the term of apparent re�etion response as we aim to

obtain qualitative information on the subsurfae strutures.

Figure 4.13: General work�ow of the migration proessing sequene. Migration shemes are

implemented in 3D. The re�etivity values within the staked 3D setion are aligned to line

SJ-6 in order to obtain a �nal 2D depth image.
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The re�etivity values from beneath the atual reeiver line are extrated from the staked

3D volume and displayed in a 2D depth setion to better visualize the �nal results. The

following paragraph desribes this proedure in detail.

Visualization of the Migration Results

The data quality within the migrated 3D setions strongly depends on the reeiver lo-

ations along line SJ-6 that is partially rooked in some regions. The image quality is

highest beneath the reeiver line and dereases apart from it. The visualisation of the �nal

results therefore beomes di�ult as every depth slie throughout the 3D setion needs

to be examined separately. Figure 4.14 shows depth slies through the staked 3D setion

of the Fresnel Volume migrated data. The inonsisteny of the image quality an learly

be seen by the variable distribution of high re�etivities in aordane to the position of

the reeiver line.

Figure 4.14: Depth slies through the staked 3D setion of the Fresnel Volume migrated

data and respetive map views of the southwestern SJ-6 line segment. Blak lines in map view

indiate the loation of the depth slies, red lines represent the SJ-6 reeiver line.

55



Figure 4.15: Adjustment proedure to obtain a �nal 2D depth setion. a) Detailed map view

of a partiular rooked SJ-6 line segment, red points are true reeiver loations and blak points

adjusted reeiver loations, respetively. b) Depth projetion of the adjusted reeiver loations.

The orange shaded plane inludes the results for the �nal 2D depth image.

In order to simplify the visualisation proedure, �nal 2D depth images are produed in

the following that provide the migration results from beneath the atual reeiver line.

The reeiver positions are therefore adjusted to the grid node positions of the subsurfae

model. In the following explanation y denotes the omponent perpendiular to the pre-

dominating orientation of line SJ-6, that is northwest-southeast for the southwestern line

segment and north-south for the eastern line segment. Aordingly x denotes the diretion

along the predominating diretion of line SJ-6, southwest-northeast for the soutwestern

segment and west-east for the eastern segment, respetively. Figure 4.15 a) presents a

detailed map view of line SJ-6 where reeiver loations deviate extremely in y-diretion.

Red points represent true reeiver positions and vertial gray lines represent grid node

positions along the x-diretion. In the �rst step, all reeiver loations that are loated

between eah of two grid nodes (vertial gray lines in Figure 4.15 a)) along the x-diretion

are identi�ed. Seondly, the average value of the reeivers y-omponents in between eah

grid node pair is determined and the result is assigned to the easternmost of the grid

node pair (blak points in Figure 4.15 a)). In the next step, the adjusted loations are

projeted to eah depth layer in the subsurfae model (see Figure 4.15 b)) providing a set

of loations that de�ne a plane beneath the reeiver line. The 3D migration results are

�nally interpolated to these loations within that partiular plane. The results presented

in the following setions and in hapter 5 are 2D depth images that have been obtained

by applying the above desribed proedure. High re�etivities will be illustrated by red

olours and low re�etivities by green to blue olors, respetively.
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4.4.1 Kirhho� Prestak Depth migration

In the following, Kirhho� Prestak Depth migration is applied to the SJ-6 data set. For

this, travel time tables are required as further input parameter that provide the di�ration

urves (two-way travel time isohrones). These are alulated in advane under onsid-

eration of the veloity model as desribed in setion 4.3.3. The preproessed wave�eld is

then distributed or smeared along these isohrones in dependene of the reorded two-way

travel times. Figure 4.16 presents three 2D depth setions of partiular migrated single

shot gathers from di�erent shot point positions along the southwestern line segment. Shot

point loations of the top and middle 2D depth setions are at x = -54 km and -24 km

southwest of the San Andreas fault. The bottom 2D depth setions soure point is lo-

ated at x = 6 km northeast to the San Andreas fault, respetively. The size of the

orresponding reeiver spreads is marked by the triangles representing the �rst and last

ative reeiver along the orresponding reeiver spreads. Note that the maximum o�set is

only 1.8 km. High re�etivities are distributed within the entire subsurfae plane within

all three setions. It an be seen that the re�etivities apart from the reeiver spread are

strongest and broadly distributed almost along the entire two-way travel time isohrones.

But diretly beneath and in the viinity of the reeiver spread the imaged features are

more distintive and loally restrited along the two-way travel time isohrones.

Standard Staking Proedure

In order to improve the signal-to-noise ratio and to obtain a strutural image from along

the entire pro�le line segment all migrated single 3D volumes are staked and afterwards

adjusted to the atual aquisition line aording to the proedure desribed in setion 4.4.

Lateral amplitude balaning is applied to the �nal 2D depth setions after staking.

A onventional phase staking is performed �rst meaning that the migrated wave�eld of

the single shot setions is staked.

Figure 4.16: (following page)Migrated single shot setions adjusted to the aquisition line

for di�erent shot point loations along line SJ-6. Blak triangles mark the x-reeiver positions

of the �rst and the last ative reeivers of the respetive reeiver spreads; blak stars denotes

the shot point positions.
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Figure 4.17: Results for a) phase staking and b) absolute amplitude staking for the south-

western SJ-6 line segment.

The result is shown in Figure 4.17 a). The image quality is rather low. Solely in the

entral part of the image between x = −20 km and −40 km some northeast dipping

strutures an slightly be reognized at depths of approximately 20 km.

To further improve the image quality, absolute amplitudes are staked in the next step

whih is illustrated in Figure 4.17 b). In the enter of the image the northeast dipping

strutures are strinkingly pronouned and some single re�etor elements an be distin-

guished. In the shallow subsurfae very weak and indistint subhorizontal re�etors are

hardly visible in the entre of the image. However this image is not appropriate for any

interpretation as the value of information is still low.
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The low signal-to-noise ratio is the result of migration noise that is produed in regions

within the single subsurfae volumes lying apart from the orresponding reeiver spreads

(see Figure 4.16). Migration noise superimpose the desired re�etor signals espeially in

the shallower regions apart from the reeiver spreads due to the short reeiver spreads.

The survey layout was one designed for shallow subsurfae investigations using the las-

sial CMP-staking proedure where only shallow subsurfae regions diretly beneath the

survey line are onsidered. As this work aims to produe images of the entire rust, a

large 3D subsurfae volume is hosen. The di�erene in the overall subsurfae volume size

and the size of the single reeiver spreads is a onsiderable problem that strongly a�ets

the image quality.

Modifation of the Standard Staking Proedure in the Case of Low Data

Coverage

To deal with the problem desribed above the migrated single shot setions are lipped

to a partiular region around the orresponding reeiver spreads prior to staking.

With the given aquisition layout horizontal strutures an only be imaged diretly be-

neath the respetive reeiver spreads. Apart from the reeiver spreads only inlined stru-

tures an be reorded. The greater the re�etors distane to the reeiver spread the more

it has to be inlined to be reorded at the surfae. In the presene of inlined re�etors

in the lower rust the region produing potential re�etion energy inreases with depth.

Therefore, re�etion signals overlap to a greater extend in the lower rust as they do

Figure 4.18: The migrated single shot setions are restrited to the region around the atual

reeiver spread (green segment); subsurfae points outside the green shaded subvolume are set

to zero prior to staking; the isolated subvolume inreases with depth aording to angle α.
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Figure 4.19: Staking results for di�erent lipping angles α.

in the shallower rust when the migrated single shot setions are staked. Consequently,

shallower strutures are to a greater extent a�eted by the superposition of migration

noise from distant migrated shot setions than deeper strutures.

For this reason the migrated single setions are lipped to the region around the orre-

sponding reeiver spreads by setting amplitudes outside a designated subvolume (green

shaded area in Figure 4.18) to zero. The angle α determines the lateral extend of the

designated subvolume with inreasing depth. Thereby the hoie of α de�nes the grade

of re�etor dips that are onsidered. Figure 4.19 presents lipped and staked 2D se-

tions for di�erent values of α. For α = 0◦ designated subvolumes diretly beneath the

respetive reeiver spreads are staked. Subhorizontal strutures are well imaged in both,

the shallow and lower rust, respetively. Only in the shallow rust between x = -40 km

and x = -10 km slightly dipping strutures are visible. With inreasing α steeper dipping

strutures are inluded into the lipped setion. Nevertheless, superposition of noise with

re�etor signals inreases simultaneously.
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Average dipping angles of approximately 30◦ to 40◦ an be estimated from the unlipped

amplitude depth setion. Using the estimated dipping angles, α an be determined using

geometrial relations. For the given range of dipping angles an α of 40◦ is hosen for

lipping.

The lipping of the migrated single setions auses loal amplitude di�erenes within the

3D images. For this reason the amplitudes in the staked volume are balaned by dividing

the sum at eah grid node by the number of non-zero values that have been staked at

the respetive grid node. Afterwards interpolation to the averaged loation of line SJ-6

as desribed above gives the �nal 2D depth image that omprises both, information on

shallow strutures and on deep strutures along line SJ-6, respetively, as an be seen in

Figure 4.20.

Figure 4.20: Final Kirhho� Prestak Depth migration image along a) the southwestern line

segment and b) the eastern line segment of line SJ-6 after amplitude staking of lipped migrated

single shot setions.
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4.4.2 Fresnel Volume migration

The proessing sequene of Fresnel Volume migration is in priniple similar to that of

Kirhho� Prestak Depth migration apart from additional routines that are added to

perform the spatial restrition of the migration operator. The riterion for the restrition

is the size of the Fresnel Radius of the orresponding rays that are alulated separately

for all data samples. A more detailed overview on the proessing sequenes of Fresnel

Volume migration is given in Figure 4.21. The Fresnel Radius is estimated aording to

equation 3.10 in setion 3.2 under onsideration of the dominant period, that is estimated

from the data, and the ray propagator elements. The latter are alulated for eah time

sample by performing a ray traing proedure. The starting angles for the ray traing are

obtained by loal slowness alulations as desribed in setion 3.2. Additionally, P-wave

veloity information at the aquisition surfae and the spatial derivatives of the veloity

�eld are required to perform the ray traing proedure. The amplitudes are smeared along

the di�ration surfaes but weighted in aordane to the loal position of the di�ration

surfae points to the Fresnel Radii of the orresponding rays (see equation 3.11 in setion

3.2). The weighted amplitudes along all di�ration surfaes are �nally summed to generate

the migrated setion.

Figure 4.21: Proessing sequene of Fresnel Volume migration modi�ed after Sik (2006).
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Emergene angle estimation along line SJ-6

In setion 3.2 the priniple of emergene angle estimation was introdued. Horizontal

and vertial slowness values are alulated that provide the initial orientation for the

ray traing proedure. In the ase of straight 2D reeiver lines the wave�eld is usually

bakpropagated in a 2D subsurfae model that spans a vertial plane below the survey

line. Therfore it is su�ient to now the vertial slowness pz and the horizontal slowness

px that is oriented inline with the survey line. In ontrast, the SJ-6 data have partly been

aquired along windy roads as some regions in the Coast Ranges are di�ult to aess.

Consequently, the reeiver loations alternate notably perpendiular to the predominating

southwest-northeast orientation and west-east orientation, respetively, of the SJ-6 survey

line. In order to aount for the true soure and reeiver positions the migration sheme

was implemented in 3D.

At �rst, pairs of horizontal and vertial slownesses for eah time setion are alulated.

The horizontal slowness is onsidered as the slowness along the x-axis within our loal

oordinate system that is for the southwestern part of the pro�le oriented perpendiular

to the strike of the San Andreas fault surfae trae and for the eastern part oriented in

east-west diretion, respetively. The y-axis is horizontally oriented perpendiular to the

x-axis. During ray traing, rays are propagated into the subsurfae model starting at

eah partiular reeiver loation. As the reeiver positions along the y-axis are not yet

onsidered, the initial orientation of eah ray emenating at the reeivers is limited to the

x-z-plane spaned beneath eah reeiver. Figure 4.22 illustrates this situation for three

reeivers along a rooked aquisition line.

Figure 4.22: Emergene angles estimated under onsideration of one horizontal slowness

omponent px are oriented within x-z-planes diretly beneath the reeiver loations.
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Figure 4.23: Under onsideration of two horizontal slowness omponents, the vertial plane

rotates in the diretion of the orresponding reeiver o�sets.

As the reeiver positions vary signi�antly along the y-axis the energy is smeared within

di�erent x-z-planes aording to eah partiular reeiver position without onsidering the

atual orientation of the reeiver line. In the ase of roughly straight reeiver line segments

energy is imaged beneath the atual aquisition line. This is not the ase along rooked

survey lines. In this ase, the energy is smeared far away from the reeiver line and auses

artefats within the 3D subsurfae image. The objetive of the following approah is to

distribute the re�etion energy as aurately as possible below the atual aquisition line

during Fresnel Volume migration.

In order to enhane the image quality and to redue migration artefats the horizontal

slowness ph(x, t) is alulated aording to the true reeiver distanes in the x-y-plane

and aordingly weighted to the respetive x- and y-omponents of the true horizontal

o�set

~h = (dx, dy). Thus, two horizontal slowness values an be obtained aording to

the following equations:

px(x, t) = ph(x, t) ·
dx

| ~h |
(4.8)

py(x, t) = ph(x, t) ·
dy

| ~h |
(4.9)

The initial emergene angle provided for ray traing now onsiders the true orientation

of the reeiver line. Finally, the energy is smeared within a depth plane approximately

beneath the reeiver line that re�ets the orientation of the orresponding reeiver o�sets.

Figure 4.23 shows the vertial planes beneath eah reeiver in whih the inital ray is

propagated when the two horizontal slowness omponents px and py are onsidered. Figure

4.24 demonstrates the result of slowness omputation for one single shot gather. The newly
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Figure 4.24: Slowness estimation results for two individual single shot setions. a) and ):

respetive ative reeiver line segments in map view, red dots are reeiver positions, green dot

is the soure position, respetively. b) and d) time setions representing the alulated slowness

omponents px, py and pz.

determined slowness omponent py varies laterally in relation to the relative reeiver o�sets

in y-diretion. The above presented proedure allows to improve the quality of the imaging

results as re�etion energy is to a higher extent loalized beneath the atual reeiver line.

Although the imaging tehnique is implemented in 3D and the true soure and reeiver

loations are onsidered, it is not possible to image 3D geologial strutures or identify

3D e�ets. The true orientation of the reorded wave�eld remains unknown and it must

be onsidered that 3D e�ets in�uene the image quality and may ause artefats.
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Impat of the seond horizontal slowness omponent on the image quality

The objetive of the above presented approah is to attribute the re�etivity values as lose

to the aquisition line as possible to inrease the signal-to-noise ratio of the �nal 2D depth

setions. In the following, the impat of the emergene angle estimation tehnique on the

seismi imaging result is demonstrated. Figure 4.25 shows horizontal slies throught the

�nal Fresnel Volume migrated and staked subsurfae volumes at depths of 1 km, 10 km

and 20 km, respetively. The slies on the left hand side of Figure 4.25 represent the

imaging results obtained from the standard straight line approah that aounts for one

horizontal slowness px and the right hand side images present the imaging results obtained

by the rooked line approah that aounts for two horizontal slowness omponents px and

py. Warm olors represent high re�etivities and old olors low re�etivities, respetively.

It an be reognized that high re�etivity values onentrate within a quite narrow zone

around the aquisition line for shallow depths that widens with inreasing depths. This is

due to the fat that the data overage is higher for the deeper regions and that the Fresnel

Zones slightly inrease with depth. The energy is then smeared along larger segments of

the two-way travel time isohrones with inreasing vertial distane to the orresponding

reeiver.

Figure 4.25: Horizontal x-y-slies through the Fresnel Volume migrated and staked 3D vol-

umes for z = 1 km (top), z = 10 km (middle) and z = 20 km (bottom). Left hand side

�gures: imaging results onsidering one horizontal slowness omponent px, right hand side �g-

ures: imaging results onsidering two horizontal slowness omponents px and py, respetively.

The white line marks the aquisition line along the southwestern SJ-6 line segment.
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Figure 4.26: Fresnel Volume Migration depth setions obtained by onsideration of one hor-

izontal slowness omponent px (left hand side) and two horizontal slowness omponents px

and py (right hand side), respetively. Re�etivities in the bottom depth setions are laterally

balaned.

The amount of high re�etivity values is more losely attributed beneath the aquisition

line in the right hand side �gures of Figure 4.25 that represent the rooked line approah

for emergene angle estimation. Whereas the left hand side �gures of the straight line

approah show a large amount of high re�etivity values that is loated o�side the re-

eiver line. These re�etivities are not properly imaged and produe a signi�ant amount

of migration noise. Furthermore, this partiular re�etivity quantities do not provide any

re�etivity information beneath the orresponding reeiver line position and are therefore

absent in the �nal 2D image. The orresponding migrated 2D depth setions are shown

in Figure 4.26. The left hand side images are determined with the straight line approah

and the right hand side images with the rooked line approah, respetively. The top

images are latterally unbalaned while the bottom images ontain lateral amplitude bal-

aning. The rooked line approah provides seismi images of enhaned signal-to-noise

ratio ompared to the straight line approah. Noise produed by insu�iently imaged

signals due to large y-omponents of the reeiver loations is signi�antly redued by the

appliation of the rooked line approah. Lateral amplitude balaning learly enhanes

the re�etivity values at the margins of the depth setions.
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Fresnel Volume Migration

In the following, Fresnel Volume migration is applied to the SJ-6 data. The distribution of

the reorded amplitudes along the two-way travel time isohrones is restrited to Fresnel

Zones that are alulated for rays that are propagated into the subsurfae model under

onsideration of the veloity �eld and the initial emergene angle at the orresponding

reeiver positions. Figure 4.27 shows seleted rays and the orresponding Fresnel Zones

in the ase of one single example trae. In most of the ases the Fresnel Zones inrease

with inreasing time step.

Figure 4.28 shows the same three migrated single shot setions that have previously been

presented in setion 4.4.1. A omparison of the migrated single shot setions shows sig-

ni�ant di�erenes between the Kirhho� Prestak Depth images and the Fresnel Volume

image. The spatial restrition of the migration operator auses the amplitudes to on-

entrate beneath the atual reeiver spreads. Migration noise from regions apart from

the reeiver spreads as observed in the Kirhho� Prestak Depth images is onsiderably

redued. For that reason lipping of the migrated single shot setions prior to staking is

omitted in this ase.

Figure 4.27: Ray paths for seleted time samples of one partiular trae infront of the veloity

model. Green lines border the Fresnel Zones.
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Figure 4.28: Migrated single shot setions using Fresnel Volume migration adjusted to the

survey line for di�erent shot point loations along line SJ-6. Blak triangles mark the x-reeiver

positions of the �rst and the last ative reeivers of eah spread; blak star denotes the shot

point position.
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Again, the migrated 3D single shot setions are staked in order to obtain a depth image

from along the entire survey line segments as well as to improve the signal-to-noise ratio.

The 2D results of phase staking as well as the absolute amplitude stak are shown in

Figure 4.29 a) and b), respetively. Lateral amplitude balaning is performed on all depth

setions after the data have been adjusted to the SJ-6 reeiver line.

The phase stak in Figure 4.29 a) inludes little strutural information although the image

quality is signi�antly enhaned ompared to the Kirhho� Prestak Depth phase stak

(Figure 4.17 a)). Distint features an even be reognised in the shallower regions and at

the edges of the depth setion. The amplitude stak is not as muh a�eted by migration

noise as the orresponding Kirhho� Prestak Depth amplitude stak and again shows a

strong band of northeast dipping re�etors. However, the amplitude stak so far laks of

information on the shallow subsurfae.

Due to the short survey spreads, the data overage is low, espeially in the shallow subsur-

fae. The distribution of re�etivities is therefore quite unbalaned within the subvolume.

Re�etivities in the shallower regions an be ampli�ed by weighting the staked values

at eah grid point by the number of non-zero values that have been staked at eah or-

responding node. Figure 4.29 ) demonstrates the e�et of weighting. However, deeper

re�etivity signals are attenuated ompared to the absolute amplitude stak. In order to

obtain an image that provides both, information on the lower rust and the upper rust,

respetively, the weighted and the absolute staks are normalized to their respetive max-

ima and summed afterwards. The �nal result for the southwestern and the eastern SJ-6

line segments are presented in Figure 4.30 and further disussed in hapter 5.

Figure 4.29: (following page)Results of a) phase stak, b) stak of ambsolute amplitudes

and ) weighted stak of absolute amplitudes, respetively.
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Figure 4.30: Final Fresnel Volume migration image along a) the southwestern line segment

and b) the eastern line segment of line SJ-6 after staking and lateral amplitude balaning.
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4.4.3 Re�etion Image Spetrosopy

In order to extrat additional small-sale strutures from the resulting depth images we

apply Re�etion Image Spetrosopy to the SJ-6 data set. As proposed by Yoon et al.

(2009) the preproessed data are bandpass �ltered in several disrete frequeny bands

eah ontaining a banwidth of 5 Hz. The general Re�etion Image Spetrosopy work�ow

is presented in Figure 4.31. Three frequeny bands are extrated in the range of 10− 15

Hz (low-frequeny range), 15 − 20 Hz (middle-frequeny range) and 20 − 25 Hz (high-

frequeny range), respetively using a trapezoidal bandpass �lter as illustrated in Figure

4.32 a). A, B, C and D represent the orner frequenies. From B to A and from C to D

the amplitudes are linearily tapered within a frequeny range of 5 Hz. The entral orner

frequenies are represented by B and C.

Figure 4.32 b)-e) show the amplitude spetra for one single trae from the SJ-6 data

set by way of example. The full-frequeny range of this trae after rossorrelation an

be seen in Figure 4.32 b). Figures 4.32 )-e) show the amplitude spetra of the three

respetive frequeny bands after bandpass �ltering for that partiular trae sample. Eah

narrrow-frequeny data set is migrated separately using Fresnel Volume migration. The

respetive dominant period for the determination of the Fresnel Radii is estimated from

eah of the narrow-frequeny data sets separately.

Figure 4.31: Re�etion Image Spetrosopy Work�ow.
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Figure 4.32: a) Design of trapezoidal bandpass�lter. Corner frequenies are A,B,C and D.

b) Full-frequeny ontent of one SJ-6 data trae example after rossorrelation -e) Narrow-

frequeny data examples after appliation of the respetive bandpass �lter in the ranges of 10-15

Hz, 15-20 Hz and 20-25 Hz, respetively.

It is 0.08 seonds for the low-frequeny range data, 0.06 seonds for the middle-frequeny

range data and 0.04 seonds for the high-frequeny range data set.

The staking proedure and the adjustment of the 3D migrated data to line SJ-6 have

exatly been performed as desribed in setion 4.4.2.

Figure 4.33 shows the result of Re�etion Image Spetrosopy for one single shot gather

produing three depth setions, eah for a di�erent frequeny band. A omparison of the

depth setions shows that the intensity and the form of the re�etivity distribution signif-

iantly di�ers. The re�etion energy of this single shot setion is mainly onentrated in

the low- and in the high-frequeny range. The �nal seismi Re�etion Image Spetrosopy

images are presented in the following hapter.

Figure 4.33: (following page)Migrated single shot setions for one data example after appli-

ation of Re�etion Image Spetrosopy. a) low-frequeny image (10−15 Hz), b) intermediate-

frequeny image (15− 20 Hz) and ) high-frequeny image (20− 25 Hz).
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5 Re�etion Seismi Images along Line

SJ-6

The following setions present the results of Kirhho� Prestak Depth migration, Fresnel

Volume migration and Re�etion Image Spetrosopy, respetively.

Firstly, the results for the southwestern SJ-6 line segment are presented and disussed

in setion 5.1 followed by the results for the eastern SJ-6 line segment in setion 5.2.

The preproessed single shot gathers that are related to eah of the two reeiver line

segments are all migrated separately and staked afterwards. The Kirhho� Prestak

Depth migrated setions are lipped before staking, taking into aount the extent of

the reeiver spreads of eah shot gather. The staked values are divided by the number

of non-zero values that ontribute to the sum at eah partiular grid node in order to

improve the signal-to noise ratio espeially in the shallow regions where data overage is

low due to the short o�sets. Equivalent lipping is not neessary for the Fresnel Volume

migrated depth setions as the loal restrition of the migration operator signi�antly

redues the amount of migration noise that previously superimposed the atual re�etion

signal. The staked depth setions are adjusted to the geometry of line SJ-6 in order to

obtain a 2D depth setion that displays the re�etivity struture diretly from beneath

the pro�le line. Finally, the 2D setions are laterally normalized in order to aount for

lateral amplitude di�erenes within the setions. The term re�etivity will be used in

the following to desribe the intensity of the imaged strutures. High re�etivities are

indiated by red olours and low re�etivities by green and blue olours, respetively.

Eah setion starts with an overview on the results of the three migration approahes in

order to introdue the main strutural features beneath the individual line segments and

to further evaluate and ompare the di�erent results. After this follows a more detailed

desription of partiular line segments that are subdivided aording to the prominent

pre-existing geomorphologial units.
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5.1 Southwestern line segment

Figure 5.1 illustrates the �nal depth setions obtained by Kirhho� Prestak Depth migra-

tion, Fresnel Volume migration and Re�etion Image Spetrosopy along the southwestern

segment of line SJ-6, respetively,. The ourse of the respetive reeiver line segment is

illustrated in Figure 5.1 a). Figure 5.1 b) represents the Kirhho� Prestak Depth mi-

gration depth setion and ) the Fresnel Volume migration image. The narrow-frequeny

band images obtained by Re�etion Image Spetrosopy are presented in Figure 5.1 d) -

f). The pro�le starts at the Pai� Coast near Morro Bay and extents towards northeast

rossing the western Franisan Blok that is juxtaposed against roks of the Salinian

Blok by the Naimiento fault at approximately x = -49 km. The Rinonada fault is

loated at approximately x = -37 km along the pro�le line. The San Andreas fault zone

separates the Salinian Blok from roks of the eastern Franisan Blok at x = 0 km.

The most prominent feature in the depth setions along the southwestern line segment

is a bunh of very strong re�etors in the lower rust beneath the Salinian Blok. High

re�etivities and the appearene of distint re�etors is limited to the entral part of the

Kirhho� Prestak Depth image. The bakground migration noise level is extremely high

southwest to the Naimiento fault as well as northeast to the San Andreas fault so that

strutural details there an not be preisely observed. The Fresnel Volume depth setion

shows a learly improved image that reveales additional details of the rustal struture

ompared to the Kirhho� Prestak Depth image. Distint re�etors are learly visible

over the full range of the pro�le line and migration noise is signi�antly suppressed.

The depth setions obtained by Re�etion Image Spetrosopy again improve the image

quality beause additional strutural details are observable in eah of the three narrow-

frequeny images that are not evident in the full-frequeny range image.

Figure 5.1: a) Map view of the southwestern SJ-6 reeiver line segment. b) Kirhho� Prestak

Depth image, ) respetive Fresnel Volume image, d) Re�etion Image Spetrosopy low-

frequeny image (10-15 Hz), e) intermediate-frequeny image (15-20 Hz) and f) high-frequeny

image (20-25 Hz), respetively, of the same region.
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Figure 5.1: (ontinued)
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5.1.1 Western Franisan Blok

The western Franisan Blok is loated along the southwesternmost setion of the pro-

�le line. Towards northeast it is bordered by the Naimiento fault against graniti and

metamorphi roks of the allohthonous Salinian Blok. The Naimiento fault zone is

loated approximately at x = -49 km. Figure 5.2 and Figure 5.3 depit enlargements of

the �rst 20 km of the SJ-6 pro�le line that rosses the western Franisan Blok. Dis-

tintive strutures are hardly visible in the Kirhho� Prestak Depth image in Figure 5.2

a). Between depths of 16 km and 21 km three subhorizontal re�etors (A, B and C) an

be reognized between the southwestern image margin and x = -55 km. The rest of the

image is signi�antly in�uened by migration noise.

The respetive Fresnel Volume image presented in Figure 5.2 b) as well as the narrow fre-

queny band images obtained by Re�etion Image Spetrosopy in Figure 5.3 a)-) depit

more distintive features through the entire rust and the uppermost mantle, espeially

along the relatively straight line segment at the southwestern margin of the depth se-

tion. A onsiderable hange in image quality haraterizes the Fresnel Volume full- and

narrow-frequeny images by dereased re�etivity from x = -57 km towards northeast.

This is an e�et of the strong bend in the pro�le line between x = -55 km and -50 km

Figure 5.2: Kirhho� Prestak Depth image (a) and Fresnel Volume image (b) of the western

Franisan Blok between x = -64 km and -44 km. NF- Naimiento fault.
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Figure 5.3: Re�etion Image Spetrosopy images of the western Franisan Blok between

x = -64 km and -44 km. a) low-frequeny image (10-15 Hz), b) intermediate-frequeny image

(15-20 Hz) and ) high-frequeny image (20-25 Hz), respetively. NF- Naimiento fault.

that is likely to ause the absene of oherent re�etion signals. In addition to that, the

data fold is omparatively low along this line segment beause shots have been skipped

during the aquisition proess due to inaessable regions along this partiular part of

the pro�le line (ompare to Figure 4.10 in setion 4.3.4). Figure 5.2 b) depits a zone of

high re�etivity in the shallow subsurfae down to 5 km depth between the southwestern

image margin and x = -57 km. Single ontinuous re�etors an hardly be distinguished

in this zone in any of the narrow-frequeny Fresnel Volume images of Figure 5.3.

At the bottom of this heterogeneous zone between 4 km and 6 km depth an indistint

northeast dipping re�etor (D) an be observed in Figure 5.2 b). The latter appears very

strong in the low-frequeny image, disappears in the intermediate-frequeny image and

reappears slightly in the high-frequeny image again.

The full-frequeny image Figure 5.2 b) laks of distintive features between 6 km and

16 km depth. The narrow-frequeny range images otherwise expose several details from

this depth range. A strong slightly southwest dipping re�etor (E) is learly visible in the

low-frequeny image at 12 km depth. It an be supposed that sattering of high frequeny

omponents in the heterogeneous roks of the Franisan Complex might suppress this
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struture in the intermediate- and high-frequeny images. Re�etor E reappears with less

lear shape in the full-frequeny image. The two distint re�etors at 16 km depth and

at 18 km depth (A and B) that an be observed in the Kirhho� Prestak Depth image

appear weak in the full-frequeny Fresnel Volume image but are stronger in the narrow-

frequeny images. Re�etor B shows a northeast dip omponent in the low- and in the

high-frequeny image, respetively. Additional details of the deeper parts of the depth

setions an be observed in the high-frequeny image. There, some weak and indistint

subhorizontal strutures are visible between 22 km and 25 km depth and a strong re�etor

(F) is visible at 31 km depth.

Most of the strutures in the western Franisan Blok are subhorizontal, some with a

slight southwest dip omponent. Unfortunately, the data do not reveal any strutural in-

formation on the Naimiento fault in partiular. However, the predominating orientation

of the imaged strutures signi�antly hanges at the Naimiento fault zone from almost

horizontal in the Western Franisan Blok to predominantly northeast in the adjaent

Salinian Blok.

5.1.2 Salinian Blok

The Salinian Blok is loated between the Naimiento fault zone at x = -49 km and

the San Andreas fault zone at x = 0 km. Figure 5.4 depits enlargements of a) the

Kirhho� Prestak Depth image, b) the Fresnel Volume image. Figure 5.5 shows the

narrow-frequeny band images.

Subhorizontal re�etors (A) an be observed in the shallow subsurfae in all depth setions

down to 2 km depth. They appear most ontinuous in the Kirhho� Prestak Depth image

but less ontinous in the Fresnel Volume images. No distint feature an be attributed

to the Rinonada fault zone 8 km northeast to the Naimiento fault. However, the image

quality hanges aross the Rinonada fault as strutures towards northeast to the fault

appear stronger and more distintive, espeially in the shallow subsurfae. The rust

between 3 km and 13 km depth northeast to the Rinonada fault an be laterally subdi-

vided into two regions. Between x = -40 km and -22 km the Kirhho� Prestak Depth

image depits few northeast dipping re�etors (B) that are hardly distinguishable from the

bakground migration noise. This zone appears quite non-re�etive in the full-frequeny

Fresnel Volume image as well as in the low- and the intermediate-frequeny image. The

high-frequeny image in ontrast to this learly on�rms the indistint strutures from the

Kirhho� Prestak Depth image as they appear as strong and distint northeast dipping

re�etors. Towards southwest between x = -22 km and -13 km a zone of indistint but

relatively high re�etivity (C) is visible in the Kirhho� Prestak Depth image between
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Figure 5.4: Kirhho� Prestak Depth image (a) and Fresnel Volume image (b) of the Salinian

Blok between x = -49 km and 1 km. NF- Naimiento fault, RF - Rinonada fault, SJF - San

Juan fault, SAF- San Andreas fault.

3 km and 10 km depth. This zone is emphasized in the Fresnel Volume image and the

narrow-frequeny images, in partiular in the high-frequeny image. Indistint strutures

with a slight southwest dip omponent an be reognized. At the bottom of this zone at 10

km depth a strong and distint re�etor is learly visible. At approximately x = -22 km

the re�etion harater hanges towards northwest from weak re�etivities to stronger

re�etivities in the upper 13 km. This lateral hange in re�etion harater orrelates

with a hange of the predominating orientation of the imaged strutures from northeast

to southwest.

The Kirhho� Prestak Depth image shows a distint northeast dipping re�etor (D)

that an be traed down from 10 km depth to 14 km depth between x = -32 km and -22

km. There it merges to indistint southwest dipping strutures (E) that an be traed

upwards towards northeast to approximately 8 km depth where it is interseted by a

very strong northeast dipping re�etor. Above the interseting re�etor, re�etor E an

hardly be traed as E* in the full-frequeny Fresnel Volume image. Whereas the northeast

dipping re�etor D appears rather indistint in the orresponding Fresnel Volume images

the southwest dipping strutures E are strongly emphasized. The high-frequeny image

shows re�etor D and E as separate distintive strutures that seem to be thrust upon

eah other.

The most prominent feature in the Salinian Blok is loated in the lower rust. It is
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Figure 5.5: Re�etion image spetrosopy images of the Salinian Blok between x = -49 km

and -1 km. a) low-frequeny image (10-15 Hz), b) intermediate-frequeny image (15-20 Hz)

and ) high-frequeny image (20-25 Hz), respetively. NF- Naimiento fault, RF - Rinonada

fault, SJF - San Juan fault, SAF- San Andreas fault.

haraterized by strong subparallel re�etors between x = -40 km and -10 km (F and G).

The Kirhho� Prestak Depth image depits only few single distint northeast dipping

re�etors southwest to x = -22 km and few slighly southwest dipping re�etors farther

northeast. The Fresnel Volume image in ontrast shows a luster of very strong nearly

subparallel northeast dipping re�etors. This luster has a width of approximately 5 km

and an be observed at depths between 15 km and 26 km. From x = -22 km towards

northeast the predominating dip of this luster hanges from northeast to southwest. The

northeastern of these strong lower rustal re�etors (G) abruptly disappears at x = -10

km. The region below these strong re�etors appears seismially transparent.
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5.1.3 San Andreas Fault

Figure 5.6 and Figure 5.7 show the northeastern portion of the southwestern line segment

that rosses the San Andreas fault surfae trae perpendiular to its predominating strike.

The San Andreas surfae trae is loated at x = 0 km. There, roks of the Salinian Blok

are supposed to be juxtaposed against roks of the eastern Franisan Blok. The today

inative San Juan fault (SFJ) is loated approximately 7 km southwest to the San Andreas

fault zone.

The Kirhho� Prestak Depth image in Figure 5.6 a) ontains little strutural information

on the subsurfae. Southwest of the San Juan fault distintive subhorizontal re�etors (A)

appear in the upper 2 km. These features are less distintive and hardly visible in the full-

frequeny Fresnel Volume image (Figure 5.6 b) and the narrow-frequeny images (Figure

5.7 a) - )). The Fresnel Volume image depits more strutural details from beneath and

adjaent to the San Andreas fault zone ompared to the Kirhho� Prestak Depth image.

Figure 5.6: Kirhho� Prestak Depth image (a) and Fresnel Volume image (b) aross the San

Andreas fault zone between x = -14 km and 16 km. SJF - San Juan fault, SAF- San Andreas

fault.
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Beneath the San Juan fault surfae trae an indistint subvertial struture (B) an be

traed down to 5 km depth. There it turns into a northeast direted strong re�etor (C)

that is bended towards the surfae. This re�etor beomes indistint in the intermediate-

frequeny image and an not be observed in the high-frequeny image. Where it is visible,

the re�etor abruptly terminates when it approahes the San Andreas fault at x = 0 km.

The latter an be haraterized as a zone that laks of oherent re�etions. The San

Andreas fault zone an therfore be spei�ed as 4 km wide zone between x = 0 km and

4 km. At x = 4 km re�etor C seems to reappear (re�etor D in Figure 5.6 b)) and

re�etivities are inreased ompared to those from within the fault zone. The 4 km wide

fault zone an be traed to approximately 13 km depth.

There, a very indistint subhorizontal struture (E) is visible within the fault zone between

x = -2 km and 1 km. The lower rust beneath 13 km depth does not reveal any distint

re�etors towards northeast from x = -10 km where the strong lower rustal re�etors of

the Salinian Blok abruptly terminate. A similar hange in re�etivity harater an not

be observed in the lower rust towards northeast. The high frequeny-image depits some

very short but rather distint subparallel re�etors (F) diretly below the San Andreas

fault surfae trae between depths of 23 and 30 km. These re�etors have a very slight

southwest dipping omponent.

Northeast to the San Andreas fault distint re�etors an be observed from the surfae

downwards to 13 km depth. Between x = 5 km and 10 km slightly southwest dipping

re�etors are visible (G). The strong bend in the pro�le line from x = 9 km towards

northeast auses a signi�ant derease of re�etivity values. At the northeastern image

margin distint subhorizontal re�etors (H) are visible at depth between 4 km and 10 km.

The intermediate-frequeny range image shows slight northeast dipping re�etors (I) that

seem to onnet the re�etors diretly northeast to the San Andreas fault with those at

the image margin.
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Figure 5.7: a) Re�etion Image Spetrosopy images aross the San Andreas fault zone be-

tween x = −14 km and 16 km. a) low-frequeny image (10-15 Hz), b) intermediate-frequeny

image (15-20 Hz) and ) high-frequeny image (20-25 Hz), respetively, of the same region.

SJF - San Juan fault, SAF- San Andreas fault.
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5.2 Eastern line segment

Figure 5.8 illustrates the �nal depth setions along the eastern SJ-6 line segment. In

aordane to setion 5.1 Figure 5.8 a) illustrates the ourse of the respetive reeiver line

segment in map view. The migration results are presented in Figure 5.8 b) for Kirhho�

Prestak Depth migration, Figure 5.8 ) for full-frequeny Fresnel Volume migration and

�nally Figures 5.8 d)-f) for the narrow-frequeny band images determined by Re�etion

Image Spetrosopy. Note that the perspetive hanges to west-east ompared to the

southwestern line segment. The eastern SJ-6 pro�le segment rosses the Eastern Coast

Ranges inluding the San Andreas fault zone and the Great Valley , the eastern Franisan

Blok as well as parts of the Sierra Nevada foothills. Both, the Kirhho� Prestak Depth

image as well as the Fresnel Volume image depit most of the prominent strutures. The

migration bakground noise level is signi�antly higher in the Kihho� Prestak Depth

image that onsequently redues the image quality ompared to the Fresnel Volume full-

and narrow-frequeny images.

Re�etivities in the Eastern Franisan Blok appear obsured and less distintive om-

pared to the strutures beneath the San Joaquin Valley to the east. The upper rust

beneath the San Joaquin Valley onsists of west dipping sequentially layered re�etors

that are folded in the basin synline at the western border of the Valley. Beneath these

sequenes of re�etors, steeper west dipping re�etors an be observed in the Kirhho�

Prestak Depth image that are more learly resolved in the Fresnel Volume image. Eah

of the narrow-frequeny images from Re�etion Image Spetrosopy shows additional

strutural details ompared to the full-frequeny range Fresnel Volume image.
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Figure 5.8: a) Map view of the eastern SJ-6 reeiver line segment. b) Kirhho� Prestak Depth

image, ) respetive Fresnel Volume image, d) Re�etion Image Spetrosopy low-frequeny

image (10-15 Hz), e) intermediate-frequeny image (15-20 Hz) and f) high-frequeny image

(20-25 Hz), respetively, of the same region.
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Figure 5.8: (ontinued)
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5.2.1 Eastern Franisan Blok

The eastern Franisan Blok is loated northeast to the San Andreas fault zone. A de-

tailed view of the orresponding Kirhho� Prestak Depth image and the Fresnel Volume

image is shown in Figure 5.9 a) and b). The narrow-frequeny images are presented in

Figure 5.10 a)-), respetively.

The San Andreas fault zone reappears as a non-re�etive zone. However, this zone is not

straight in depth but dips towards west in this perspetive. The latter an be learly

observed in the Fresnel Volume images showing a sharp re�etivity ontrast to the sur-

rounding subsurfae. East to the San Andreas fault a west dipping re�etor (A) reappears

in all �ve images. It an also be identi�ed in the images of the southwestern line segment.

Further east, the Kirhho� Prestak Depth image reveals three indistint quasi subpar-

allel east dipping re�etors (small blak arrows) between x = 5 km and 18 km down to

depths of 10 km. The latter are poorly resolved in the orresponding Fresnel Volume im-

ages exept for the lowermost that appears strongest in the Fresnel Volume full-frequeny

image and the low-frequeny image but disappears in the high-frequeny image. Between

x = 10 km and 28 km the Fresnel Volume images show a wedge shaped like struture

direted towards east that an be distinguished by single distint re�etors and higher

Figure 5.9: Kirhho� Prestak Depth image (a) and Fresnel Volume image (b) of the eastern

Franisan Blok between x = -3 km and 45 km. SAF- San Andreas fault, KHSD - Kettleman

Hills South Dome.
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Figure 5.10: Re�etion Image Spetrosopy images of the eastern Franisan Blok between

x = -3 km and 45 km. a) low-frequeny image (10-15 Hz), b) intermediate-frequeny image

(15-20 Hz) and ) high-frequeny image (20-25 Hz), respetively. SAF- San Andreas fault,

KHSD - Kettleman Hills South Dome.

re�etivities. It is well resolved in the full- and low-frequeny image but poorly resolved

in the high-frequeny image. The Kirhho� Prestak Depth image only depits the outer

shape of this struture by the east dipping re�etor B and the west dipping re�etor C.

Above the wedge shaped struture eah depth setion ontains a west dipping zone that

93



ompletely laks of distint re�etors spanning a width of aproximately 4 km between 5

and 15 km depth. Above and east to this zone the Kirhho� Prestak Depth image shows

very distint subparallel re�etor sequenes that form a omplete fold sequene in the

upper 8 km. Three strong re�etors are visible at the base of the orresponding synline

from whih the lowermost re�etor (D) is disordant ompared to the uppermost. These

re�etor sequenes an be observed in the Fresnel Volume image but the re�etors do not

appear that distintive when ompared to the Kirhho� Prestak Depth image.

Both, the low-frequeny as well as the intermediate-frequeny image depit the west

dipping re�etor (D) that uts disordantly through the west �ank of the synline.

Re�etivity is signi�antly redued below 20 km depth.

5.2.2 Great Valley fore-ar basin

The depth setions along the easternmost segment of line SJ-6 aross the San Joaquin

Valley are displayed in Figure 5.11. The Kirhho� Prestak Depth image in Figure 5.11 a)

and the Fresnel Volume image in Figure 5.11 b) both illustrate the most strikingly features

beneath the San Joaquin Valley. The di�erene is again the high bakground noise level in

the Kirhho� Prestak Depth image. The narrow-frequeny images are shown in Figure

5.12 ) - e).

Subparallel west dipping re�etor sequenes (A) an be observed in the shallow rust

from the easternmost image margin westward to the Great Valley synline where they

are folded down to depths of approximately 13 km. The shallowest of these re�etors

(A*) appears most distintive in the Kirhho� Prestak Depth image . The lowermost of

the above desribed re�etors appears very strong in all depth setions besides the high-

frequeny image. In the high-frequeny image it is distinguishable but weak ompared to

the other depth setions.

Steeper west dipping re�etors (B) an be identi�ed below the shallow re�etor sequenes

beneath the enter of the San Joaquin Valley. These strutures are strongly emphasized in

the full-frequeny Fresnel Volume image and the low-frequeny image down to depths of

20 km. The Kirhho� Prestak Depth image ontains a steeply east dipping re�etor (C)

at x = 70 km that uts through the above desribed strutures between 11 km and 14 km

depth. This feature is not imaged by the Fresnel Volume image. Only the high-frequeny

image reveals this struture as well.

Lower rustal re�etors beneath the Great Valley an be observed in both, the Kirhho�

Prestak Deph image and the Fresnel Volume image, respetively. Beneath the Great

Valley basin synline between x = 44 km and 50 km a strong steeply east dipping re�etor

(D) an be observed at depths between 21 km and 25 km. Another slightly shallower east
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Figure 5.11: a) Kirhho� Prestak Depth image and b) Fresnel Volume image of the Great

Valley between x = 40 km and 126 km. GVBS -Great Valley basin synline.

dipping re�etor (E) appears farther east beneath the Great Valley between x = 63 km

and 80 km. These re�etors do not appear in the high-frequeny image.

At the eastern margin of the depth setions beneath the Sierra Nevada foothills a very

strong subhorizontal re�etor (F) is visible at 25 km depth. It is not imaged by the low-

frequeny data. The intermediate- and high-frequeny images additionally reveal slight

subhorizontal re�etors above re�etor F.
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Figure 5.12: Re�etion Image Spetrosopy images of the Great Valley between x = 40 km

and 126 km. a) low-frequeny image (10-15 Hz), b) intermediate-frequeny image (15-20 Hz)

and ) high-frequeny image (20-25 Hz), respetively. GVBS - Great Valley basin synline.
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5.3 Impat of the veloity model

The prestak migration tehniques as used in this work depend on a priori P-wave veloity

information. To investigate the in�uene of the veloity information on the resulting

depth images, Fresnel Volume migration is applied to the southwestern SJ-6 line segment

using two di�erent veloity models. The other migration input parameters remain equal

for both migration proesses. Beside the tomographi 3D veloity model (Thurber et

al., 2006 and Lin et al., 2010) that has been used to migrated the SJ-6 data, the data

are additionally migrated using the Southern California Earthquake Center Community

Veloity Model CVM-H6.0 (Süss and Shaw, 2003). The CVM-H6.0 veloity information

have been obtained from soni logs and staking veloity measurements from industry

re�etion pro�les in Southern California. A depth slie through eah veloity model

along the southwestern SJ-6 line segment is illustrated in Figure 5.13 a) and b). The

tomographi 3D veloity model is already introdued in setion 4.3.2 and ompared to

the veloity information obtained from previous refration data analysis along line SJ-6.

Low-veloity zones and a smooth transition between lower rustal and mantle veloities

are inluded into the model. The shallow subsurfae onsists of low veloities (2000 m
s
)

that rapidly inrease with depth. The CVM-H6.0 model inludes fast veloities in the

shallow subsurfae (4500 m
s
) and inreases not that rapidly with depth ompared to the

tomographi 3D veloity model. The rust-mantle transition is marked by an abrupt

veloity inrease from 6500 m
s
to approximately 8000 m

s
. Low-veloity zones an not be

identi�ed in the CVM-H6.0 veloity model. The orresponding imaging results are shown

in Figure 5.13 ) for the tomographi 3D veloity model and Figure 5.13 d) for the CVM-

H6.0 model. The overall most signi�ant strutures, like the strong re�etive lower rust

as well as the prominent southwest dipping re�etor southwest of the San Andreas fault

are imaged in eah of the depth setions. The depths of single strutures slightly di�er

due to veloity di�erenes. Shallow subsurfae strutures in the Salinian Blok appear

sharper and more distint in the depth setion obtained by the tomographi 3D veloity

model. The San Andreas fault zone an be identi�ed as a non-re�etive zone within both

depth setions. Consequently, the non-re�etivity from within the fault zone is aused by

the re�etion data itself and not by the low-veloity zone in the tomographi 3D veloity

model. The relatively low veloities beneath 24 km in the tomographi 3D veloity model

ompared to the CVM-H6.0 veloity model ause higher re�etivities in the orresponding

migrated setion that will ause di�ulties to loate the rust-mantle boundary from the

re�etion data while the lear veloity ontrast in the CVM-H6.0 veloity model orrelates

with a lear ontrast in the re�etivity harater from high re�etivities above the veloity
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ontrast to low re�etivities beneath. All in all, the tomographi 3D veloity model

provided by Thurber et al. (2006) and Lin et al. (2010) yields depth images of higher

resolution. Nevertheless, the shape, the loation and also the strength of the imaged

strutures depend on the auray of the veloity information.

Figure 5.13: Top: Depth slies through the a) tomographi 3D veloity model (Thurber et

al., 2006 and Lin et al. (2010)) and b) CVM-H6.0 veloity model (Süss and Shaw, 2003).

The depth slies are loated along to the southwestern SJ-6 line segment. Bottom: Fresnel

Volume migration results under onsideration of ) the tomographi 3D veloity model and d)

the CVM-H6.0 veloity model.
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5.4 One-sided images

The SJ-6 data have been reorded using a ommon split-spread geometry so that seis-

mi signals are reorded from both sides of the soure. The imaging results indiate a

heterogeneous subsurfae with partiular zones of high re�etivities as well as re�etors

of variable dips and sizes. Seismi signal responses from small-sale strutures or steeply

dipping strutures are in some ases better resolved using data from only one side of the

spread. Figure 5.14 shows a simple example of a steeply dipping re�etor beneath a split-

spread geometry. In Figure 5.14 a) where the re�etor is lose to the soure the re�etion

response signal is only reorded by the reeivers on the left hand side of the soure. With

inreasing lateral distane of the re�etor to the soure as illustrated in Figure 5.14 b)

a re�etion response is reorded almost along the whole spread. The sampling density,

however, is highest for signals reorded along the left hand side of the soure and will

therefor reate a more preise image of the re�etor. In order to enhane or even unmask

steeply dipping strutures as well as small-sale strutures only traes from one side of the

spread are onsidered for migration in the following. Figure 5.15 illustrates the Fresnel

Volume migration depth setions of a) the full spread, b) the half spread southwest of

the soure and ) the half spread northeast of the soure for the southwestern SJ-6 line

Figure 5.14: Split-spread geometry above a steeply dipping re�etor. The sample density and

the ability to sample the re�etor di�ers along eah side of the spread: a) lose to the soure

and b) with greater distane to the soure.
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segment. The same is illustrated in Figure 5.16 for the eastern SJ-6 line segment.

The image quality of the one-sided images is less ompared to the original image as the

fold is halved. The omparison of the left-lateral seismi image in Figure 5.15 b) and

the right-lateral image in Figure 5.15 ) shows a signi�ant di�erene in the bakground

re�etivity. Basi features, for example the high re�etive lower rust, appear in both

depth setions. The right-lateral image seems to ontain weaker amplitudes ompared to

the left-lateral image. The most signi�ant di�erenes between the images are highlighted

by arrows in Figure 5.15. Southwest dipping strutures are better onstrained in the left-

lateral image and northeast dipping strutures in the right-lateral image, respetively.

Strutures at the image margins are better resolved in the left-lateral image. However,

strutures in the right-lateral depth setion appear more distint and less obsured om-

pared to the left-lateral depth setion. The right-lateral image ontains short northeast

dipping re�etors in the upper rust between x =-45 km and -40 km that have only been

imaged by the high-frequeny data using Re�etion Image Spetrosopy (Figure 5.1 f)).

Along the eastern SJ-6 segment the one-sided images onsiderably di�er and new stru-

tures appear that are masked in the original image. Figure 5.16 ) shows a gap of data

whih is aused by a hange of the aquistion geometry from split-spread to end-on spread.

All 48 reeivers have been plaed east to the soure aross the San Joaquin Valley. Never-

theless, the left-lateral image ontains distint re�etors in the western Franisan Blok

at midrustal depths between 8 km and 20 km depth and along the east �ank of the San

Joaquin basin synline down to 12 km depth. Furthermore, a steeply east dipping stru-

ture appears beneath the antiformal struture farther west at depths between 8 km and

18 km. Along the eastern San Joaquin Valley the left-lateral image ontains a region of

high re�etivity beneath the sedimentary basement re�etor between x = 95 km and 105

km. Smaller east dipping re�etor elements an be observed in the middle rust farther

east. The prominent subhorizontal lower rustal re�etor at 25 km depth at the eastern

margin of the image appears muh stronger ompared to the right-lateral image and the

full-spread image. The well onstrained features observed in the left-lateral image are su-

perimposed in the full-spread image by bakground migration noise from the right-lateral

data.

Migration of partiular traes seleted by their relative position left or right to the soure

yields additional strutural information of partiularly small or strongly dipping re�etors

that are otherwise superimposed by migration noise in the seismi images obtained from

the omplete spread.
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Figure 5.15: One sided seismi images from migration of only one half of the spread along the

southwestern line segment. a) full spread, b) southwestern spread and ) northeastern spread.
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Figure 5.16: One sided seismi images from migration of only one half of the spread along

the eastern line segment. a) full spread, b) western spread and ) eastern spread.
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5.5 Conlusion

The migrated and staked depth setions resulting from Kirhho� Prestak Depth migra-

tion, Fresnel Volume migration and Re�etion Image Spetrosopy applied to the SJ-6

re�etion data set show a various amount of very distintive strutural details throughout

the entire rust beneath the Coast Ranges and the San Joaquin Valley. However, the

results show onsiderable di�erenes in resolution and quality of the imaged strutures.

Three imaging approahes by omparison

The Kirhho� Prestak Depth images give a �rst impression of the large sale strutures

in the entre of the depth setions. Potential strutures at the image margins and in the

lower rust are superimposed by a high level of bakground migration noise. However, the

shallow subsurfae strutures in the Salinian Blok as well as beneath the Great Valley

appear onsiderably more oherent and stronger in the Kirhho� Prestak Depth image

as in the orresponding parts of the Fresnel Volume image.

The Fresnel Volume images show signi�antly higher signal-to-noise ratios and reveal more

strutural details than the Kirhho� Prestak Depth images, espeially within the lower

rust. However, some single strutures an be identi�ed in the Kirhho� Prestak Depth

images that remain hidden in the orresponding Fresnel Volume images (e.g. re�etors

B and D in Figure 5.4 and re�etor C in Figure 5.11). Therefore, Re�etion Image

Spetrosopy in ombination with Fresnel Volume migration provides narrow-frequeny

band images that expose additional strutural details. Re�etors that have not been

imaged in the Fresnel Volume depth setions as mentioned above reappear in the high-

frequeny depth setions. Where attenuation of high frequenies in the upper rust is

low as it is for example in the Salinian Blok, deeper strutures are imaged properly and

the resolution is signi�antly enhaned as individual narrow re�etor elements an be

distinguished down to depths of 20 km.

Fresnel Volume migration is strongly frequeny dependent. The dominant frequeny is

important for the alulation of the Fresnel Volume. Another frequeny dependent pa-

rameter is the hoie of the time window when omparing the trae to trae oherene for

emergene angle estimation. The results show that the time window for the omparison

of the trae to trae oherene is hosen too large for imaging the high frequeny ompo-

nents in the full-frequeny data range. That is why re�etor C in Figure 5.11 ) remains

hidden. A possible solution to this problem would be to simply redue the number of

samples in the time window. This would in ontrast expulse low-frequeny omponents.
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All in all, Kirhho� Prestak Depth migration is apable to image deep strutures of the

SJ-6 re�etion data set although the depth setions are strongly in�uened by migration

noise. The advantage over Fresnel Volume migration is that alulation time is rather

fast even though the data volume is large. The additional routines that are neessary to

restrit the migration operator during Fresnel Volume migration are time onsuming but

produe seismi images of enhaned quality that reveal more strutural details ompared

to the Kirhho� Prestak Depth images. However, the method strongly depends on the

frequeny ontent of the data as Re�etion Image Spetrosopy on�rms. It is therefor an

important tool to image additional high- and/or low-frequeny omponents that would

have been hidden in the full-frequeny range image.

Additional strutures ould be exposed from the data by migrating seleted traes from

one side of the original split-spread geometry. Espeially steep dipping strutures ould

be better resolved and one east dipping re�etor beneath the Kettleman Hills ould be

unovered that was neither imaged by Fresnel Volume and Kirhho� Prestak Depth mi-

gration nor by Re�etion Image Spetrosopy.

Re�etor maps

The appliation of three migration tehniques yields depth setions that are similiar on

the whole but show signi�ant di�erenes in the quality by means of resolution and ap-

pearene of the imaged strutures. The individual results are ombined by examining

eah individual depth setion for distintive re�etors that are traed and pitured in

Figure 5.17 for the southerwestern SJ-6 line segment and the eastern SJ-6 line segment,

respetively. Altogether, seven depth setions have been ompared for eah line segment

separately, the Kirhho� Prestak Depth image, the Fresnel Volume image, the three

narrow-frequeny band images and �nally the two one-sided images.

Distintive strutures an be traed through the whole depth setion along the entire

pro�le line. The only exeption is the region beneath the Naimiento-Rinonada fault

zones where data overage is low. The strong bend of the aquisition line might also

disrupt the imaging results.

In ontrast to the results of Trehu and Wheeler (1987) the new images depit a large

number of distintive strutures, espeially from beneath the western Franisan Blok

and the San Andreas fault zone. The deep northeast dipping lower rustal re�etors as

well as the west dipping middle rustal re�etors of the Salinian Blok are on�rmed.

The most signi�ant di�erene to previous studies of Bloh et al. (1993) and Walter et al.

(1987) along the eastern SJ-6 line segment are the west dipping strutures from beneath
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the basin sediments and deeper rustal re�etors below the San Joaquin Valley. The reso-

lution of the bakground model does not provide suh a detailed image and lassi�ation

of the sedimentary layer sequenes as was derived by Bloh et al. (1993) but middle to

lower rustal strutures are �rstly imaged using the SJ-6 data set.

Figure 5.17: Re�etors map along a) the southwestern SJ-6 line segment and b) the eastern

SJ-6 line segment, respetively.
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6 Disussion of the Imaging Results

The following hapter attempts to disuss and partially interpret the SJ-6 imaging results

on the basis of other reently obtained geophysial data from the SJ-6 investigation area

but also from other sites aross the San Andreas fault zone. These data inlude loal seis-

miity and non-volani tremor loations that have previously been introdued in setion

2.1.2 and 2.1.3, magnetotelluri data obtained by Beken et al. (2011) that have been

further investigated by Tietze et al. (2013) as well as the ombined veloity information

of Thurber et al. (2006) and Lin et al. (2010). Existing interpretations from the re�e-

tion/refration Transe C2 near Monterey Bay from Fuis et al. (1990) approximately 200

km northwest of Cholame, and from Park�eld (SAFOD2003 re�etion/refration data)

are inorporated.

Figures 6.1 a) and 6.1 b) show the loal seismiity and non-volani tremor loations

superimposed on the Fresnel Volume depth setions of the southwestern and the eastern

SJ-6 line segment, respetively. Seismi events are ommonly supposed to our in rok

formations of predomiantly brittle rheology. From this the brittle-dutile transition zone

is inferred from the maximum depths of the seismi events (white dashed lines). It an

be seen that the seismi ativity is densely onentrated within the fault zones, suh as

the Naimiento fault and the San Andreas fault zone, respetively. Seismi events are

broadly distributed apart from the fault zones, espeially beneath the western margin of

the San Joaquin Valley. Non-volani tremor events have been loated within the deep

San Andreas fault zone. The vertial onset of non-volani tremor orrelates with the

break-o� of seismi ativity. The loations of non-volani tremor events are broadly

distributed and the majority of events onentrate southwest of the San Andreas fault

zone. Figure 6.2 illustrates the 3D inversion results derived from magnetotelluri data by

Tietze et al. (2013) from a pro�le that runs nearly perpendiular for the most part of line

SJ-6. Further, the iso-veloity lines of the interpolated and ombined veloity models of

Thurber et al. (2006) and Lin et al. (2010) in omparison with the re�etors map are

shown in Figures 6.3 a) and b). In the following, eah segment along the SJ-6 pro�le line

is disussed separately aording to the major geomorphologial units.
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Figure 6.1: Seismiity vs. Re�etivity. Loal seismiity (blue points) from Waldhauser and Sha� (2008) and non-volani tremor loations

(blak dots) from Nadeau et al. (2009) superimposed on the Fresnel Volume depth setion and re�etor map (blak lines) of a) the southwestern

SJ-6 line segment and b) the eastern line segment, respetively. Respetive map views are on top. Red points indiate seismi events from

within 1 km distane to the SJ-6 survey line.
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Figure 6.1: (ontinued).
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Figure 6.2: Resistivity struture from 3D inversion of magnetotelluri data (Tietze et al., 2013) onduted near Cholame. White dots represent

non-volani tremor loations, blue dots seismiity, blak lines represent the re�etivity struture from the SJ-6 re�etion data. HCZ - high

ondutivity zone.
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Figure 6.3: Veloity model and isoveloity lines (white lines in

m
s

) from the interpolated veloity models of Thurber et al. (2006) and Lin et

al. (2010). Blak lines represent re�etors from the ombined imaging results of a) the southwestern SJ-6 line segment and b) the eastern SJ-6

line segment, respetively.
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Figure 6.3: (ontinued).
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Western Franisan Blok and Naimiento fault zone

The upper rust of the Franisan Blok is poorly imaged by the SJ-6 data. The boundary

between sedimentary sequenes and basement roks an not be inferred from the migrated

re�etion seismi data. High ondutivities in the upper 2 km indiate sedimentary de-

posits. Below 2 km depth the seismi image reveals a body of high re�etivity (A in Figure

6.1) and subhorizontal distint re�etors that show a high level of broadly distributed seis-

mi ativity. It an be inferred that the upper rust of the western Franisan Blok is

faulted. The base of the high re�etive body at 7 km depth is marked by a strong and

distint northeast dipping re�etor. At this point a zone of inreased veloities (6400m
s
)

(B in Figure 6.3) an be observed between 7 and 12 km depth. In his work, Fliedner et al.

(2000) reports this veloity inrease in the western Franisan Blok as well at idential

depths. As Franisan roks are melanges of very di�erent rok types that form various

subterranes, Fliedner et al. (2000) propose that mixtures of low-veloity Franisan roks

with high-veloity ma� or ultrama� roks form this high-veloity zone in the middle

rust. It an be notied that seismi events are ouring outside around this high-veloity

zone whih impliates a mehanially strong material within this zone.

As veloities slightly derease below 12 km depth Fliedner at al. (2000) propose that the

lower rustal Franisan roks are mixed with oeani rust (C). The strong re�etors in

the lower rust an be interpreted as lower rustal detahement zones that additionally

might indiate a transition from mixed roks to more or less pure oeani rust at the

base of the Franisan Blok.

A lear re�etor that might represent the Moho an not be observed in this part of the

depth setion. Fuis et al. (1990) as well as Süss and Shaw (2003) report Moho depths of

24 to 26 km southwest of the Salinian Blok.

The Naimiento fault zone is a omplex struture that experiened di�erent types of fault

motion in history (Page (1970), Dikinson (1983)). It is expressed at the surfae by many

fault traes. Unfortunately, the seismi images obtained within the sope of this work do

not show any lear re�etion signals from within the Naimiento fault zone. Nevertheless,

despite the irregularities in the trend of the survey line and a ertain lak of data the

termination of re�etors southwest of the Naimiento fault zone orrelate with the onset

of densly paked seismi events. Aross this broad fault zone the predominating dip of

the imaged strutures hanges from nearly horizontal in the eastern Franisan Blok to

predominantly northeast in the adjaent Salinian Blok whih implies a hange of rok

types. Cathings et al. (2008) used the SJ-6 data set and imaged steeply dipping faults

from whih they inferred a positive �ower struture within the Naimiento fault zone. In

a broader sense, the northeast dipping strutures in the adjaent Salinian Blok and the
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northeast direted trend of earthquakes lose to the SJ-6 line (red points in Figure 6.1

a)) make the Naimiento fault zone appear as if it mainly onsists of urrently northeast

dipping thrust fault zones.

Salinian Blok

The subhorizontal re�etors imaged in the upper 2 km of the Salinian Blok represent

the basement of the sedimentary layer sequenes. Seismi veloities below 5000m
s
and

low eletrial resisitivities on�rm this interpretation. The sedimentary over underwent

faulting and folding as the disonneted appearene and irregular shapes of the re�etors

indiate.

Within the rustal basement two subregions an be distinguished. The southwestern

Salinian Blok is haraterized by low veloities, relatively high eletrial resistivities

and, apart from some sparsely distributed northeast dipping re�etors (D in Figure 6.1

a) and Figure 6.2), low re�etivities in the upper rust. Only few seismi events are

reported from within the Salinian Blok. The southwestern events are loated within the

low veloity zone in the upper rust that oinides with the northeast dipping re�etors D

that are suggested to represent faults in the upper rust. The lower rust oinides with

a bundle of strong northeast dipping re�etors (E1) that are loated on top and partly

within a high ondutivity zone. Beken et al. (2012) presumes this high ondutivity

zone as a �uid soure region in the upper mantle, releasing mantle derived �uids or lower

rustal �uids into the rustal regions above.

The northeastern part of the Salinian Blok exhibits high re�etivities in the upper and

middle rust with short subhorizontal re�etors (F). At aproximately the same depth

Bleibinhaus et al. (2003) imaged two distint subhorizontal re�etors southwest to the San

Andreas fault zone near Park�eld. They attribute these strutures to layers of metased-

imentary roks beneath the graniti roks of the batholith. This interpretation an not

be applied to the SJ-6 imaging results beause neither the eletrial resistivity struture

nor the veloity struture supports this interpretation. Compared to the southwestern

Salinian Blok the veloities are signi�antly inreased and also eletrial resistivities are

slightly higher in the northeastern part of the Salinian Blok. There, the lower, highly

resistive rust again onsists of strong layered re�etors (E2) just as in the southwestern

part of the Salinian Blok but the predominating dip hanges from northeast to predom-

inantly southwest in the northeastern part. These lower rustal re�etors (E1 and E2)

might represent a laminated lower rust or rather a laminated Moho transition zone. As

proposed by Eaton and Rymer (1990) the lamination of lower rust is supposed to indi-

ate its dutility and it may represent a detahement that is a zone of deoupling between
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the rust and the upper mantle. Meissner et al. (2006) reports of narrow-angle seismi

experiments from various world-wide loations that exhibit seismi lamination in the on-

tinental lower rust in onjuntion with observed seismi anisotropy. Moreover, Ozaar

and Zandt (2009) observed a strong anisotropi lower rust southwest of the San Andreas

fault near Park�eld from teleseismi reeiver funtion studies. They relate this anisotropy

to fossil fabri of the Farallon subdution onsisting of serpentinite or �uid �lled shist

layers. Near Park�eld their observation orrelates with high onditivity and low velo-

ities that an not be observed beneath line SJ-6. Aording to Meissner et al. (2006),

anisotropy studies by wide-angle experiments or reeiver funtion methods in assoiation

with seismi re�etivity have a onsiderable potential to investigate the omposition and

the proesses within the lower rust. Suh studies ould resolve the harater of the lower

rust of the Salinian Blok.

The strong lower rustal re�etors (E1 and E2) terminate abruptly approximately below

the San Juan fault surfae trae. This termination oinides �rst, with the onset of non-

volani tremor ativity and seond with a steep rise of the 6600m
s
- isoveloity line, all

ourring below re�etor G.

The prominent southwest dipping re�etor G in Figure 6.1 a) reahes the surfae diretly

where the San Andreas fault is expressed at the surfae. The re�etor has no seismi

signature and an be traed from the shallow rust into the middle rust to 16 km depth.

The nature of this prominent re�etor is unlear. The quaternary San Juan fault an

be reognized from its surfae trae position downward as subvertial feature by short

re�etor elements and inreased re�etivity approximately 2 km in width. It an be traed

to 7 km depth where it turns into a northeast dipping strong re�etor (H) that terminates

at the low-re�etive San Andreas fault zone. The San Juan fault exhibits low eletrial

resistivities ompared to the high resistivities towards southwest. Seismi veloities that

inrease in the northeastern part of the Salinian Blok derease at its northeastern margin

onurrently with the loation of the San Juan fault. As the San Juan fault is an old

strike-slip fault it marks the beginning of the transform fault zone that is urrently ative

7 km northeast at the San Andreas fault.

A transparent re�etivity zone an be seen beneath the lower rustal re�etors (E1 and

E2) in the enter of the depth setion at x = -20 km and 26 km depth. The zone oinides

with an upward direted bulge of high veloities above 8000m
s
and is onsidered to repre-

sent upper mantle lithosphere. In either diretion from this transparent zone towards the

San Andreas fault and the Naimiento fault zone, the bakground re�etivity inreases

and the seismi veloities derease, simultaneously. This oinidene is the result of the

migration proess as this partiular veloity model served as bakground veloity model.
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As has been shown in setion 5.3 the upper mantle is more ontinuously transparent when

a veloity model with less veloity ontrasts is used. However, the lower upper mantel

veloities in Figure 6.3 a) an be suggested to represent hanges in the omposition of the

upper mantle related to the proesses of ative fault motion.

San Andreas fault zone

Beneath the San Andreas fault surfae trae the seismi re�etion data reveal an approx-

imately 4 km wide zone that laks of oherent re�etions (I in Figure 6.1 a)). This zone

is interpreted to represent the San Andreas fault zone. The extension of re�etor G in

Figure 6.1 a) appears to approah the surfae diretly at 0 km, the surfae trae of the

San Andreas fault. The left top �gure in Figure 6.4 shows the Fresnel Volume imaging

result of the SAFOD2003 data set near Park�eld. The southwest dipping one of the two

re�etors is interpreted by Buske et al. (2007) to represent the San Andreas fault zone in

the upper 4 km. Transferring this re�etor to the SJ-6 image (blak line in the bottom

�gure) it oinides with the extension of re�etor G. Now the question is, how re�etor

G is related to the transform motion along the San Andreas transform fault. It might be

inferred that re�etor G represents a shear zone that ould be the strutural boundary

between Salinian roks to the southwest and Franisan roks to the northeast. It an

also be speulated that re�etor G is a slip surfae that was possibly generated during

one or more large earthquakes in historial time.

Seismi event loations form a narrow subvertial band at the southwestern margin of the

fault zone between 3 km and 13 km depth while the northeastern part laks of seismiity.

The fault zone, as it is de�ned by the re�etivity struture, is muh broader ompared to

the seismially de�ned fault zone. The seismi events de�ne the seismogeni layer where

roks deform predominantly brittle. The brittle to dutile transition is inferred to 13 km

depth. The seismi events assoiated with the fault zone appear to form four lusters

as illustrated in Figure 6.4. The upper luster is vertially elongated within the upper

part of the rust showing a slight southwest dip omponent. At 9 km depth a very small

luster is o�set towards southwest. This o�set oinides with the appearene of re�etor

H approahing the fault zone. The third luster is again loated within the San Andreas

fault but appears broader ompared to the uppermost luster. The lowermost luster is

loated in a low veloity zone between 10 km and 15 km depth. As this partiular segment

of the San Andreas fault is related to the loked fault segment, the question is where a

possible large earthquake would be expeted to our in the future. Would it our on

re�etor G, within the seismially ative southwestern zone of the San Andreas fault or

the seismially inative transparent northeastern zone?
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Figure 6.4: Detailed view of the San Andreas fault zone seismogeni layer. Figures on top are

imaging results from the SAFOD2003 data set near Park�eld. Buske et al. (2007) imaged the

San Andreas fault down to depths of 4 km as steep southwest dipping re�etor. The Waltham

Canyon fault is imaged by Bauer et al. (2013) as northeast dipping re�etor. The imaging

results are transfered to the SJ-6 re�etion seismi image at the bottom (blak lines). White

lines represent iso-veloity lines and blue dots are seismi event loations. The oloured irles

mark di�erent lusters that orrelate with the re�etivity and the veloity struture.

The veloity model in Figure 6.3 a) inludes a prominent vertial low veloity zone that

is o�set by approximately 2 km towards northeast from the seismi events. The mag-

netotelluri data reveal a zone of high resistivity that orrelates with the seismi event

loations and the low-veloity zone within the seismogeni layer. The low-veloity zone

is suggested to be a produt of fratured roks that form a fault gouge. The width of

the imaged fault zone remains almost onstant within the seismogeni layer but it widens

suessively with inreasing depth below 13 km.

Below the brittle-dutile transition at approximately 13 km depth another type of seismi

signals have been loated alled non-volani tremor (blak dots in Figure 6.1 a)). Non-
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volani tremor loations are broadly distributed between x = -15 and 10 km at depths

larger than 10 km. Their appearene oinides with the abrupt break-o� of seismi events

at 13 km depth. The majority of non-volani tremor loations onentrate to the south-

west side of the deep San Andreas fault beneath the surfae trae of the San Juan fault

(J in Figure 6.1 a)). The lateral onset of non-volani tremor orrelates with the termina-

tion of the the lower rustal re�etors E1 and E2 at x = -11 km. It is supposed that the

non-volani tremor events are loated diretly within the deep San Andreas fault zone.

The latter is assoiated with low re�etivities and the absene of oherent re�etions in

the migrated depth setions. From this, it an be onluded that the San Andreas fault

zone widens with inreasing depth and that lower rustal deformation ours aross a

region that laterally extends over 25 km. The enter of the non-volani tremor loud lies

diretly within a zone of remarkable high seismi veloities. Beken et al. (2012) propose

that �uids originating in the high ondutivity zone migrate along rustal pathways into

the fault zone. North of Cholame they ontribute to the proess of reep along the fault.

Near Cholame these �uids are supposed to be trapped by an impermeable layer beneath

the fault and ause high pore �uid pressures that favour brittle deformation in the lower

rust and ause non-volani tremor ativity. However, if the �uid ontent would be high,

one would expet dereased veloities and high ontrasts of seismi impedane that would

result in strong re�etivities. The inreasing seismi veloity might also be explained by

a hange in rok omposition whih might have stronger in�uenes on the veloity as

potential �uids do.

Although the San Andreas fault is not imaged as a distint subvertial re�etor, it an

learly be identi�ed as an individual struture in the seismi images that penetrates the

whole rust.

The rust-mantle boundary beneath the fault zone an not be learly identi�ed. Re�e-

tivities at depths greater than 24 km are stronger ompared to those in the enter of

the Salinian Blok and the adjaent Franisan Blok at the same depths. The seismi

images re�et the hanging omposition of rok formations aross the San Andreas fault

zone from graniti and metamorphi roks of the Salinian Blok to lower veloity Fran-

isan Complex roks towards northeast. Northeast of the fault zone the strong lower

rustal re�etors do not reappear and the upper and middle rust is haraterized by

predominantly subhorizontal re�etors.
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Eastern Franisan Blok

The re�etivity struture of the Eastern Franisan Blok di�ers signi�antly from the

Salinian Blok southwest of the San Andreas fault. Highly heterogenous roks of the Fran-

isan assemblage in the upper rust ause ertain amount of sattering and attenuation

that weakens the signal strength of the reorded wave�eld. The seismi images ontain

therefore little strutural information on the upper rust northeast of the San Andreas

fault where Franisan assemblage roks are exposed at the surfae between x = 6 km

and 13 km.

Figures 6.1 b) and 6.3 b) show that the Franisan Blok ontains no notieable veloity

anomalies and broadly distributed seismi events within the whole rust down to 20 km

depth. The seismi event density signi�antly inreases towards the eastern margin of the

Franisan Blok where sedimentary strata sequenes are folded in the upper rust.

Figure 6.1 a) shows a notieable gap of seismiity northeast of the San Andreas fault

between x = 4 km and 10 km (K). Due to the hange of perspetive this partiular

feature is not visible in Figure 6.1 b) as major tetoni strutures (e.g. the San Andreas

fault and the Kettleman Hills fold) run obliquely with respet to the SJ-6 reeiver line.

For that reason, the imaged strutures an not adequately ompared to seismi event

loations. Event loations north of the pro�le line may appear farther west from their

related tetoni strutures that are imaged in the depth setion, just as events from the

south are imaged farther east of the related geologi strutures, respetively. At x = 10

km Figure 6.2 reveals a subvertial low eletrial resistivity anomaly and inreased seismi

veloities between 3 km and approximately 13 km depth. The seismi images show a zone

of redued re�etivity at x = 10 km that might indiate a subvertial fault but ould be

the result of the bad data quality in this region and the signi�ant kink in the SJ-6 survey

line as well. However, approximately 30 km northeast near Park�eld Bauer et al. (2013)

imaged the Waltham Canyon fault as near vertial struture in the upper rust as it is

illustrated in Figure 6.4. Geologi maps (Jennings, 1977) also indiate a fault trae at

this loation and ultrama� roks exposed towards southwest of the fault that an explain

the observed high veloities.

The base of Franisan assemblage roks is supposed to be loated between 10 km and

15 km depth underlain by ma� lower rust (Fuis et al. (1990), MBride et al. (1987),

Fliedener et al. (2000), Walter et al. (1987), Wentworth et al. (1987)). In the entral

eastern Franisan Blok the lower base of Franisan assemblage roks an hardly be

distinguished. Re�etivities are high but distint re�etors appear infrequently between

x = 0 km and 20 km. East of 20 km beneath the folded upper rust, the strong re�etive

wedge shaped struture (L in Figrue 6.1 b)) is aompanied by seismi ativity, espeially
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at the top and at the base of the wedge. Seismi veloities are dereased within and

beneath the wedge. Aording to Walter et al. (1987) and Wentworth et al. (1987) it is

assumed that this wedge is omposed of Franisan assemblage roks that are thrusted

beneath the Great Valley Sequene and other roks towards east. Re�etors on top

and at the base of the wedge are suggested to be thrust faults. Aording to Bloh et al.

(1993) the top thrust faults represents the Coast Range thrust that separates Great Valley

sequene formations or Coast Range ophiolites in the hanging wall from Franisan roks

in the foot wall. The wedge tapers out at approximately x = 35 km beneath the Kettleman

Hills. The top of the wedge is onneted to a zone that laks of distint re�etors and

has lower re�etivities (M in Figure 6.1 b)) ompared to the Franisan roks beneath.

Godfrey et al. (1998) proposes that Franisan roks are mixed with ophioliti roks and

other rok types due to tetoni wedging of Franisan material beneath the Great Valley.

It is possible that this zone is a damage zone that expresses the Coast Range fault itself.

Another possibility might be that this zone represents Coast Range ophiolites loated

between Franisan roks and roks of the Great Valley sequene above.

The sedimentary layer sequenes at the eastern margin of the Franisan Blok are folded

and faulted. Due to the large grid spaing it is not possible to image the internal struture

very presiely as has been done before (e.g. Bloh et al. (1993)). The indistint re�e-

tivity strutures espeially beneath the Kettleman Hills South Dome indiate irregular

strutures.

The rust-mantle boundary an be inferred from the seismi images by a signi�ant hange

from high re�etivities in the lower rust to low re�etivities in the upper mantle. The

Moho depth of approximately 24 km orrelates with observations of Fuis et al. (1990)

and Fliedner et al. (2000) who propose Moho depths of 24− 26 km beneath the eastern

Franisan Blok.

San Joaquin Valley

The seismi images reveal west dipping sedimentary layer sequenes (N in Figure 6.1

b)) beneath the San Joaquin Valley that are folded at the western margin of the valley.

This is onsistent with previous studies of Walter et al. (1987), Bloh et al. (1993) and

other studies aross the Great Valley that are ombined and summarized by Godfrey

et al. (1998). The basement of the San Joaquin Valley beneath line SJ-6 onsist of

steeper west dipping re�etors between 10 km depth and 16 km depth in the enter

of the San Joaquin Valley (O in Figure 6.1 b)). Although the veloity data presented

in Figure 6.3 b) do not show any signi�ant veloity anomaly, Fliedner et al. (2000)

deteted a high veloity body beneath the sedimentary layer sequenes that he, aording
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to Godfrey et al. (1998), referred to as Great Valley ophiolites. The west dipping re�etors

may represent shear zones within the Great Valley ophiolite. Seismi events are rather

onentrated to the western margin of the San Joaquin Valley and to the base of the

Great Valley ophiolite at approximately 20 km depth. Aording to Fliedener et al.

(2000) the Great Valley ophiolite is underlain by old ontinental rust (P in Figure 6.1

b)) sine he observed dereased veloities in the lower rust. The ontat of Great Valley

ophiolites and the presumably underlaying ontinental rust an learly be inferred from

the seismi images by the signi�ant hange in the re�etivity struture from a body

of west dipping strong re�etors to a nearly transparent region beneath and eastward

adjaent to approximately x = 95 km. The transparent body seems to form a westward

thinning wedge that tapers out at approximately x = 42 km beneath the western margin

of the San Joaquin basin. The lower boundary of the wedge is marked by east dipping

re�etors (Q1 and Q2 in Figure 6.1 b)) in the lower rust that presumably represent

the rust mantle boundary or a detahement in the lower rust. Re�etors Q1 and Q2

are aompanied by seismi events that demonstrate brittle deformation in the lower

rust. Beneath these distint re�etors the re�etivity struture is transparent that ould

indiate upper mantle material. However, it an learly be reognised that the rust

thikens towards east. Subparallel, subhorizontal re�etors beneath the Sierra Nevada

foothills at the eastern margin of the image appear beneath 20 km depth. Re�etors

beneath 30 km depth are suggested to represent the transition from the lower rust to the

upper mantle.

It an not be exluded from the seismi images if there is a loal onnetion between the

Great Valley ophiolite beneath the San Joaquin Valley and, if present, the Coast Range

ophiolite at the eastern margin of the Franisan Blok.
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7 Conlusions

Old seismi data often ontain valuable subsurfae information that have so far not been

revealed by standard proessing tehniques. This thesis has demonstrated that modern

imaging tehniques applied to old re�etion seismi data are apable to reveal additional

information on the re�etivity struture ompared to previous studies. Beyond that, the

data proessing and imaging tehniques have been modi�ed in order to extend the tar-

get depths from the originally shallow rust to the lower rust and the upper mantle,

respetively. Standard Kirhho� Prestak Depth migration, the advaned Fresnel Volume

migration approah and Re�etion Image Spetrosopy, respetively, have been applied

to the industry re�etion seismi data set SJ-6 in order to obtain further strutural infor-

mation on the deep rustal struture aross the prominent San Andreas fault system in

south entral California, USA.

The industry re�etion data set SJ-6 was originally aquired for the exploration of oil

and gas reservoirs in the shallow rust. Thus, the reord length of 6 seonds two-way

travel time and the relatively short o�sets of 1.8 km are atually not suitable for imaging

deep rustal strutures. Fortunately, vibration soures of su�iently long duration have

been used so that the reord length of the original �eld reords ould be extended to 26

seonds two-way travel time in order to extrat re�etion signals from the deeper parts of

the rust and in partiular from the deep extention of the San Andreas fault zone.

Due to the rooked ourse of line SJ-6 and the hange of orientation near the interse-

tion with the San Andreas fault zone, the imaging tehniques have been implemented

in 3D. A �nal 2D depth image has then be obtained from the migrated 3D volumes by

interpolating the migrated wave�eld to a vertial plane diretly beneath the reeiver line.

Kirhho� Prestak Depth migration was able to handle the rooked reeiver line geometry.

However, due to the very short o�sets used during the aquisition proess the overage

of the migrated wave�eld signi�antly varied with depth after staking. Consequently,

shallow strutures were to a greater extend superimposed by migration noise than deeper

strutures. For that reason, the staking proedure has been modi�ed so that shallow as

well as deep subsurfae strutures ould be resolved in equal measure. Although Kirhho�

121



Prestak Depth migration revealed several signi�ant rustal features, the depth images

ontain a onsiderable amount of migration noise, espeially at the image margins, that

makes strutural interpretation di�ult.

In ontrast, the Fresnel Volume migration approah produed seismi images of enhaned

quality that are to a lower extent a�eted by migration noise and reveal several additional

distint strutures. The rooked line geometry had a onsiderable impat on the image

quality and thus had to be onsidered during slowness alulation. By this means, the

wave�eld was attributed to the lose viinity of the reeiver line during the migration

proess so that migration artefats ould be redued signi�antly. Slowness estimation as

well as the alulation of the Fresnel Volumes strongly depends on the dominant frequeny

of the data. As the frequeny range is su�iently wide several omponents of the wave�eld

were not properly imaged by Fresnel Volume migration.

Re�etion Image Spetrosopy is therefor a powerful tool to investigate the frequeny de-

pendene of the imaged strutures. Hene, Fresnel Volume migration was performed after

applying partiular bandpass �lter to the data. Several strutures have been signi�antly

enhaned and even additional strutures were imaged.

It was further shown that the imaging results an be omplemented when partiular

geophone groups from eah side of the soure are onsidered separately.

Furthermore, the impat of the required a priori veloity model on the imaging results

was shown by inluding two di�erent veloity models in the migration proess. The im-

age quality and the re�etors sharpness were higher when a more detailed veloity model

obtained from earthquake tomography was used.

The imaging results from Kirhho� Prestak Depth migration, Fresnel Volume migration

and Re�etion Image Spetrosopy have been onsidered to identify the most striking

strutures whih were ombined by manually reating re�etor maps. The latter were

ompared and disussed under onsideration of other geophysial studies using passive

seismi data, magnetotelluri data and the seismi veloity information from nearly the

same loation.

Previous imaging results of the SJ-6 data set ould be veri�ed and many additional stru-

tures ould be imaged for the �rst time. It was shown that the re�etivity struture of

the individual neighbouring bloks aross the San Andreas fault system onsiderably dif-

fer. Major ative strike slip faults, e.g. the Naimiento fault and the San Andreas fault,

respetively, an not be identi�ed by distint re�etors but as near vertial zones that

lak of distint re�etors.

The imaged strutures in the western Franisan Blok are in priniple subhorizontal
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while strutures imaged in the southwestern part of the adjaent Salinian Blok are pre-

dominantly northeast oriented. The lower rust of the Salinian Blok is haraterized by

strong subhorizontal layered re�etors that indiate a laminated lower rust whih is in-

terpreted to be the result of dutile deformation. The Moho an be inferred by the abrupt

transition from the high re�etive lower rust to a nearly transparent upper mantle at

approximately 26 km depth.

Within the upper and middle rust the San Andreas fault zone was haraterized by

a subvertial predominantly transparent zone approximately 4 km in width. The fault

zone suessively broadens beneath the brittle-dutile transition zone at 13 km depth and

non-volani tremor loations an learly be attributed to the deep San Andreas fault

southwest to its surfae trae.

The re�etivity struture of the lower rust beneath the San Joaquin Valley was imaged

for the �rst time at this partiular loation. A strong re�etive body beneath the sed-

imentary layer sequenes was interpreted as Great Valley ophiolite. The brittle-dutile

transition zone and Moho deepen beneath the Great Valley to depths of approximately

32 km at the Sierra Nevada foothills.

This thesis has shown that it is worth to reproess old seismi data using modern imaging

tehniques. Existing interpretations an be omplemented or modi�ed when additional

strutural information on the subsurfae re�etivity struture are inluded. Moreover, it

o�ers the possibility to investigate the re�etivity struture of new targets. Beside the SJ-

6 re�etion data set, the USGS provides the SJ-6 refration data set that, if preproessed

with Fresnel Volume migration and Re�etion Image Spetrosopy, would most likely

reveal interesting subsurfae features as well. The resolution would be signi�antly lower

beause of the low shotpoint number and the large reeiver distanes.

The reproessing is signi�antly heaper ompared to the aquisition of new seismi data

and many existing seismi re�etion and refration studies ould be omplemented this

way espeially those that have been aquired in the 1980s and early 1990s sine new

proessing tehniques have been developed.

It was further shown that Fresnel Volume migration and Re�etion Image Spetrosopy

are suh advaned imaging tehniques that produe seismi depth images of high quality.

In furture, new or further developed imaging tehniques will perhaps be available that

are able to reveal even more strutural details from old seismi data sets.
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