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Chiles:

Kirchhoff Prestack Tiefenmigration

versus

Fresnel Volumen Migration

Christof M. A. Sick

Berlin, 2005

Dissertation

zur Erlangung des Doktorgrades

am Institut für Geologische Wissenschaften

der Freien Universität Berlin



Tag der mündlichen Prüfung: 24. Januar 2006
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Summary

Noise and artifacts often strongly influence the resolution of depth images obtained

with standard migration algorithms. Those features can either be generated by

several different natural conditions or they are man-made. In this thesis a new

method of seismic imaging was applied to two marine data sets acquired during the

CINCA experiment in 1995: The Fresnel Volume Migration. A comparison between

the latter and Kirchhoff Prestack Depth Migration was performed to discuss the

additional structural details extracted with the help of Fresnel Volume Migration.

Both Kirchhoff Prestack Depth Migration and Fresnel Volume migration require in-

formation about the velocity structure in the subsurface. Two velocity models were

built, each based on different available information. One of them was constructed

by extending an existing velocity field of the outer forearc (IFM-model), the other

model contained seismic boundaries and average crustal velocities from wide-angle

seismics (wide-angle model). Different velocity models resulted in different travel

times and thus affected the migration results. Hence, the reliability of both model

types was discussed with respect to the resulting images obtained from both migra-

tion techniques.

The depth sections obtained from migration with both velocity models showed sig-

nificant differences which were analyzed and discussed. Increased migration smiles

and an oversized image of the sedimentary layers indicated overmigration due to the

use of too high velocities in the upper part of the oceanic crust when the velocity

information from wide-angle seismic was used. On the other hand, a possible Moho

reflection was found within these images, which is absent using the IFM-model. The

lack of knowledge about the exact location of the transition zone from low to high

velocities complicated the construction of the velocity field. Thus, in order to inves-

tigate the structures of the upper 1 km - 2 km of the oceanic crust, the use of the

IFM-model was proposed. In contrast, the study of deeper features was done with

the help of the wide-angle model.

Fresnel Volume Migration is based on the idea of restricting the migration operator

in a form that the resulting image of a recorded event is limited to the volume in the
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subsurface that physically contributes to the reflected signal. The Fresnel volumes

were calculated using the paraxial ray method. The ray tracing algorithm required

information about the emergence angles of the waves arriving at the receivers. A

multichannel cross-correlation technique was used to estimate the horizontal slow-

ness sections which comprise the necessary emergence angle information. A few

tests with respect to the frequency dependence of the slowness algorithm indicated

a quite better quality of the resulting images when a lower dominant frequency was

used.

Regarding the Fresnel Volume Migration, several input parameters were studied with

the aim to obtain the best images as well as to reduce the computing time. In order

to find the best combination of parameters with respect to the latter aims, their

influence on the ray tracing procedure and on the resulting images was analyzed.

The best and most reliable input parameters were then used for Fresnel Volume

Migration.

A method was developed to additionally reduce the computing time. The Fresnel

Volume Migration results obtained with this method showed no significant differ-

ences compared to the images resulting from migration without this method.

The comparison of the Kirchhoff images with the corresponding Fresnel images of

line SO104-07 and, respectively, of line SO104-13 showed a noticeable improvement

of the images after Fresnel Volume Migration. A strong suppression of the migration

artifacts due to the limitation of the migration operator was demonstrated as well

as the reduction of the noise level within the resulting Fresnel images.

Thrust faults have been identified after Fresnel Volume Migration in a region where

normal faulting due to plate bending was expected. The complex internal structure

of the frontal prism at the trench was analyzed and discussed. Thereby, small east-

ward dipping normal faults were found on line SO104-07 but on line SO104-13 folds

are located below the seafloor forming a sedimentary ridge at the deformation front.

The intra-plate boundary itself was imaged down to approximately 12 km depth on

both lines as well as a downward continuation of the ocean bottom structures un-

derneath the continental slope. Plate parallel faults were observed and interpreted

to mark the upper boundary of the subduction channel. In the case of a horst-

continent collision, strong compressional forces may occur, possibly resulting in an

eastward movement of parts of the overriding plate. The strong reflectivity of these

faults was discussed to be the result of infiltration of fluids or material contrast or

cataclastic fabric. The Fresnel images gave an excellent and detailed insight into

the normal fault systems located between 104 km and 118 km along line SO104-07

and also between 90 km and 113 km along line SO104-13. Reflections below these

normal faults suggested a detachment.
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The application of the Fresnel Volume Migration method to the marine data sets

enabled to visualize certain details of the subsurface within the investigation areas

which are not observable in the Kirchhoff images.
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Zusammenfassung

Das Auflösungsvermögen herkömmlicher Migrationsmethoden wird sehr häufig durch

starkes Rauschen eingeschränkt. Auch können Artefakte, die in den resultieren-

den Tiefensektionen die abzubildenden Strukturen überlagern, eine Interpretation

zusätzlich erschweren. Eine mögliche Ursache für das Auftreten dieser Phänomene

liegt entweder in den natürlichen Gegebenheiten des zu untersuchenden Gebietes, sie

können jedoch auch durch den Menschen verursacht sein. Die hier vorliegende Ar-

beit beschäftigte sich mit der Untersuchung und Implementierung eines neuen seis-

mischen Abbildungsverfahrens, der Fresnel Volumen Migration. Mit dieser Methode

wurden zwei Datensätze prozessiert, die 1995 während des CINCA Experiments

aufgezeichnet wurden. Es wurde weiterhin ein Vergleich der Ergebnisse mit den ent-

sprechenden Ergebnissen der Prestack Kirchhoff Tiefenmigration durchgeführt. Die

mit Hilfe der Fresnel Volumen Migration zusätzlich herausgearbeiteten Strukturen

wurden analysiert und diskutiert.

Beide Methoden benötigen als Eingabeparameter Informationen über die Geschwin-

digkeitsverteilung in der Tiefe. Zwei verschiedene Geschwindigkeitsmodelle wurden

zur Prozessierung der Daten verwendet. Das eine wurde durch die Erweiterung ei-

nes bereits vorhandenen Modells gewonnen (IFM-Modell), das andere wurde unter

Zuhilfenahme von Ergebnissen aus der Weitwinkelseismik modelliert (Weitwinkel-

Modell). Da die Verwendung unterschiedlicher Geschwindigkeiten zur Laufzeitbe-

rechnung auch zu Abweichungen in den seismischen Abbildern führt wurden beide

Modelle bezüglich der Ergebnisse geprüft.

Die Migrationsergebnisse für das jeweilige Geschwindigkeitsmodell wiesen deutliche

Unterschiede auf. Diese Unterschiede wurden herausgearbeitet und diskutiert. Hin-

weise auf Übermigration durch zu hohe Geschwindigkeiten im Weitwinkel-Modell,

lieferten vergrößerte Migrationsartefakte und eine zu mächtige Sedimentschicht in

den Ergebnissen. Hier konnten jedoch schwache Reflektoren in einer Tiefe beobachtet

werden, die der aus früheren Untersuchungen bekannten Tiefe der ozeanischen Mo-

ho in dieser Gegend entspricht. Die Unkenntnis über die genaue räumliche Lage der

Übergangszone von niedrigen zu hohen Geschwindigkeiten in der Tiefe erschwerte
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die Modellierung erheblich. Aus den oben genannten Gründen wurde zur Untersu-

chung oberflächennaher Strukturen das IFM-Modell bevorzugt, während für tiefere

Regionen das Weitwinkel-Modell für die Prozessierung der Daten vorgeschlagen wur-

de.

Die Fresnel Volumen Migration basiert auf der Idee, den Migrationsoperator so

zu begrenzen, dass das resultierende Abbild eines gemessenen Signals auf ein Vo-

lumen in der Tiefe beschränkt wird, das physikalisch zum eigentlichen reflektier-

ten Signal beisteuert. Zur Berechnung der Fresnel Volumen wurde die Methode

des paraxialen Ray Tracing benutzt. Um Ray Tracing durchführen zu können ist

die Kenntnis der Einfallsrichtung der Wellen an den Empfängern erforderlich. Eine

Mehrspur-Kreuzkorrelation wurde durchgeführt um die horizontale Langsamkeit zu

berechnen, die ihrerseits wiederum die notwendigen Winkelinformationen beinhal-

tet. Einige Tests wurden durchgeführt um die Frequenzabhängigkeit der Slowness-

Bestimmungsmethode zu untersuchen. Dabei konnte eine leichte Verbesserung in

den Ergebnissen für niedrigere dominante Frequenzen beobachtet werden.

Mit dem Ziel die bestmöglichsten Ergebnisse zu erzielen und die Rechenzeit zu

verkürzen wurden die verschiedenen Eingabeparameter für die Fresnel Volumen Mi-

gration untersucht. Dabei wurden hauptsächlich die Parameter getestet, die für das

Ray Tracing notwendig waren. Die besten Werte wurden für die Fresnel Volumen

Migration der CINCA Daten benutzt.

Neben der oben genannten Optimierung der Parameter wurde eine weitere Methode

zur Verkürzung der Rechenzeit entwickelt. Die Tiefensektionen, die mit dieser Me-

thode berechnet wurden unterschieden sich dabei nicht wesentlich von denen, die

ohne diese Methode migriert wurden.

Der Vergleich zwischen Kirchhoff Prestack Tiefenmigration und Fresnel Migration

der beiden Linien SO104-07 und SO104-13 zeige eine sehr deutliche Verbesserung

der Abbilder zugunsten der Fresnel Volumen Migration. Durch die Beschränkung

des Migrationsoperators konnten sowohl Migrationsartefakte unterdrückt als auch

das Rauschen signifikant reduziert werden.

In den Ergebnissen aus der Fresnel Volumen Migration wurden in einigen Gegenden

Überschiebungen identifiziert, die aufgrund der Plattenbiegung eigentlich ausschließ-

lich durch Abschiebungen geprägt sein müssten. Die komplexe innere Struktur des

Frontalkeils wurde analysiert und diskutiert. Hier wurden kleinere landwärts ge-

neigte Abschiebungen im Norden beobachtet (Linie SO104-07), während im Süden

(Linie SO104-13) Faltenstrukturen direkt unterhalb des Ozeanbodens ansässig sind.

Letztere bilden eine kleine Erhöhung am Meeresboden an der Stelle, die mit der De-

formationsfront in Zusammenhang gebracht wird. Die Oberkante der subduzierten

Nazca Platte konnte bis in eine Tiefe von etwa 12 km dargestellt werden. Auf beiden
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Linien zeigten sich subduzierte, horstähnliche Strukturen unterhalb des Kontinental-

hanges. Störungen wurden gefunden, die sich parallel zur abtauchenden Platte bis in

größere Tiefe erstrecken. Sie legen die obere Begrenzung des Subduktionskanals fest

und könnten als Folge einer Horst-Kontinent Kollision entstanden sein. Die in solch

einem Falle auftretenden Kompressionskräfte könnten für eine Ostwärtsbewegung

einzelner Teile der angrenzenden kontinentalen Kruste verantwortlich gewesen sein.

Ihre hohe Reflektivität erklärt sich möglicherweise durch Infiltration von Fluiden

oder aber durch Materialkontrast. Exzellente Abbilder der Abschiebungen zwischen

104 km und 118 km (Linie SO104-07) und zwischen 90 km und 113 km (Linie SO104-

13) konnten mit Hilfe der Fresnel Volumen Migration gewonnen werden. Auch ein

zugehöriger Abscherhorizont war auf beiden Linien deutlich zu erkennen.

Die Fresnel Volumen Migration zweier Offshore-Datensätze ermöglichte es viele

strukturelle Details des Untergrundes darzustellen, die in solch einer Qualität in

den Kirchhoff Ergebnissen nicht zu beobachten waren.





Contents

Summary i

Zusammenfassung v

Contents ix

Figures xiii

1 Introduction and motivation 1

2 The CINCA’95 experiment 5

2.1 Geological and tectonic setting . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 The Nazca plate . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.2 The trench region . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.3 The outer forearc region . . . . . . . . . . . . . . . . . . . . . 7

2.2 Experiments within the investigation area . . . . . . . . . . . . . . . 9

2.2.1 The marine seismic reflection experiments . . . . . . . . . . . 9

3 Preprocessing of the data sets 13

3.1 The data sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.1 Acquisition parameters and characteristics of the data . . . . . 13

3.1.2 Data quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.3 Basic preprocessing steps . . . . . . . . . . . . . . . . . . . . . 15

3.2 Applied filtering techniques . . . . . . . . . . . . . . . . . . . . . . . 16

3.2.1 Ocean bottom multiples attenuation . . . . . . . . . . . . . . 16

3.2.2 Filtering in the frequency-wavenumber domain . . . . . . . . . 19



x Contents

4 From Kirchhoff Prestack Depth Migration to Fresnel Volume Mi-

gration 21

4.1 Kirchhoff Prestack Depth Migration . . . . . . . . . . . . . . . . . . . 22

4.2 Travel time estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.2.1 Modelling of the velocity fields . . . . . . . . . . . . . . . . . . 25

4.2.2 Travel time calculation . . . . . . . . . . . . . . . . . . . . . . 27

4.3 Influence of the velocity field on travel time estimation . . . . . . . . 30

4.4 Principles of Fresnel Volume Migration . . . . . . . . . . . . . . . . . 31

4.4.1 Fresnel zones . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4.2 Fresnel volume determination . . . . . . . . . . . . . . . . . . 33

4.4.3 Fresnel weight . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4.4 Fresnel volume ray tracing in heterogeneous media . . . . . . 35

4.5 Estimation of the emergence angle . . . . . . . . . . . . . . . . . . . . 37

4.5.1 Slowness extraction from real data . . . . . . . . . . . . . . . 38

4.6 Implementation of Fresnel Volume Migration . . . . . . . . . . . . . . 39

4.6.1 Slowness calculation for the CINCA data sets . . . . . . . . . 40

4.6.2 Ray tracing and Fresnel radii estimation . . . . . . . . . . . . 45

4.6.3 Fresnel Volume Migration . . . . . . . . . . . . . . . . . . . . 51

4.7 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Depth images of subduction processes 57

5.1 Depth sections: Overview . . . . . . . . . . . . . . . . . . . . . . . . 57

5.1.1 Results of line SO104-07 . . . . . . . . . . . . . . . . . . . . . 58

5.1.2 Results of line SO104-13 . . . . . . . . . . . . . . . . . . . . . 58

5.2 Influence of the velocity models on the imaging results . . . . . . . . 61

5.3 Migration results from line SO104-07 . . . . . . . . . . . . . . . . . . 63

5.3.1 The ocean bottom and near-surface structures west of the trench 63

5.3.2 The trench region . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3.3 The forearc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.3.4 Deep structures . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.4 Fresnel Volume Migration of line SO104-13 . . . . . . . . . . . . . . . 74



xi

5.4.1 The ocean bottom and near-surface structures west of the trench 74

5.4.2 The trench . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4.3 Lower and middle continental slope . . . . . . . . . . . . . . . 79

5.4.4 The oceanic Moho . . . . . . . . . . . . . . . . . . . . . . . . 84

5.5 Summary and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 86

6 Summary and outlook 91

6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.1.1 Velocity fields . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.1.2 Influence of the input parameters . . . . . . . . . . . . . . . . 92

6.1.3 Fresnel Volume Migration of the CINCA data . . . . . . . . . 93

6.1.4 Advantages and disadvantages of Fresnel Volume Migration . 94

6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

References 95

Index 105

A Kirchhoff versus Fresnel images of CINCA line SO104-13 107

Acknowledgements - Danksagung 115





Figures

1.1 Modelling studies for Fresnel Volume Migration in 2D. The initial

model consisted of three layer interfaces. . . . . . . . . . . . . . . . . 2

2.1 Bathymetric image of the west coast of Northern Chile between 22◦S

and 24◦S according to von Huene et al. (1999). . . . . . . . . . . . . . 6

2.2 Line drawings for interpretation of line SO104-07 (a) and of line

SO104-13 (b). The color scale indicates the different seismic units

and ’M’ marks the Moho. Also included are the seismic velocities

obtained from wide-angle seismics. . . . . . . . . . . . . . . . . . . . 8

2.3 Overview of the CINCA area. The solid black lines located offshore

denote all airgun profiles acquired during the CINCA experiment,

whereas the thick solid black lines mark profiles SO104-07 and SO104-

13. The trench is depicted by the grey line with triangles. The thick

dark blue lines at about 21◦S and 22.5◦S show the locations of the

deep reflection experiments ANCORP and PRECORP, respectively. . 10

3.1 Illustration of the data quality by means of two representative shot

gathers from line (a) SO104-07 and (b) SO104-13. . . . . . . . . . . . 14

3.2 Picked velocity values of the primary ocean bottom reflection. Nearly

all values are distributed around the mean value of about 1515 m/s

except for that section of the profile located between CDP 14000 and

CDP 16000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3 Time-moveout section of CDP 10150. The procedure is able to reli-

ably distinguish between primary events and multiples. Within this

τ − p section a top mute was applied so that only the part of the sec-

tion remains which contain the multiples. These multiples are then

modelled and subtracted from the input data. . . . . . . . . . . . . . 17



xiv Figures

3.4 Common shot gathers from data set SO104-13. (a) Raw data and (b)

after Radon filtering. The ocean bottom multiple maps at about 12 s. 18

3.5 Principal mapping of different events in the f-k domain. The reflected

energy surrounds the center (k = 0) (blue colored triangle), whereas

noisy signal, as for example ground roll (green area) or backscattered

noise (red area), is clearly separated from the center. . . . . . . . . . 19

3.6 (a) F-k spectrum of the raw shot gather 964 from line SO104-13.

Backscattered energy maps in the negative k-sector and is suppressed

by a fan filter (Figure 3.6(b)). . . . . . . . . . . . . . . . . . . . . . . 20

4.1 A single diffractor located in a medium with constant velocity illus-

trates the principle of diffraction stack. . . . . . . . . . . . . . . . . . 23

4.2 If the diffraction points are spaced closely enough, the corresponding

diffraction curves superimpose and diffractions are only evident at

both ends of the reflection (from Yilmaz, 2001). . . . . . . . . . . . . 24

4.3 2D velocity models used for Kirchhoff Prestack Depth Migration,

where (a) is the model for line SO104-07 and (b) for line SO104-

13, respectively. The eastern part of the lower model (line SO104-13)

which included the trench and the forearc region was kindly provided

by Cesar Ranero (Geomar, Kiel). . . . . . . . . . . . . . . . . . . . . 26

4.4 Results from wide-angle seismics for line SO104-13 (Patzwahl, 1998)

including seismic boundaries estimated from refraction seismic data

acquired during the PISCO experiment (Lessel, 1998) and the hypocen-

ters of the Antofagasta aftershock series recorded by the CINCA net-

work (Husen, 1999). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.5 Modified velocity models for (a) line SO104-07 and (b) line SO104-13

taking wide-angle results into account. The Moho depth is assumed

to be located at about 7 km below the seafloor. Continental crust

velocities are the same as in the models shown in Figure 4.3. . . . . . 28

4.6 Isochrons plotted over the corresponding part of the velocity model.

(a) Travel times estimated for a shot point located 50 km along profile

with the help of the IFM-model. (b) Same as (a) but calculated

with the wide-angle model. (c) and (d) Travel times underneath the

continental slope at 95 km calculated with the IFM-model and the

wide-angle model, respectively. . . . . . . . . . . . . . . . . . . . . . . 29



xv

4.7 Comparison of the used velocity models by means of two represen-

tative depth functions from east (red and orange) and west of the

trench (blue and cyan) for both profiles, respectively. The velocities

in the subsurface to the west of the trench show significant differences

between the models. Further to the east underneath the continental

slope (red and orange lines) the IFM-model and the wide-angle model

are quite similar down to a depth of approximately 15 km. Below this

depth, the difference between the curves increases. . . . . . . . . . . . 30

4.8 Left: Illustration of Fresnel zones of nth order on a horizontal reflector.

Source and receiver are situated at the same location (zero offset

configuration). Around the center, the first Fresnel zone (light red

area) is circular whereas the outer Fresnel zones are annular rings

(dark red areas). Right: Simplified sketch of a reflection from the

midpoint of the first Fresnel Zone (black seismogram) and from the

edge of it. The blue seismogram corresponds to the Berkhout criterion

and the magenta one to Sheriffs definition. . . . . . . . . . . . . . . . 32

4.9 Fresnel volume (blue area) of a reflected ray in a constant velocity

medium. It starts at the source point S, reaches the reflection point

M and ends at the receiver R. The ray length from the source point

to the receiver via M is l (blue line) and it is r+ s for a ray path via

an arbitrary point P (dashed black line) located on the corresponding

isochron (curved dashed line). The difference between the measured

and the expected polarization is specified by the angle γ. . . . . . . . 34

4.10 Fresnel volume of two rays in a heterogeneous medium. The reflected

ray from the source to the receiver is colored blue with the correspond-

ing Fresnel volume (light blue area). A ray tracing scheme was used

which produces the direct ray from R to S ′ (dashed red line) since in

general the location of the reflector is not known. The corresponding

Fresnel volume is illustrated by the light red area. . . . . . . . . . . . 36

4.11 Workflow of the Fresnel Volume Migration. The colored blue boxes

indicate the pre-information needed. The main Fresnel Volume Mi-

gration routine needs several input parameters stated in the green

box. Within the red box, the particular subroutines of the Fresnel

Volume Migration are depicted. . . . . . . . . . . . . . . . . . . . . . 39



xvi Figures

4.12 Power spectra of two representative shots from (a) line SO104-07 and

(b) line SO104-13. The spectrum in Figure 4.12(b) exhibits an explicit

peak at about 30 Hz while that of the shot gather from line SO104-07

shows three different maxima at approximately 42 Hz, 51 Hz and 55

Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.13 Sketch of wavefronts arriving at a receiver with different emergence

angles. The color code is the same as used for the illustration of

the horizontal slowness and emergence angles in Figures 4.14- 4.16,

respectively. The angle φ can be estimated using equation (4.14). . . 41

4.14 Estimated horizontal slowness from shot no.1761 located at about

29 km along profile for (a) 27 Hz and (b) 42 Hz, respectively. The

corresponding shot gather is displayed in Figure 4.14(c). Muted data

and null traces map as red areas and respectively red vertical traces in

the slowness sections. The lower pictures illustrate the corresponding

Fresnel Volume Migration results of this shot. Figure 4.15. . . . . . . 42

4.15 (a) difference between slowness section Figure 4.14(b) (fdom ≈ 42 Hz)

and Figure 4.14(a) (fdom ≈ 27 Hz). Samples, where the sections are

identical, are colored white. (b) difference between the migrated shot

sections Figures 4.14(e) and (d). . . . . . . . . . . . . . . . . . . . . . 43

4.16 Shot gathers, slowness sections and corresponding emergence angle

sections from the start (at 3 km, Figures 4.16(a)-(c)) and the mid-

dle (at 55 km, Figures 4.16(d)-(f)), respectively. The angles were

calculated using the components of the slowness vectors px and pz
(equation (4.14)). Red vertical traces are related to null traces in the

shot gathers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.17 Shot gather, slowness and angle section from the end of line SO104-13

at about 103 km along profile. . . . . . . . . . . . . . . . . . . . . . . 45

4.18 (a) Number of ray tracing steps needed for varying time increments ∆t

for a constant two-way-travel time (last sample of the input data).

The points marked with the red and blue arrow correspond to the

sampling rates used in (b). Figure 4.18(b): Comparison of rays esti-

mated with two different sampling rates. The blue rays were calcu-

lated with ∆t = 30 ms which results in approximately 400 ray tracing

steps for the last sample (longest ray). A time increment of 20 ms

was used for the red rays resulting in about 600 ray tracing steps.

The black line marks the ocean bottom. . . . . . . . . . . . . . . . . 47



xvii

4.19 (a) original IFM-model (blue) and the smoothed model (red) in a

depth range between 4 km and 10 km. (b) ray tracing results for

both models where the color code is the same as in (a). The rays

marked by ’I’, ’II’ and ’III’ are separately shown and discussed in the

next figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.20 Fresnel volumes estimated for three different rays (I, II and III; see

also Figure 4.19) with the IFM-model (blue) and the smoothed model

(red), respectively. The gray lines are parts of the corresponding

isochrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.21 Part of the image of line SO104-13 computed for two slightly different

velocity models. Figure 4.21(a) illustrates the results from 47 km

to 59 km along profile in a depth range between 4 km and 14 km

migrated with the IFM-model. The upper right picture shows the

section migrated with the smoothed model. The numbered arrows

mark that parts of the images where the differences are most obvious.

To point out the latter, a difference section is separately shown in

Figure 4.21(c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.22 (a) and (b) describe the process to determine the closest of the n

ray nodes Q for an arbitrary image point P . The weighting factor

WF is zero if ri > 2rQ ((a)) and WF = 1 for r1 ≤ rQ ((b)). For

rQ < ri ≤ 2rQ, WF is linearly tapered. An example for an extremely

curved ray is shown in Figure 4.22(c). Here, r1 > r2 which may lead

to an error if P is located within the second Fresnel zone of Qr2 but

outside of that of Qr1 when the process stops at the first minimum (r1). 52

4.23 The light-colored red areas correspond to the complete Fresnel vol-

umes of the rays. The here presented approximation only searches

the blue part of the ray and it stops when the first local minimum

is reached. The green parts of the isochrons (gray lines) depict the

image points located inside the second Fresnel volumes. . . . . . . . . 53

5.1 Depth images of the northern line SO104-07 at 21◦S. (a) Kirchhoff

Prestack Depth Migration (b) Fresnel Volume Migration. Both im-

ages were obtained using the IFM-model. . . . . . . . . . . . . . . . . 59

5.2 Depth images of the southern line SO104-13 at 23.25◦S. (a) Kirch-

hoff Prestack Depth Migration. (b) Fresnel Volume Migration. Both

images were obtained using the IFM-model. . . . . . . . . . . . . . . 60



xviii Figures

5.3 Left hand side: Depth sections computed with the IFM-models. Right

hand side: Corresponding images computed with wide-angle models.

The upper images depict an area between 2 km and 7 km along profile

SO104-07 and the lower images illustrate a part of line SO104-13

between 13 km and 20 km. . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 Two different depth sections of the same area along line SO104-13.

(a) Image computed with the IFM-model. (b) Image computed with

the wide-angle model. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5 Image of the near surface structures west of the seamount between

6 km and 11 km. (a) Kirchhoff image. (b) Absolute stack of the

Kirchhoff depth migrated single shots. (c) Fresnel Volume Migration.

(c) Interpreted Fresnel image. . . . . . . . . . . . . . . . . . . . . . . 64

5.6 (a) Kirchhoff image of the first horst-and-graben-like structures along

profile. (b) Fresnel Volume Migration of the same region. (c) En-

largement of (b): A possible thrust fault. (d) Absolute stack image

corresponding to (c). Figure 5.6(e): i) Typical dip of normal faults.

ii) Observed dip in Figure 5.6(c) and (d). . . . . . . . . . . . . . . . . 65

5.7 (a) Kirchhoff image of the ocean bottom formation west of the trench

between 44 km and 76 km. (b) Enlargement of a part of (a). Again,

the Fresnel images ((c) - (e)) provide more details of the actual sub-

surface structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.8 (a) Kirchhoff image of the trench region between 70 km and 80 km

along profile. The most pronounced reflectors are labelled. Possi-

ble fault structures within the oceanic crust are surrounded by black

ellipses. (b) Fresnel image of the same region. Grey circles mark re-

flectors corresponding to the downgoing Nazca plate. Yellow circles

depict faults within the oceanic crust. Dashed black lines indicate a

fault system located in the frontal prism. . . . . . . . . . . . . . . . . 68

5.9 (a) Kirchhoff image of the lower continental slope. Grey circles: Up-

per boundary of the slab shows with a small bump between 81 km

and 84 km. Yellow circles: Plate parallel faults. Their outcrops cor-

relate with escarpments at the seafloor. (b) Enlargement of a part of

(a) between 78 km and 83 km. (b) Fresnel Volume Migration result

of the same region. Dashed black lines: Eastward continuation of the

fault system shown in Figure 5.8(b). An enlargement of the region

between 93 km and 98 km can be found in Figure 5.10. . . . . . . . . 70



xix

5.10 (a) Kirchhoff image of a plate parallel fault located between 94 km

and 98 km along profile. (b) Fresnel image of the same region. . . . . 71

5.11 (a) Kirchhoff image of the region between 104 km and 111 km along

profile. (b) Fresnel image of the same region as shown in (a). The

arrows mark the locations of some normal faults and the green circles

depict the detachment. . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.12 (a) Kirchhoff Prestack Depth Migration result of the middle conti-

nental slope between 111 km and 118 km along profile. (b) Fresnel

Volume Migration result of the same region as shown in (a). The

dashed black lines indicate faults above the normal faults which are

marked by arrows. Again, the green circles depict the detachment. . . 73

5.13 Depth section of the beginning of the profile migrated with the wide-

angle model. A horizontal reflection occurs at a depth of about 7 km

- 8 km beneath the seafloor. This event might be from the oceanic

Moho which is expected in such a depth range. . . . . . . . . . . . . . 74

5.14 Reflection events indicating steeply dipping faults between 5 km and

8 km. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.15 The first horst-like structure between 7 km an 15 km along profile.

Yellow circles: faults transecting the oceanic crust. Arrows: location

of possible normal faults. . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.16 (a) The plateau-like ocean bottom structure between 23 km and 39

km along profile. (b) Enlargement of the region between 36 km and

40 km. (c) Enlargement of the same region as shown in (b). Here the

f-k filtered data set was used for Fresnel Volume Migration. Dashed

lines: fault structures crossing the sedimentary layers. Yellow circles:

reflection events within the oceanic crust. . . . . . . . . . . . . . . . . 76

5.17 The region between 40 km and 55 km along profile. (a) Unfiltered

data set. (b) F-k filtered data set. The arrows mark possible thrust

or normal faults. Structures within the oceanic crust are marked by

yellow circles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.18 Image of a small sedimentary basin located in a graben at approxi-

mately 64 km along profile. . . . . . . . . . . . . . . . . . . . . . . . 79

5.19 The trench region between 66 km and 72 km along profile. The grey

circles mark the upper boundary of the oceanic crust. The frontal

prism is transected by several faults and folds (dashed black lines). . 80



xx Figures

5.20 Fresnel image of the lower and middle continental slope. The upper

boundary of the downgoing Nazca plate is illustrated as grey circles.

Reflectors within the continental crust are marked by yellow circles

and respective arrows. Between 90 km and 110 km, a normal fault

system is marked by black arrows and the corresponding detachment

is depicted by green circles. Some enlargements of this region can be

found in Figures 5.21 and 5.22. . . . . . . . . . . . . . . . . . . . . . 81

5.21 Enlargements of the lower continental slope. The grey circles mark

the location of the intra-plate boundary. The plate parallel faults

are illustrated as yellow circles. Additional structures are depicted as

dashed black lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.22 Enlargements of the middle continental slope. Here, the normal faults

are marked by black arrows and the detachment by green circles.

Plate parallel reflectors are illustrated by yellow circles. . . . . . . . . 83

5.23 Fresnel image of the region between 0 km and 32 km along profile

obtained from migration with the wide-angle model. The grey circles

mark possible Moho reflections. . . . . . . . . . . . . . . . . . . . . . 85

5.24 Comparison of the escarpments observed on line SO104-13 with the

bathymetry. The bathymetry is illuminated by a light source located

N-W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.25 Sketch of fluids infiltrating into the plate parallel faults. . . . . . . . . 89

A.1 (a) Kirchhoff Prestack Depth Migration result of the region between

3 km and 9 km along profile. (b) Fresnel Volume Migration result of

the same region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

A.2 (a) Kirchhoff image of the first horst-like structure along line SO104-

13 between 7 km and 15 km. (b) Fresnel image of the same region as

shown in (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

A.3 (a) Kirchhoff image of the ocean bottom structures between 40 km

and 55 km along profile. (b) Fresnel image of the same region. . . . . 110

A.4 (a) Kirchhoff image of the trench region. (b) Fresnel image of the

trench region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111



xxi

A.5 (a) Kirchhoff image of the westernmost end of the normal fault sys-

tem between 88 km and 96 km along profile. (b) Fresnel image cor-

responding to (a). (c) Kirchhoff image of the region between 96 km

and 104 km along profile. (d) Fresnel image corresponding to (c).

(a) Kirchhoff image of the region between 104 km and 112 km along

profile. (b) Fresnel image corresponding to (a). . . . . . . . . . . . . . 112



xxii Figures


