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Zusammenfassung

Die Kenntnis der elastischen Eigenschaften mariner Sedimente, insbesondere die Scher-
wellengeschwindigkeit, ist eine wichtige Information für die Untersuchung der Stabilität von
Meeresböden. Dies ist insbesondere für geotechnische Anwendungen im flachmarinen Bere-
ich von Bedeutung, aber auch für die Untersuchung von Hangstabilitäten der Kontinentalrän-
der und für die Gashydratforschung von Interesse.

Seismische Experimente in der Ostsee sowie die Analyse eines Datensatzes aus der Nord-
sibirischen Laptevsee konnten zeigen, dass dispersive seismische Wellenfelder mit Hilfe
einer nahe der Meeresoberfläche geschleppten seismischen Quelle (Airgun) angeregt wer-
den können. Sowohl dispersive Grenzflächenwellen als auch geführte Wasserwellen konnten
einerseits mit einem stationären Empfänger auf dem Meeresboden, andererseits mit einer
nahe dem Meeresboden geschleppten Hydrophonkette registriert werden. Dabei musste fest-
gestellt werden, dass die Meßbarkeit beider Wellentypen stark von der zu untersuchenden
Untergrundstruktur abhängig ist. Die Dispersion der sich am Meeresboden ausbreitenden
Grenzflächenwelle (Scholte-Welle), wird besonders durch die Tiefenverteilung der Scherwel-
lengeschwindigkeit des Untergrundes bestimmt. Dagegen reagieren die Dispersionseigen-
schaften der geführten Wasserwellen auch stark auf Änderungen der Kompressionswellenge-
schwindigkeiten und der Dichte.

Die seismischen Eigenschaften in Form von den seismischen Ausbreitungsgeschwindig-
keiten der Scher- und Kompressionwellenenergie sowie der Dichte werden mit Hilfe einer
iterativen Least-Squares-Inversion aus gemessenen Wellenfeldspektren bestimmt. Diese wer-
den durch eine zweidimensionale Wellenfeldtransformation aus den mit ausreichend engem
Abstand vorhandenen Seismogrammfamilien erzeugt. Die Anwendung der Inversion auf
Wellenfeldspektren hat gegenüber einer Inversion von Wellenformen bzw. Seismogram-
men deutliche Vorteile in Hinblick auf die Linearisierbarkeit und Stabilität der Inversion.
Andererseits ist sie einfacheren Inversionsverfahren zur Anpassung von Dispersionskurven
überlegen, da hier die Information des kompletten Wellenfelds inklusive der Amplituden und
Phasenspektren berücksichtigt wird und somit keine Zuordnung der Moden nötig ist.

Die Anwendung der 2-D Wellenfeldtransformation bedingt die Anforderung der engen
räumlichen Abtastung des Wellenfeldes und damit verbunden Grenzen der Durchführbarkeit
der Messung oder des Auflösungsvermögens der Inversion. Diese sind jedoch für beide
Wellentypen unterschiedlich zu betrachten. Die Registrierung und Auflösung von disper-
siven Grenzflächenwellen, insbesondere der Scholte-Welle, ist in weichen schlickhaltigen
Meeresböden mit Scherwellengeschwindigkeiten unter 50 m/s sehr problematisch, da hier
das Abtastkriterium mit den bisher verfügbaren Meßgeräten nicht erfüllt werden kann. Je-
doch konnte die Scherwellengeschwindigkeit fester Untergründe mit Hilfe von Inversionsver-
fahren bestimmt werden, sowie Aufschluß über die laterale Variation der Schichtparameter
gewonnen werden.
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Die Auswertung von dispersiven geführten Wellen erfordert die Registrierung des Wellen-
feldes über große Distanzen. Auswertbare Daten wurden mit Auslagen der Registrierung ab
ca. 800 m erreicht. Wie allgemein angenommen, werden die Dispersionseigenschaften dieses
Wellentyps nur bei Vorhandensein eines harten Untergrunds, bzw. eines starken Kontrast der
elastischen Eigenschaften, meßbar. Es konnte am Beispiel eines Datensatzes aus dem Arkon-
abecken (Ostsee) gezeigt werden, dass hier eine ca. 10 - 12 m mächtige Schicht weicher Sed-
imente die Registrierung und Auswertung der akustischen Moden nicht behindern. Vielmehr
konnte auch eine grobe Abschätzung der Scherwellengeschwindigkeit erfolgen, auch wenn
die Sensitivität und dadurch auch die Auflösung in den darunterliegenden harten Untergrund-
schichten höher war als für den weichen Meeresboden.

Das geschleppte Meßverfahren konnte laterale Variationen der Dispersionseigenschaften
von Grenzflächenwellen auflösen. Die quantitative Aussagekraft war durch systembedingte
Ausfälle beeinträchtigt, zeigte jedoch, dass die Anwendbarkeit der Methode mit einem lan-
gen, tiefgeschleppten Meßsystem erfolgversprechend ist. Aufgrund der Anforderungen an
die Akquisition wird die Anwendbarkeit jedoch in Meßgebieten mit weichen Untergründen
sowie in kleinräumigen Wassergebieten (z.B. Hafenanlagen) problematisch sein. Die Scher-
wellengeschwindigkeit für harte Meeresböden kann mit Hilfe der Inversionsverfahren ermit-
telt werden. Die Ergebnisse der geschleppten Meßanordnung zeigen, dass diese Methode für
die Identifizierung von Bereichen festen Untergrundes in großräumigem Untersuchungsge-
bieten mit gutem Meßfortschritt denkbar und nützlich wäre.
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Abstract

The knowledge of the shear wave velocity structure of shallow marine sediments is an im-
portant information for the assessment of sediment stability. This is of interest for marine
geotechnical applications as well as investigations of sea-floor stability of continental shelves
and margins and in gashydrate research. The derivation of seismic velocities with special in-
terest on the shear wave velocity from the analysis and inversion of dispersive seismic waves
is investigated in this work.

Dispersive waves are excited by surface towed airguns and the acquisition was achieved
with two different configurations. Firstly, the stationary-receiver method comprises of an
ocean bottom seismometer station (OBS) and excitation with a surface towed airgun. Sec-
ondly, a towed-acquisition system includes a streamer towed at ten meters above the sea bed
and excitation with an airgun. Two different wave types could be observed with either of
the two acquisition systems. Interface waves, namely of the Scholte wave type, propagating
along the sea floor and guided waves in the water column, denoted as acoustic guided waves
despite of their sediment interaction at the sea bed. The both wave types were observed
in certain environments indicating the limitations in the acquisition of these wave types de-
pending on the sediment properties. These limitations as well as the difference in dispersion
sensitivity to variations of the seismic properties give rise for separate treatment of both wave
types. While the dispersion sensitivity of Scholte waves as well as other interface waves is
dominant for shear wave velocity variations, the variation of the dispersion of acoustic guided
waves is affected by variations of compressional and shear wave velocity as well as density
to a smaller extend. The difference in velocity and frequency range of interest for both wave
types, i.e. the ranges of most variations in the dispersion characteristics, also affect the re-
quired acquisition configuration and parameters. While a long offset recording (exceeding
800 m) is required for acoustic guided waves, the fulfillment of the spatial sample criteria
sometimes limits the feasibility to adequately acquire the dispersive wavefield. This is most
dominant for the Scholte wave measurements in very soft marine sediments.

The derivation of the shear wave velocity structure was investigated at three study areas
in the Kiel Bay and Arkona Basin of the Baltic Sea and from a data set of the Laptev Sea in
North Siberia. The derivation of shear wave velocites from the dispersion of Scholte waves
has been successfully applied in several locations. Limitations for the acquisition of Scholte
waves remain for very soft marine sediments with shear wave velocities lower than 50 m/s
due to the required dense spatial sampling and the low frequency range of interest for these
conditions. However, for shallow marine sediments exceeding shear wave velocities of 60
m/s sufficient Scholte wave energy could be excited with a surface towed airgun and the
shear wave velocity was successfully inverted from dispersive seismic wavefields recorded at
or near the sea floor.

Acoustic guided waves recorded with a long streamer in the Laptev Sea and with a sta-
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tionary receiver in the central Arkona Basin could be used to infer sub-surface properties
including the shear wave velocity by inversion of the full wavefield spectra. Since this wave
type is sensitive to compressional wave velocity and density as well as the shear wave veloc-
ity, the ambiguities have to be compensated by additional constraints. However, shear wave
velocity information was obtained from this wave type at the central Arkona Basin where no
seismic interface wave could be recorded. This wave type is generally known to require a
hard contrast at the sea floor, yet the acoustic guided wave could be observed and analyzed in
the central Arkona Basin despite of the presence of a 10 to 12 m thick layer of soft sediments
above stiffer materials. However, the sensitivity of the shear wave velocity information is low
for the soft sediment layer in this specific data set.

In order to infer sub-bottom properties a linear-least-squares inversion of the wavefield
transformed data is applied in the frequency-slowness domain. The inversion of the wavefield
spectra is advantageous in terms of stability and linearisation of the inversion compared to full
waveform inversion of seismograms. The method was adapted for the application to marine
seismic data and enables to invert the full complex spectral coefficients of the transformed
seismic wavefield. Therefore all the information contained in the seismic data but not easily
extractable in form of a dispersion curve can be included in the inversion. However, in
practice it is sometimes favorable to apply certain normalization and weighting to the data
and synthetics in order to suppress noise and artifact energy.

With the towed acquisition system lateral variations of the dispersive interface wave
could be resolved. While the interpretation was complicated by acquisition problems of
the streamer, the general applicability of the method to infer lateral variability of variation of
the shear wave velocity with depth with a towed acquisition system. This could be used to
effectively determine areas of rigid sea-floor and sub sear-floor properties.
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Chapter 1

Introduction

Modern technology is developing at increasing pace, and we continue to use the marine envi-
ronments to build structures in the coastal shelf seas, in order to bridge the transportation and
information routes spanning the globe. Telephone, internet and power cables are laid from
continent to continent crossing the deep seas and mid ocean ridges as well as the shelf seas.
Drilling and oil production platforms are built at water depth exceeding several hundreds of
meters today, not only in the shelf seas, but pushing out to the continental slopes. The need
for conventional energy sources will probably require to use exploration targets in the deep
sea environments in the future. Pipelines are built and maintained in the marine environment,
hence surveying of cable routes as well as monitoring the burial of pipelines and cables is
an ongoing task to be fulfilled covering larger distances as development progresses. Wind
parks are erected in shallow marine environments using alternative energy sources. Trans-
port routes are linked by bridges or tunnels, just like the crossing of the Great Belt in the
Baltic Sea between the islands of Langeland and Fyn which require enormous static loads
to be applied at the sea floor to support the structures. All these developments require to
study the sediment structures and their resistance to statical and dynamical forces, prior to
the construction. Hence, a method that helps to determine the strength of marine sediments
in a fast and cost effective manner covering large distances and areas would be a contribution
to modern offshore technology.

The strength of marine sediments, which is related to the propagation velocity of shear
waves, the key parameter of investigation within this thesis, is also required in hazard anal-
ysis and slope stability in the marine environment. One can hardly imagine the devastating
forces of tsunamis caused by sub marine slides from the largest known slides, e. g. the Stor-
rega Slide in the Norwegian Sea, since they occured prior to human records. To investigate
the causes of such hazards is one of the driving forces in gashydrate studies. The potential
of submarine gashydrates to rapidly disolve and change the strength of marine sediments is
recognised to be an important factor in marine slope stability. Furthermore, the energy po-

11
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tential and relevance for climate are subjects of the current investigations of gashydrates. The
large amounts of methane gas bound in gashydrates at volume ratio of 1:144 (at atmospheric
pressure) yields the high potential as energy source as well as the relevance to climatic pro-
cesses and contribution to the methane cycle. The identification of free gas or gas-hydrate
bearing sediments could not at last be a potential application, if we could develop a method
to derive the sediment stability from marine seismic measurements with high area coverage.

The marine seismic methods are used to determine the dominant layers and discontinu-
ities of marine sediments in order to infer the geological setting, as well as to determine
sediment properties. Since in water only compressional waves (sound) can be excited, there-
fore conventionally only these are investigated. In marine sediments, as in any solid material,
seismic wave energy can propagate either as compressional waves1 or shear waves2. While
the latter is dominantly influenced by the grain matrix, the former is also dependent on the
sediment pores, i.e. the pore fluid and saturation are dominant factors. The stability of such
a porous medium is influenced by the structure of the grain matrix and therefore closely re-
lated to the shear wave velocity of the sediment. This correlation of shear strength and the
shear modulus determining the shear wave velocity has been empirically established (Ayres
& Theilen, 1999). As much as these sediment properties determine the strength and be-
haviour with respect to the application of static loads, they also determine the response to
dilatational and torsional disturbances of pressure and stresses excited and observed in seis-
mic investigations. Therefore the excitation of seismic pulses (usually generated by implod-
ing air cavities in water) and the monitoring of the pressure response is used to investigate
the sub-surface structure of marine sediments. The methods are well developed and conti-
nously improved. For example the use and feasibility of deep-towed multi-channel seismic
experiments to provide structural information on gas hydrate sediments at greatly increased
resolution was recently demonstrated (Gettrust et al., 1999).

The velocity depth profile of the seismic velocities yield more information on the layers
identified in the structure, but only the compressional wave velocity is directly measurable
in the water column. Layer interfaces with significant contrast in seismic velocities and/or
density cause reflection, refraction and also energy conversion between the different types of
seismic waves. The investigation of the variation of seismic amplitudes with angle of incident
of the seismic waves has been successfully applied to derive reservoir characteristics and sed-
iment properties, sometimes also the shear wave velocity in consolidated sediments and rocks
(Carcione & Tinivella, 2000; Whitcombe et al., 2002). While it can help to determine the den-

1Compressional waves, also called P(rimary)-waves due to the fact that they arrive first in a seismic record,
are characterised by particle movement in direction of wave propagation.

2Shear waves are also called S(secondary)-waves since their velocity of propagation is slower than the p-
wave velocity, hence they arrive second. The particle motion is perpendicular to the direction of propagation. We
generally consider two components, one horizontally the other vertically polarised with respect to the coordinate
system used.
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sity and impedance of sediments, the sensitivity of the reflection coefficients on shear wave
velocity is weak for shallow marine sediments (Riedel & Theilen, 2001). Methods to directly
measure the shear wave velocity at the sea floor have been tested successfully (Gimpel, 1987;
Davis, 1996). Despite of the successfull in-situ measurements of shear wave velocities, the
required operational effort and the slow progress limit the usefulness. The energy conversion
from compressional waves to shear waves has been used and the analysis of converted waves
was successfully applied in exploration seismics to investigate reservoir characterisitcs. How-
ever, in the shallow marine environment these methods are limited in case of soft sediments
with low shear wave velocites. Limitations arise from the small conversion coefficients and
thus little energy available to be analysed. Additionally the convetional methods to separate
and identify converted waves fail for soft marine sediments due to the near vertical angle of
incident of converted waves in such conditions (Bussat, 2001).

Hence, to measure the shear wave velocity in unconsolidated marine sediments in the
shallow environment, we still lack of a method easily and commonly applicable with standard
marine surveys. In recent years the analysis of marine interface waves was futher developed
to derive shear wave velocity information (Essen 1980, Schirmer 1980, Rauch 1986, Gimpel,
1987, Stoll et.al 1991, Ewing et.al. 1992, Krone 1997). In certain conditions the seismic
energy is propagated by interface waves within the vicinity and along layer interfaces next
to the propagation of body waves which was first noticed by Lord Rayleigh (1886). Lamb
(1904) extended his results for a general solution for a point source, and Bromwich (1898),
Scholte (1924) and Stoneley (1926) investigated the interface waves in fluids before Stoneley
(1928) finaly presented a description for the solid-solid interface. These waves are merely a
superposition of body waves, e.g. Rayleigh, Scholte and Stoneley waves are combined from
compressional and vertically polarised shear waves (P-SV-waves). Relating to the propaga-
tion along the vacuum/solid, fluid/solid and solid/solid interfaces Rauch (1986) has classified
them as Rayleigh, Scholte and Stoneley waves respectively. In case of sediment stratification,
i.e. the variation of seismic properties with depth, these interface waves do exhibit dispersive
characteristics. Thus their propagation velocity is frequency dependent, and the dispersion
characteristic is dominantly influenced by the shear wave velocity.

On land the dispersion of surface waves has been investigated by seismologists for many
years (Press & Ewing, 1952; Nolet, 1977), but the development of a simple active experiment
and analysis method, denoted as Spectral Analysis of Surface Waves (SASW) method, had
large impact in the 1980s (Nazarian, 1984). McMechan and Yedlin (1981) showed that the
dispersion of multi-channel seismic data could be obtained from a two-dimensional wavefield
transform, which significantly enhances the resolution.

The application of this method in marine environments was tested by Stokoe et al. and
Luke & Stokoe.(Stokoe et al., 1991; Luke & Stokoe, 1998) and investigations of the appli-
cation of multi-channel analysis has started recently (Bohlen et al., 2003; Klein et al., 2000;
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Park et al., 2000; Muyzert, 2000; Bohlen et al., 1999; Xia et al., 1999; Park et al., 1999).
While most authors use the enhanced seismic data to better resolve the disperison curve for
inversion methods I will investigate the potential of including information from the ampli-
tudes of the wavefield spectra.

Hence, the objective of this theses is to investigate the potential of methods to derive the
shear wave velocity in shallow marine environments using marine seismic experiments and
dispersion analysis methods. This may help to determine properties of marine sediments,
especially the strength to support structural applications and the properties related to propa-
gation of seismic energy. The method proposed is based on the analysis of dispersive seismic
wave energy.



Part I

Theory and Methods
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Chapter 2

Dispersive Waves in Marine Sediments
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Before I start with the introduction of dispersive seismic waves I will briefly discuss the
key properties of marine sediments which are the medium of propagation of the dispersive
waves discussed in this thesis. The intention is to recall the simplifications of the concepts
used to describe the propagation of seismic wavefields in terms of homogeneous layered
media.
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2.1 Marine Sediments

Sedimentation processes are the key to the building of marine sediments. The materials that
comprise new sediments vary in size, shape and constituents, but the common feature is the
formation of the sediments by deposition of particles through water at hydrostatic pressure.
The increase of overburden pressure with depth is far less profound in the marine environment
than on land and therefore we find a large variety between loosely and dense compacted
sediments. In places where ocean currents, tides or wave action hinder sedimentation or
cause erosion, we find hard rock near or at the sea floor. The range from soft to hard sub
surfaces in the marine environment is therefore much greater than observed on land.

To generalize a description of properties of these highly variable materials we consider
well established theories on porous media as an appropriate description of properties of ma-
rine sediments. For details of these theories and their application I refer to the monographs
by Bourbie et.al, Dullian and Schön or a comprehensive summary of the theoretical and prac-
tical implication of this concept with respect to seismic analysis published by Mavko et.al.
(Bourbie et al., 1987; Dullien, 1992; Schön, 1998; Mavko et al., 1998). In this section some
key properties of porous media are summarized with respect to the importance for seismic
wave propagation.

Figure 2.1: Models and theories to describe porous media (Schön, 1998)
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Marine sediments in general consist of some matrix material composed of grains of dif-
ferent material and size, some space between the individual grains (pores) which is usually
filled with some pore fluid, sea water in most cases, but other liquids or gas, occasionally,
too (Fig. 2.1). The interaction of grains, grain contact areas, pore fluid as well as the am-
bient physical environment determine the physical and geotechnical properties of the marine
sediment. These in terms determine its properties and the behaviour with respect to the prop-
agation of elastic or viscoelastic disturbances. Hence, we can expect, that measurements
and derivations of seismic parameters can be used to determine information on sub surface
structure and composition. However, the physical and chemical processes involved in the
bounding of a mixture of individual materials as well as their reaction to stress induced di-
latational and torsional response to seismic shock waves is rather complex and the number
of theories developed to account for the various processes is large. Schön (1998) groups the
numerous publications and theories according to their approach as presented in figure 2.1.

These theories present a comprehensive and fundamental approach to describe the inter-
action between the constituents of a composite material with respect to stress induced energy
propagation, we require a large number of parameters to fully describe the properties of the
sediment. The grain-to-grain contact models based on the concept of Hertz, 1881, involve pa-
rameters of the constituents (grain radius, contact areas, packing) to determine the density of
the sediment from its constituents. The physical interaction between the grains is described
to predict the response to external forces. Other models include the effect of saturation of
the pores with fluids or gas and involve additional fluid parameters (e.g. fluid saturation and
viscosity of the fluid). Biot’s theory (Biot, 1956, 1962) and the further development e.g.
by Dvorkin and Nur (1993) include other fluid flow processes to just mention a few of the
numerous theories.

In order to reduce the number of free (unkown) parameters required to describe a sed-
iment, further assumptions and limitations have to be made. Secondly, most physical pro-
cesses determining these properties act on a scale much smaller than the wave length of the
seismic wavefield inducing the stress or strain. Hence, while the sediment may be of a com-
plex structure up to the cm scale, it may act virtually like an homogeneous sediment for
seismic energy and frequencies corresponding to much larger wavelength. Thus we seek to
describe a marine sediment appropriately by a simplified model on the scale we are able to
measure with seismic experiments.

We therefore follow the principle idea of the theories to derive the complex structure of
a porous composite material in terms of its structure and constituents in order to obtain ma-
terial properties of the medium which can be compared to those of a homogeneous effective
medium on the scale relevant for the seismic experiments to be performed for their investiga-
tion. This principle enables to separate the task of deriving the effective material properties
from seismic experiments from the sediment physical description of the medium. In a sec-
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ond stage the seismic properties of the effective medium can be used to derive structural
information from the sediment e.g. using additional information on the constituents.

Using this concept of composite materials to derive properties of an effective medium
enables us to separate the task to interpret the measured seismic velocities as variations in the
distribution and properties of the constituents of the material of observation. We first mea-
sure the properties of the effective medium using the well established methods applicable to
homogeneous media, and then interpret these effective properties in terms of the appropriate
sediment physical model.

2.2 Seismic wave propagation

In order to utilize the measurements of seismic wave energy to derive sediment properties
we have to understand the principles of excitation and propagation of seismic energy, which
lead to the description of the relevant dispersive seismic interface waves. Using the princi-
ples of continuum mechanics, the medium is described as a continuum of particles. Forces
acting between the particles induced by their displacement of the equilibrium steady state are
balanced by the volumetric distribution of stresses σ with the volume density of momentum
forces ρ~̈u and locally applied forces

−→
fV . This leads to the equation of motion (2.1) which

yields the vector displacement ~u, the stress tensor σ and the partial differentials in time and
space1.

ρ~̈u − Div σ =
−→
fV (2.1)

Linear stress-strain relation - Hooke’s law

In order to solve the above system of coupled differential equations, we seek to transform
this problem into a system of ordinary differential equations, which will eventually lead to
the elastic wave equation. The first step is to assume a linear relation between stress and strain
(Hooke’s law). The vector displacement ~u, which is the observable in seismic measurements,
is related to the symmetric strain tensor ε which denotes the dilatational and torsional devia-
tions producing internal stresses within the body governed by the stress-strain relation (2.2).
In this equation the 9 component strain tensor is comprised of the three dilatational strains
expressed by εii = ∂ui

∂xi
,∀i = x, y, z;

∑
xi = (x, y, z) and the three shear components of

strain εij = εji∀i, j = x, y, z. The 9 component stress tensor is denoted respectively.

σij = Mijklεkl

εij = 1
2

(
∂ui

∂xj
+

∂uj

∂xi

) (2.2)

1ü =
δ
2
u

δt2
denotes the second derivative of the displacement with respect of time, and Div σ denotes the

divergence of the stress field.
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The mass density ρ and the relation between stress tensor σ and strain tensor ε given by
the 4th order tensor of elastic constants M are the material properties which in general vary
with time and space. The tensor M has 81 elements from which are at most 21 independent
due to its symmetry. Hence, we require 21 elastic material constants plus the mass density
distribution to describe the motion of particles in an arbitrary elastic medium. While this may
be required in elastic solids of complex mineral structures with large anisotropy, we consider
it appropriate to assume that marine sediments can be expressed in terms of homogeneous,
isotropic effective media. Then material symmetry further reduces the number of independent
elements, and we remain with two independent elements, if we consider it appropriate to
assume that the stress-strain relation is independent of any direction characteristic for an
isotropic, homogeneous medium. Generally the sum of the three dilatational strains, also
denoted as the cubic dilatation θ =

∑
εii, is invariant of the choice of coordinate system, but

using the system of the principle axes of strain, the shear components of strain vanish and all
strain components are given by θ.

Then M reduces to the two independent elements λ, µ referred to as Lamé constants, and
the stress-strain relation reduces to equation 2.3.

σij = λ θδij + 2µ εij (2.3)

While λ lacks any physical meaning, the second constant µ corresponds to the shear
modulus or rigidity, which determines the stress-strain relation for tangential stress (Fig.
2.2a). The former can be related to the compressibility β of the medium denoted by its

a) pure shear stress (σkl) b) uniform compressional stress (σkk )

z

x

y

�
�

z

x

y

shear modul (rigidity) µ bulk modul κ
σkl = 2µ εkl, k 6= l

with εkk = 0
Σkσkk = 3κ Σkεkk

with εkl = 0, k 6= l

Figure 2.2: The stress-strain relation for an unconfined body. The supscripts k, l represent
the components x, y, z .

recipicle in terms of the bulk modulus κ = 1/β and the rigidity µ by λ = κ − 2
3
µ. The

bulk modulus describes the stress-strain relation for an unconfined body subject to equal
compression from all directions (Fig. 2.2b).
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a) uni-axial compression (σ11 ) b) dilatational contraction (−ε11 )
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compressional wave modul K = κ + 4
3
µ Young’s modul E

σ33 = K ε33,
with σ11,22,12,13,23 = 0

ν = −ε22/ε11 and σ11 = E ε11

with σ22,33,12,13,23 = 0

Figure 2.3: Stress-strain relation for a confined body. The subscripts 1, 2, 3 denote the com-
ponents of principle stresses, which conicide with the components x, y, z in the coordinate
system specified.

Next to the rigidity and bulk modulus, the Poisson ratio ν = −ε22/ε11 relating the tangen-
tial extension and dilatational contraction due to uni-axial compression (σ = E ε, E=Young’s
module ) is often used to characterize the elastic properties of a medium. In the situation rel-
evant to seismic wave propagation we find a confined body subject to compressional stresses
with the corresponding module K = κ + 4

3
µ = λ + 2µ.

Hence, under the assumption that the sub surface material properties are constant we re-
quire only three material constants, e.g. the moduli κ and µ as well as the density ρ, to fully
determine the elastic behavior of stress and strain. Therefore by knowing these material con-
stants and the distribution of dynamic stress and strain within the medium at one instance in
time (initial value conditions), as well as at the boundary of the system (boundary conditions),
we can predict the propagation of stress and strain within the medium at all times (Tab. 2.1).

initial value condition stress σ(t, x, y, z) σ0(x, y, z) at t = 0
strain ε(t, x, y, z) ε0(x, y, z) at t = 0

boundary condition dilatation u u continous
stress σ σ known at all boundaries

Table 2.1: Initial and boundary conditions

The number of material properties increases with complexity of the mineral structure of
the material, since then the propagation of stress will differ for directions in line with the
mineral alignment or at arbitrary angles to it.
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2.3 Poroelastic and viscoelastic material properties

In order to introduce absorption of seismic wave energy we extend the former derivations for
elastic media to include viscous damping of the elastic deformation. The principle and formal
introduction is obtained by generalizing the material properties of the medium to be causally
dependent on the evolution of the material property. This memory effect of the material is
formulated for the stress-strain relation

σij(t) =

∫ ∞

−∞

Mijkl(τ)ε(t − τ)dτ (2.4)

M(τ) = 0 at τ < 0

The integral in eq. 2.4 corresponds to a multiplication of the complex Fourier coefficients

σ̃ij(ω) = M̃ijkl(ω)ε̃kl(ω)

and therefore is easily adapted in the solution of the wave equation as described previ-
ously. We obtain complex moduli and complex seismic velocities.Plastically, the complex
stress-strain relation is equivalent to introducing an additional attenuating mechanism next to
the spring, which was the only rheological elementof the linear elastic solid discussed so far.
This additional attenuating element is the dashpot with viscous damping of the movement,
hence the temporal change of the displacement ε̇ .

spring σ = Dε

dashpot σ = ηε̇
The material properties are therefore extended by the viscous element η, with contribution

to the imaginary part of the complex tensor M̃ , which will lead to a dissipative term in the
wave equation. The spring constant D contributes to the real part of the complex tensor M̃ ,
hence is identical with the elastic M in the absence of viscous damping. The attenuation in
form of the dissipative contribution of the complex moduli can be quantified in form of the
definition of the dimensionless property Q = <(M̃)

=(M̃)
.

Generally a combination of these rheological elements is used to describe the viscoelas-
tic material. The standard linear solid is the most simple representation of a solid material
(Zener, 1948). It consists of two springs and a dashpot as shown in fig. 2.4. The attenua-
tion as well as the velocity of propagation in such a medium is dependent on frequency and
on the combination of the rheological constants of the material. Two simplifications of the
standard linear solid, the Maxwell body and the Kelvin-Voigts body (2.4), enable to derive
asymptotical limits for the static (Mω=0) and high frequency (M∞) case.
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Figure 2.4: Rheological bodies to describe a viscoelastic material (in Mavko, 1998)

2.4 Lamb’s problem

The solution of the wave equation for a vertical force acting on a homogeneous halfspace
was published by Lamb (Lamb, 1904) and therefore called Lamb’s problem. Referring to
Lamé’s theorem, the displacement vector ~u from the equation of motion (2.1) is separated
into rotational-free and divergence-free components, which can be described by Helmholtz
potentials. These are two independent seismic potentials, the scalar potential Φ and the vector
potential ~Ψ, which lead to separate wave equations (2.5)

∇2Φ = 1
α2

∂2Φ
∂t2

∇2~Ψ = 1
β2

∂2~Ψ
∂t2

(2.5)

where Φ and ~Ψ denote the compressional and shear potentials respectively. We obtain solu-
tions for two types of body waves, the compressional (P) and shear (S) waves and can iden-
tify that α and β correspond to their velocities of propagation respectively (Aki & Richards,
2002).

α =
√

λ+2µ

ρ
β =

√
µ

ρ
(2.6)

Here, λ and µ correspond to the Lamé constants described in section 2.2 and ρ denotes the
material density. The particle motion as described by the displacement vector ~u = (u, v, w)
can be determined from the potentials and is depicted in fig. 2.5. In assumption that the
displacement is independent of the y direction we obtain for the components u, v, w

u = ∂Φ
∂x

− ∂Ψ2

∂z
, v = ∂Ψ1

∂z
− ∂Ψ3

∂x
, w = ∂Φ

∂z
+ ∂Ψ2

∂x
. (2.7)

Due to the nature of the directional force in the case of a vertical hammer blow at the
surface, the particle movement of the shear wave is purely in the vertical plane, hence only
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(e.g. Rayleigh waves) 
P−SV Waves

Figure 2.5: Particle movement for P, SV and SH body waves (top) and the P-SV interface
wave (bottom)

vertically polarized shear waves (SV) exist in this case. An explosive source at the sur-
face acting in all directions also excites shear waves with particle motion deviating from
the vertical plane. The propagation of horizontally polarized shear waves (SH) propagating
perpendicular to the vertical plane and the SV-waves are expressed by independent seismic
potentials and may have independent seismic velocities. Since in practice, horizontally po-
larized shear waves can not be excited by seismic sources in the water column, these types
are not of interest in the following, but just mentioned for completeness.

Lord Rayleigh showed as early as 1885, that an interface wave propagates at the free sur-
face boundary to the solid medium, which is therefore called Rayleigh wave. The amplitude
of particle motion of this wave decays away from the interface and vanishes for infinite depth.
The energy propagates in direction of the interface plane. While the two body wave solutions
are homogeneous waves, the Rayleigh wave is composed of inhomogeneous components of
P and SV body waves, and the energy is bound to the interface, decaying with increasing
distance. Hence, the boundary conditions of continuous stress and strain at interface (z=0)
and amplitudes vanishing at infinity must be fulfilled by the solution, which we seek by the
following ansatz of plane waves with wave number k propagating in the x direction.

Φ = A · ekζzei(ωt−kx) and Ψ = B · ekξzei(ωt−kx) (2.8)

where

ζ2 =
(
1 − c2

α2

)
, ξ2 =

(
1 − c2

β2

)
, c =

ω

k
(2.9)

In order to fulfill the requirement of exponential decay it is obvious that ζ and ξ must be
real and therefore the velocity of propagation c must be smaller than both body wave veloci-
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ties α and β. With the boundary conditions at z=0 we obtain a linear system of equations with
non-trivial solutions if the determinant of the matrix system vanishes, which I will discuss
in more detail for the more general case of two halfspaces below. However, in this case this
leads to the Rayleigh equation (2.10), which determines the velocity of propagation of the
Rayleigh wave cR in relation to the body wave velocities α and β .

(
2 − c2

R

β2

)2

− 4

√
1 − c2

R

α2

√

1 − c2
R

β2
= 0 (2.10)

The Rayleigh wave has been studied intensively, since earthquake damage is mostly
caused by this wave type due to its high amplitudes. The amplitudes decay exponentially
with distance from the interface and the particle motion is elliptically polarized in the plane
determined by the direction of propagation and the normal to the interface. These are general
characteristics of interface waves which will be subject of this study. The measurement of
the particle motion can therefore help to identify interface waves.

2.5 Scholte waves

Interface waves can exist not only at the free surface, i.e. an air-solid contact, as introduced
in the previous section. Interfaces at fluid-solid and solid-solid boundaries also give rise to
waves propagating along the interface similar to Rayleigh waves, but due to the difference in
the boundary conditions their velocity of propagation differs, too. Scholte (1924) studied the
influence of the water layer on the interface wave intensively and therefore today this wave
is often referred to as Scholte wave or modified Rayleigh wave. At the solid-solid interface
the corresponding interface waves are termed Stoneley waves and the boundary conditions
infer continuous stress and displacement at the interface (Rauch, 1980). Denoting stress and
displacement as defined in section 2.2 the boundary conditions are summarized in table 2.2.

Since in marine conditions the fluid layer is always present, I will discuss the derivation
of the velocity of propagation and the particle motions in more detail. At the fluid-solid
interface the tangential stress must vanish, while the vertical displacement and stress must
be continuous. Therefore, we obtain the wave equation for a liquid and a solid halfspace
separated at the boundary z=0; with the ansatz in equation (2.8) for both halfspaces denoted
by the index m (m ∃f, s for fluid or solid, respectively) (d’ Arnaud Gerkens, 1989).

∂2Am(z)
∂z2 + k2

(
c2
Sch

α2
m

− 1
)

Am(z) = 0

∂2Bm(z)
∂z2 + k2

(
c2
Sch

β2
m

− 1
)

Bm(z) = 0
(2.11)

The general solution is a linear combination of
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Rayleigh wave Scholte wave Stoneley wave

vacuum-solid fluid-solid solid-solid

σxz = 0
σzz = 0

σxzl
= σxzs

= 0
σzzl

= σzzs

uzl
= uzs

σxzs1
= σxzs2

σzzs1
= σzzs2

uzs1
= uzs2

uxs1
= uxs2

cR = a · β
0.8 < a < 0.98

cR < cSch < min(αl, βs) max{ cRs1

cRs2

} < cSt < min{ βs1

βs2
}

Table 2.2: Interface wave types as classified by Rauch (1980). The subscript l denotes the
fluid properties of the liquid halfspace and s the solid properties, subscripts s1 and s2 denote
the solid upper and lower halfspaces respectively.

A+
m(+ζm), A−

m(−ζm) and B+
m(+ξm), B−

m(−ξm),
where ζm and ξm are given by ζ2

m = (1−c2
Sch/α

2
m) and ξ2

m = (1−c2
Sch/β

2
m), corresponding

to eq. 2.9. Again, as for the Rayleigh equation, but with boundary conditions relating to the
fluid-solid contact at z=0 we obtain the linear system of equations, which explicitly reads
with indices f, s denoting the fluid and solid material

− 2iζs As+ (ξs + 1) Bs = 0
ζf Af+ ζs As+ i Bs = 0

λf (ζ
2
f − 1) Af− (λs(ζ

2
s − 1) + 2µsζ

2
s As+ 2iµsξs Bs = 0

(2.12)

where the first equation of (2.12) relates to the continuity of stress in x direction, and the
others to the continuity of strain and stress in z direction. A non-trivial solution for the three
unknowns Af , As and Bs in (2.12) is found, if the determinant of this linear system vanishes
which leads to the Scholte equation (2.13).

c2
Schρf

√
1 − c2

Sch/α
2
s

β2ρs

√
1 − c2

Sch/α
2
f

+
β2

c2
Sch

[(
2 − c2

Sch/β
2
)2 − 4

√
1 − c2

Sch/α
2
s

√
1 − c2

Sch/β
2

]
= 0

(2.13)
The Scholte wave velocity cSch is related to the speed of sound in the fluid phase αf and the
compressional αs and shear β wave velocities of the solid and the densities of the fluid ρf

and solid ρs, respectively. Note, that the term in brackets [ ] is the Rayleigh determinant from
equation 2.10, hence some authors denote this wave as modified Rayleigh wave.

The particle displacement of the interface wave is obtained by inserting the Ansatz for the
potentials into equation 2.7 for the displacement components. Formulating the displacement
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in cylinder coordinates, which reflects the invariance of horizontal direction of propagation
from the point source, we obtain for the radial and vertical displacement

u(r, z, t) = −i · A · a(z) · ei(ωt−kr)

w(r, z, t) = A · b(z) · ei(ωt−kr)

where A is the amplitude factor, while the real functions a(z) and b(z) describe the amplitude
decay with depth of both components. It is obvious, that the two components u,w are out of
phase by π

2
relative, hence the particle motion is elliptically polarized. The normalized func-

tions a(z) and b(z) are shown in fig. 2.6. The maximum amplitude of the radial displacement
at depth z = λ/3 indicates, that the sensitivity to velocity changes will be most significant
at this depth. The vertical and radial displacement in the water column decay rapidly, but
we observe that a significant amount of wave energy is propagated within the lower part of
the water column. However, if the water depth is small compared to the wave length, we ob-
tain significant amplitude levels at the water surface, yet within the derivation of the Scholte
wave I have so far assumed an infinite fluid halfspace. The corresponding interface wave
has a propagational velocity solely determined by the seismic velocities of the halfspace, the
sound speed in water and the density contrast at the sea bed. Thus the interface waves exhibit
no dispersion, since the equations 2.13 as well as 2.10 are independent of frequency. The am-
plitudes of the radial and vertical displacement are non zero at distances up to one wavelength
away from the interface for sediment parameters commonly observed in marine sediments.
The transit from an infinite towards a shallow water layer is introduced at the same time as
the layering of the sediment structure and subject of the following section.

2.6 Dispersive waves in marine conditions

Many different physical phenomena give rise to dispersion of seismic velocities, but by far
the most dominant effect observed is the dispersion of seismic interface waves due to layers
of varying seismic velocities. Therefore I will continue with the description of Scholte waves
for a layered sub surface and discuss the various other causes of dispersion afterwards.

2.6.1 Dispersive waves in a stratified medium

In the marine environment it may seem justified that sediment properties are predominantly
varying with depth, since this is the direction of increase of hydrostatic pressure, and the
direction in which any changes in depositional processes on geological time scales will be
stored as the geological record. We therefore generalize our sediment model as a vertical
stack of homogeneous layers of arbitrary thicknesses and seismic parameters, each layer
representing an effective medium as discussed above. Each layer is believed to be in welded
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Figure 2.6: Vertical (a) and horizontal (b) component of the normalized particle displacement
as a function of depth for the Scholte wave
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contact with the next and the propagation of seismic energy across the interfaces is formulated
by the appropriate boundary conditions. In a layered medium either of the above interface
wave types exhibits dispersion, if the seismic velocities vary with depth, since the penetration
of the wave energy is dependent on frequency. In the marine environment we consider the
sea bed as the liquid-solid interface which gives rise to a Scholte wave.

The relation for the non-dispersive propagation of the Scholte wave valid for two half-
spaces given in equation (2.13) can be used to obtain the Scholte wave velocity at high fre-
quency, since then the energy has already decayed at short distance away from the interface
without ’noticing’ the properties of adjacent layers. Assuming shallow water depth and low
frequencies, in contrast, the influence of the water layer can be neglected, and the velocity
of propagation approaches the Rayleigh wave velocity for the sub bottom layer properties.
Hence, for a solid half space overlaid by a fluid layer we obtain an interface wave dispersion
ranging from the Rayleigh wave velocity at low frequency to the Scholte wave velocity at
high frequency and a transition zone in between. The characteristic frequency at which this
transition occurs is related to the thickness of the water layer, since the penetration depth of
interface depend on the wavelength λ = 1/f .

Introducing additional solid layers determines the dispersion relation in the transition
zone. As a rule of thumb Glangeaud et.al. relate the propagation velocity at frequency f to
the seismic properties found at the depth corresponding to 1

3
of the corresponding wavelength

λ. While this is perfectly sensible for the example shown in fig. 2.6, other authors state depth
relation from 1/2 to 1/4 wavelength (Glangeaud et al., 1999).

Generally a pure shear interface wave, the so-called Love wave with particle motion in
the plane of the interface (SH-polarized), can exist in layered media, but will only be excited
by shear motion at the interface. Hence it is not possible to excite Love waves within the wa-
ter column and therefore is not of further interest within this study. However, the dispersion
of Love and Rayleigh waves in layered media is commonly measured in land based seis-
mological stations or seismic surveys and also successfully inverted to determine the layer
velocities.

2.6.2 Wave guides and leaky modes

A special case of a layered medium is observed in the case of layered structure with a rela-
tively thin layer and strong contrasts delimiting the layer. A seismic wave transmitted into
the layer may be trapped inside the layer. The interference pattern of multiple reflections at
the top and bottom of the layer boundary is often referred as "guided wave". The liquid layer
overlaying a solid layer acts as a very good wave guide if the liquid layer is thin and the solid
layer of a very rigid structure.

The geometrical approach leading to the conditions of constructive interference of multi-
ple reverberations in the water layer is one method to derive the characteristic dispersion of
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a wave guide (Glangeaud et al., 1999). From fig. 2.7 we derive the geometric requirement
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Figure 2.7: Schematic diagram for a wave guide

that the phases of two wave fronts differ by a multiple of 2π. The phase change can be de-
termined from the water depth H and the amplitude ratio Af/As = −e2iθ, where the phase

relates by 2θ = 2kH
√

c2/α2
f − 1. This is familiar from the ansatz used to solve (2.11), with

c and k denoting the phase velocity and wave number of the propagating wave and αf the
compressional wave velocity in the fluid layer. Hence the phase θ is given in terms of the
seismic velocities αf , αs, β and densities ρf , ρs by substituting the amplitude coefficients Af

and As.

tan θ = tan
(
kH

√
c2/α2

f − 1
)

=
ρsβ

4
√

c2/α2
f − 1

ρfc4
√

1 − c2/α2
s

[
4
√

1 − c2/α2
s

√
1 − c2/β2 −

(
2 − c2/β

)2
]

We derive the period equation by adding multiples of π, and by expressing the wave number
k in terms of the angular frequency ω and phase velocity c we obtain the dispersion relation
in the form

tan(ωH

√
1

α2
f

− 1

c2
+ mπ) =

ρsβ
4
√

c2/α2
f − 1

ρfc4
√

1 − c2/α2
s

[(4
√

1 − c2/α2
s

√
1 − c2/β2 − (2 − c2/β)2]

(2.14)
where m ∈ N denotes the ’normal mode’ number (d’ Arnaud Gerkens, 1989). For the

fundamental mode (m = 0) the relation approaches that of the Rayleigh wave in equation
(2.10), if the wavelength λ = 2π

ω
is large compared to the water depth H, hence c limf→0 cR.

On the other hand, if c tends to cSch, therefore αf > c ,

iωH

√
1

α2
f

− 1

c2
= tan−1(i)
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hence ωH → ∞. Thus, for increasing layer thickness limH→∞ as well as for limf→∞

the equation 2.14 becomes the Scholte wave equation 2.13, which corresponds to the phe-
nomenological derivation of the high and low frequency limits of the Scholte wave from
above.

For the fundamental there is always a solution for c < cRayleigh while for the modes
m > 0 normal modes only exist for frequencies above the cut-off frequency fc,m.

Leaky modes

In the derivation of the theory of normal mode propagation the boundary condition of vanish-
ing displacement and stresses at infinity was assumed. The energy propagation was limited to
the interface and no energy was allowed to radiate into the halfspace. Since in practice energy
losses into the half space are observed, the waves related to this phenomenon are called leaky
modes. They can be described as inhomogeneous parts of interface waves which do not fulfill
the boundary condition of normal modes at infinity. They are observed at frequencies below
the cut-off frequency of normal modes. The propagation of disturbances in viscoelastic me-
dia with complex arithmetics does also include all leaky and coupled modes of the seismic
wavefield. Hence, if leaky modes are observed or likely to be present in the seismic wave-
fields one should refrain from using (elastic) normal mode algorithms but take advantage of
the wavefield propagation (or other) methods which treat the seismic wave propagation with
complex arithmetics. Hence, the viscoelastic codes to compute synthetic seismic wavefields
predict all wave types including leaky modes.

Group and phase velocity

Since some analyzing methods deal with the group velocity of interface wave and others
with phase velocities of dispersive wave types I recall the meaning and derivation of these
velocities.

Firstly, we recall that the frequency dependence of the phase velocity causes the wavelet
to smear with increasing time of propagation, since the lower frequencies travel at higher
speed and arrive earlier. The group velocity is defined by the frequency dependence of the
phase velocity c(ω). While c = ω

k
, the group velocity U is given in terms of the derivative of

the frequency with respect to the wave number U = dω
dk

, or expressed in terms of the phase
velocity U.

U = c(ω)[1 − ω

c(ω)

δc

δω
] (2.15)

Therefore the group velocity describes the velocity of propagation of the wave-energy. The
phase and group velocities for a solid wave guide are shown in fig. 2.8. Note the points
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of stationary group velocity, which indicate the so-called Airy phase. Contribution of this
frequency range dominate the wave spectra.
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Figure 2.8: Group and phase velocity of the fundamental first and second higher modes of a
wave guide (Love waves) normalized by the velocity of the halfspace

2.6.3 Dissipative and other dispersion effects

The velocity of propagation becomes frequency dependent due to viscous damping, with
increasing velocity for increasing frequency. This is termed abnormal dispersion behavior,
and contrasts to the normal dispersion if interface waves generally observed in layered media
with seismic velocities are increasing with depth. The amount of dispersion increases 5%
in very dissipative media. This is expressed in terms of the ratio between the frequency
dependent velocity change and the elastic velocity of the medium. This can be estimated
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using equation 2.16 after (Kjartansson, 1979).

c = co

∣∣∣ ω
ωo

∣∣∣
γ

γ = 1
π

tan−1
(

1
Q

)
≈ 1

πQ

(2.16)

For very soft marine sediments quality factors below 10 have been reported and the sug-
gested dispersion is about 10% for these media. In Sediments with Q factors exceeding 20 the
dispersion due to dissipation is insignificant compared to the velocity dispersion of interface
waves and wave guides.

Adapting the concept of the effective medium for the steady state pressure equilibrium we
will still require to account for dynamic effects in the presence of a composite material, i.e.
the influence of pore pressure dissipation and fluid flow regimes in the pore space and many
other factors. The fluid effects on wave propagation of porous media has been subject of many
theoretical investigations based on and further developed from the Biot model accounting for
the stress induced fluid movement in pores. But it was also shown, that most effects are
dominant at frequencies higher than the frequency range used in seismic surveying, hence
little relevant for measurements discussed in this work. The relevant frequency range for
each of the proposed phenomena has been compiled by Mavko (Fig. 2.9). However, it has to

Figure 2.9: Frequency ranges of fluid flow processes in porous sediments (in Mavko, 1998)

be acknowledged, that these mechanism can be of importance when comparing the affect on
dispersion from seismic measurements with laboratory measurements and for prediction of
dispersion effects at different frequencies.
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Edelman (2002) presented the adaption of Biot’s theory for poroelastic media. It is stated,
that the poroelastic influence on dispersion and the propagation of interface waves is only
relevant at frequencies higher than the seismic frequencies of marine seismic experiments
using airgun sources. However, it will be relevant, when comparing the results from in-situ
seismic experiments with laboratory measurements which are generally conducted at sonic
or ultrasonic frequencies (Edelman, 2002).
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In the previous chapter I have derived that the seismic properties of marine sedi-
ments can be described by a laterally homogeneous stratified model of viscoelas-
tic parameters. Subject to the excitation of seismic energy the wavefield exhibits
distinct eigenmodes of oscillation, which are related to these model parameters.

In the following three chapters I present the methods of data acquisition and
analysis used and further developed within this thesis. The different methods to
obtain wave field spectra, which visualize the dispersion of the measured seismic
data are discussed in chapter 3. I begin with the methods to compute synthetic
dispersive wave fields from one-dimensional subsurface models representing a
simplified marine sediment, in order to analyse and understand the dispersion
characteristics. These modeling methods are also used in the inversion proce-
dures in chapter 5, while the acquisition of dispersive seismic wave fields in the
marine environment is the topic of chapter 4.

37
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3.1 Modeling of Seismic Dispersion

We use the theoretical concepts of seismic wave propagation presented in the previous chapter
to numerically compute synthetic seismic wavefields. The marine sediment is represented by
a viscoelastic model comprised of plane homogeneous layers. The seismic source, generally
we use an explosive source, and the one-dimensional earth model uniquely determine the
seismic wavefield with all dispersive wave types, including interface waves as well as guided
waves and leaky modes. This enables us to compute the dispersion characteristics of the
idealized medium and to study the variation of the dispersion characteristics for variations of
the model and acquisition parameters.

Various computer algorithm have been published, which can perform this task. The com-
putations of normal modes can be obtained using the Thomson-Haskell method (Haskell,
1953; Thomson, 1950), which has been further developed by Schwab and Knopoff (Schwab
& Knopoff, 1972). Other methods are based on the superposition of spherical harmonic so-
lutions of the numerically integrated wave equation (Friederich & Dalkolmo, 1995, e.g.), or
the propagation of the displacement and stress fields across the interfaces of a stack of homo-
geneous layers in form of efficient propagator matrix formulations (Fuchs & Müller, 1971;
Wang, 1999). A discussion of advantages and disadvantages of selected algorithm can be
found in (Buchen & Ben-Hador, 1996).

A summary for each of the algorithms used throughout the thesis is given in the appendix.
Here I will just mention their key features. The mode summation algorithm FLSPHER, devel-
oped and provided by W. Friederich in personal communication, enables to compute eigen-
functions as well as sensitivity kernels and solutions to the dispersion relation with respect
to frequency for one-dimensional spherical or flat earth models. We can therefore produce
the dispersion curves, the corresponding eigenfunctions and the sensitivities with respect to
changes of model parameters. The main advantage of this algorithm is the possibility to study
the distinct modes and their contribution to the wavefield separately.

For the computation of synthetic wavefield spectra I used the wavefield algorithm pre-
sented by Wang (1999). This code enables to compute the complex wavefield spectra in the
frequency slowness domain but ommit the computation of seismograms. The seismic wave-
field excited by the input source signal is solved analytically within the homogeneous layers
and propagated across the interfaces. Therefore, the computed seismic wavefield only con-
tains solutions related to the specific source and receiver depth. Since the solution is obtained
in the p-f-domain and the time consuming step of computing seismic waveforms is ommitted,
it is an effective and fast algorithm to compute full wavefield spectra.

A finite difference algorithm is used in case of a laterally varying medium (Bohlen, 1998).
This enables to produce snap shots of the wavefield separated into compressional and shear
wave contributions. Another advantage of this method is the identification and propagation
of dispersive wave arrivals at specific receiver locations .
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The combination of these modeling tools enables us to investigate and illustrate the char-
acteristic features of dispersive wave propagation in marine sediments. Furthermore it en-
ables to compare the predicted wavefield for a certain subsurface model with the measured
seismic data. Yet, in order to facilitate this comparison, I will discuss the methods to analyze
and visualize the dispersion of measured seismic wavefields.

3.2 Analysis of Dispersive Seismic Wavefields

I will start with the description of common data analysis methods, since the choice of method
of analysis of dispersive waves puts some constraints and requirements on the acquisition and
processing of the data. Here I will just mention a few commonly used methods in order to
discuss the advantages and disadvantages of the method proposed and used in this work as
described in section 3.3.2. The application of a full wavefield transform imposes the require-
ment of adequate spatial and temporal sampling. The implication of these requirements on
the data acquisition and processing are then discussed.

The dispersion of seismic wavefields is expressed by the frequency dependent variation
of the phase velocity of seismic wavelets, which are determined by the amplitude distribution
in time and space. Therefore it seems most natural to determine the dispersion characteristics
by transforming the wavefield from the time to frequency and from space to velocity domain
(i.e. wave number k or slowness p, since phase velocity c = 1

p
= ω

k
1). To enable the use

of the two dimensional Fourier transform of time series, the temporal sampling ∆t and the
distance between two adjacent seismograms ∆x has to be adequate according to the Nyquist
theorem fNyq. = 1/2∆t and its equivalent theorem in space.

c ≥ cmin =
ω

kNyq

= 2π f ∆x (3.1)

The Nyquist-Frequency fNyq. determines the maximum frequency allowed in the time se-
ries which can be resolved unambiguously and equivalently the smallest resolvable phase
velocity cmin is determined by the Nyquist wavenumber kNyq . Since these criteria can not
always be fulfilled, alternative methods to determine the dispersion of seismic waves have
been developed.

Since the distribution of seismological stations is sparse, the wavefield transform methods
can not be applied. Analysis methods to derive the dispersion from time domain data were
first developed by early seismologists investigating the dispersion of strong amplitude surface
waves generated by earthquakes. Two methods are still commonly used, firstly the multiple-
frequency-filtering-technique (MFT) method to derive the group velocity dispersion from

1While the phase velocity is related to the angular frequency ω the term frequency in the text refers to the
frequency f = ω/2π.
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a single seismogram and secondly the phase-shift or phase-difference method. The phase
velocity is obtained from the phase spectrum of the cross-correlation of two seismograms
with a remaing ambiguity of the factor of 2π (Seidl & Müller, 1977). The phase-difference
method requires that the wave train used to measure the phase difference corresponds purely
to one mode of the surface wave. Due to the large distances from earthquake and due to
the nature of the source this is adequate in many cases in seismology, but with the short
distances used for surveys with shallow targets on land as well as in the marine environment,
this is generally not the case. Despite of the fact, that the method has become popular for
geotechnical applications under the name of Spectral Analysis of Surface Waves (SASW),
the limits with respect to identification of the modes had to be acknowledged in many cases.

The application of the MFT-method to a single seismogram involves the application of
narrow-band frequency filters to the time series and to interpret the arrival time with respect
to the source-receiver distance of the signal as group velocity (Dziewonski et al., 1969).
Since the width of the frequency filter and the length of the time window can not be chosen
independently the resolution in the so-called Gabor-matrix display of frequency versus group
velocity is always very limited. This methods can identify small variations of the dispersion
relation from the expected values. Again, while this is useful in seismology, the variability
in dispersion of shallow targets is often high and the multi-modal dispersion characteristic of
the sub surface cannot always be resolved with this method.

Despite of the fact, that these methods commonly used in seismology are of limited use in
the marine environment, we do not necessarily suffer from the lack of seismograms in active
marine seismic experiments. We will therefore now focus on the analysis of multi-channel
analysis methods which enable to transform the seismic data into the frequency-wavenumber
(f − k) or frequency-slowness (f − p) domain.

3.3 Multi-channel Dispersion Analysis

The algorithm commonly used in dispersion analysis are usually based on the slant-stacking
method as originally described by McMechan and Yedlin (McMechan & Yedlin, 1981). An
offset-dependent time shift is applied to each seismic trace before stacking to obtain a single
trace with large amplitudes, if the phases of the seismograms are in phase, hence propagated
with the phase velocity corresponding to the applied time shift. This is performed subse-
quently for the phase velocity range of interest, obtaining one transformed time series for
each slowness (1/velocity) value. Seismic signals out of phase, i.e. traveling with different
phase velocity, do not contribute to the stacked section. A 1-D-Fourier transform with respect
to time is applied to the slowness section to obtain a frequency-slowness spectrum.

Several modifications of this slant-stack method in either time or frequency domain have
been applied to perform dispersion analysis (Klein et al., 2000; Park et al., 1999; Bohlen
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et al., 2003; Bohlen et al., 1999; Xia et al., 2000; Beaty & Schmitt, 2000). This method is
robust and suitable to visualize the dispersion characteristics of the data set in the slowness
spectra.

These methods represent a two dimensional transform with respect to time and space.
The transformation of the seismic wavefield u(x, t) can be formulated in terms of the 2-d
Fourier transform of the seismic source S(k, ω) and a “dispersion relation” D(k, ω) with k
and ω denoting the horizontal wave number and angular frequency respectively (McMechan
& Yedlin, 1981). In fact, the term D(k, ω) is not strictly a disperison relation but corre-
sponds to the Rayleigh determinant in case of the analysis of Rayleigh wave propagation and
therefore yields the dispersion relation for the condition D(k, ω) = 0.

u(x, t) =
1

2π

∫ ∫
S(k, ω)

D(k, ω)
ei(kx−ωt) dω dk (3.2)

which transforms to

u′(p, τ) =

∫
u(x, τ +px) dx =

∫ ∫
S(k, ω)

D(k, ω)
δ(k−ωp)e−iωτdω dk =

∫
S(ωp, ω)

D(ωp, ω)
e−iωτdω

The contribution to the wavefield is large, when the term of the dispersion relation is
fulfilled and therefore D(ωp, ω) is small, and the source signal contributes energy at the fre-
quency of concern. Therefore large amplitudes in the p − f -domain represent dispersive
modes of the measured seismic wavefield. This method can be applied using standard pro-
cessing tools, but the sampling criteria in both spatial and time domains need to be fulfilled
to avoid artifacts from aliasing. In practice several methods to be discussed in the following
sections have been applied to the time domain data.

3.3.1 Fourier Transform and Slant-stacking Methods

The method to compute the slowness-frequency spectra suggested by (McMechan & Yedlin,
1981) consists of a linear radon transform into the τ − p domain representation before apply-
ing a Fourier transform with respect to the time (τ ) dimension as described previously. Park
et.al. 1998 stated, that resolution of the τ −p domain data is enhanced by slant stacking in the
frequency domain. Hence, the 1-D Fourier transform with respect to time is applied before
stacking traces of common slowness with offset and slowness dependent phase shift (e−iωpx,
p = slowness, x = offset,ω = 2πf ).

ũ(r, f) =
∫

u(x, t)eiωtdt

U(p, f) =
∑N

l=1 ũ(xl, f)e−iωpx
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We thus obtain the spectral coefficients U of the seismic wavefield in the slowness-
frequency domain. This slowness-stacking method has been implemented as supplemental
tool to the Seismic Unix package (s. appendix D.2.2).

Despite of the theoretical equivalence of the application of the slant stack in time or fre-
quency domain, in practice the results from the frequency domain are superior in terms of
resolution in frequency. This is predominantly due to the advantage that the phase correc-
tion in the frequency domain is not restricted to certain sampled values and can be applied
continously. In the time domain, the stacking of amplitudes often requires an interpolation
of the amplitudes between samples. This can lead to inaccuracies and is easily avoided by
performing the stacking in the frequency domain.

The resolution in slowness domain ∆p should be comparable for both methods. It is
determined by the width L of the offset window of the seismic gather (Forbriger, 2003a)

∆p ≈ 1

fL

Hence, the length of the receiver spread in case of a common-shot-gather determines
the resolution in the slowness domain. If the length of the spread is sufficiently long, we
may limit the spread and investigate different offset ranges. Thus we obtain the dispersive
seismic wavefield at different offset ranges of the same length, and can compare these to
obtain information on the lateral variability of the dispersive wavefield.The potential of these
local spectra is to be able to depict lateral variations of the sediment properties along the
profile. If the profile is long enough to be divided into reduced offset windows Li with
sufficient length to obtain adequate resolution in the p − f−spectra, we can derive shear
wave velocity profiles for several locations along the profile, respectively to the situation at
the center of the offset window Li. In practice, we apply a gauss-shaped offset-window taper
of width Li ' 200 m, which denotes that the amplitudes are reduced to 1/e at 100 distance to
each side of the center xci

of the window. The center of the window function is than moved
at 50-100 m intervals ( xci+1

= xci
+ 50 ) along the profile to obtain the gradual variation

of seismic parameters of the sub surface along the profile (Bohlen et al., 2003). Schneider
proposed a method to produce local ω − k spectra by 2-D Fourier transform of narrow band-
limited wavenumber slices (Schneider, 1993). After reordering for common offset ranges a
set of local spectra is obtained. This is equivalent to the application of an offset-window taper
to the time domain data prior to the slowness-stacking method just described.

In order to depict the trade-off between resolution due to the limited offset range I show
two synthetic examples, where the spectral coefficients are computed for a long offset and
a limited offset gather (Fig. 3.1). While the resolution of the dispersion curves decrease
with limited offset, the amplitude distribution of the slowness spectrum generated from the
synthetic seismograms still reveals the dispersion characteristics of the medium. Generally
the influence of seismic attenuation has similar effects on the amplitude spectra, therefore
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we expect to loose information on the seismic parameter Qs and Qp with offset limitations.
However, if the resolution degrades further, the interpretation of the modes may be ambiguous
which may cause problems for the choice of a start model in the inversion process to be
discussed in chapter 5.

3.3.2 Modified Fourier-Bessel Transform

The formulation of the slant-stack transform is based on the assumption of plane waves.
Therefore the spectral coefficients obtained by this transform are based on cartesian coor-
dinates while the synthetically computed spectral coefficients are obtained for a spherical
coordinate system. Secondly, despite of the existance of an inverse transformation to the
slant-stacking algorithms, in practice it is often problematic to reproduce the seismic wave-
field by application of the forward and inverse transforms.

For the purpose of an inversion of the measured spectral coefficients a comparable for-
mulation is required. Forbriger (2003a) suggests an algorithm based on a modified Fourier-
Bessel transform to perform the wavefield transform to produce the slowness spectra, since
this algorithm can be used to calculate true amplitude spectral coefficients which can repro-
duce the recorded data in terms of coefficients to Bessel-functions, i.e. relate to the spherical
coordinate system. Secondly the inverse transform exists and is more stable than the inverse
tranform of the slant stack algorithm.

In order to proceed with the inversion in the frequency-slowness domain we need to apply
such a wavefield transform which computes complex (true amplitude) spectral coefficients to
represent the seismic wavefield. The seismic wavefield recorded at distance r from a cylin-
drically symmetric source which excites a seismic wavefield propagating through a laterally
homogeneous layered medium can be described by the Bessel-function expansion

ũz(ω, r) =

∫
∞

0

G(ω, p) J0(ωpr) p dp

where the displacement u is given by the slowness (p) integral over the spectral coeffi-
cients G of the vertical component and the Bessel function J0. Forbriger shows, that using
the Hankel function H

(2)
η describes the outgoing wavefield only and reduces artificial noise

in the wavefield transform (Forbriger, 2003a). The spectral coefficients G(ω, p) are obtained
from the measured displacement u(ω, r) of the N seismograms at positions rl.

G =
ω2

2

N∑

l

ũz(ω, rl) H(2)(ωprl)rl∆rl

Therefore I used this method to calculate the full complex spectral coefficients of the mea-
sured seismic wavefield, as required for the inversion procedured to be discussed in chapter
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5. The application of approriate scaling and tapering of the input data prior to the transfor-
mation reduces the artifacts in form of side-lobes significantly. This applies to any of the
full wavefield transforms, but is of special interest for the subsequent use of the transformed
wavefield spectra for the inversion, since the artifacts and amplitudes related to the wave-
field are not distinguished in the inversion. The appropriate scaling is usually an offset rα

dependent amplitude enhancement with the exponent α ≈ 1.5 in order to compensate the
geometrical spreading of the interface wave. Tapering is applied in time as well as in the
offset domain.

Both, the frequency domain slant stack and the modified Fourier Transform should pro-
duce comparable results as indicated by the data examples in fig. 3.2.

0 20 40 60 80 100 120
frequency [Hz]

0.2

0.4

0.6

sl
ow

ne
ss

 [s
/m

]

0

0.2

0.4

0.6

0.8

1.0

Figure 3.2: Comparison of the wavefield spectra obtained by the application of a frequency
domain slant stack (left) and a modified Fourier-Bessel transform (right) of a real data set
further discussed in chapter 8.
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The application of the wave field transform discussed in the previous chapter
puts additional requirements on the acquisition parameters, which I will discuss
in this chapter in respect to the methods used for the excitation and recording of
dispersive seismic waves.
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4.1 Determination of the Acquisition Parameters

In order to define an acquisition and analysis procedure to measure and invert dispersive in-
terface waves I continue with numerical investigations on the energy distribution of Scholte
waves within the water column. This is necessary, since we wish to excite and/or record the
seismic wavefield in the water column rather than in contact to the sea bed, in order to develop
a towed acquisition system capable to record Scholte wave dispersion in shallow marine envi-
ronments. Secondly, the frequency range of interest must be determined. Thus the frequency
range of the transition from the propagation of the interface wave with Scholte wave velocity
to Rayleigh wave velocity, which corresponds to the Airy phase of the dispersive mode, must
be observed in the seismic experiment.

4.1.1 Determining the Frequency Range of Interest

The dispersion curves of laterally homogeneous elastic media are calculated effectively by
normal mode algorithm, in this case we used the program FLSPHER provided by W. Friederich
in peronal communication (Friederich & Dalkolmo, 1995). We computed dispersion curves
for a reference model shown in fig. 4.1a. The dispersion curves for the model are plotted in
fig. 4.1b. and for source and receiver depth of 10 and 20 m respectively, we obtain the am-
plitudes of the modes indicated as error bars. The fundamental mode approaches the Scholte
wave velocity at the highest frequency, while the higher modes tend to lower slownesss val-
ues (higher velocities) at this frequency range. From fig. 4.1c, where the variation of the
dispersion curve with variations for the sediment shear wave velocity is plotted for the first
three modes, we can see, that at higher frequencies the higher modes approach the lowest
shear wave velocity of the model. However, the amplitude distribution in b) given by the
size of the error bars shows no amplitudes for these modes at high frequencies. Only the
first higher mode has some amplitude at frequencies form 7-15 Hz. For higher frequencies
all the energy is found in the acoustic modes propagating at water velocity (corresponding to
slowness of 0.66 s/km).

In fig. 4.1d) the sediment layer thickness was subject to variations in the range from 1 to
10 m. For the sediment thickness of less than 4 m the fundamental mode follows the slowness
corresponding to the Scholte wave velocity of the lower layer. Both, the shear wave velocity
as well as the Scholte wave velocity for the model without any surfical sediment layer are
marked in the figure.

Note the influence of variations of the shear wave velocity in the sediment layer on the
dispersion curves in fig. 4.1c) compared to the influence of the variation of the thickness in
the sediment layer shown in fig. 4.1d). While at frequencies lower than 15 Hz the variation
of the position of the dispersion curve of the fundamental mode is hardly distinguishable for
variations of sediment thickness or shear wave velocity, the position of the first higher mode
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Figure 4.1: The variation of dispersion curves with sediment properties for the model given
in a) (top left) is shown for variations in shear wave velocity (bottom left) and sediment
layer thickness (bottom right). The errorbars of the dispersion curves (top right) represent the
amplitude coefficients relating to the obtainable amplitudes for excitation and recording at 15
m and 20 m depth corresponding to a deep-towed streamer experiment.

I conclude that the variations of the model parameters cause variations in the fundamental
Scholte mode in the frequency range of 5 to 30 Hz and with significant amplitude levels for
the fundamental mode in this range. Therefore we can expect to excite Scholte waves with
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significant dispersion characteristics with a towed air-gun system. Measurements in the Kiel
Bay area with surface towed air-gun sources and OBH receivers have also been successful in
recording Scholte wave energy with significant dispersion characteristics (see chapter 6).

4.1.2 Energy Distribution with Depth of Scholte Waves

The energy distribution of the Scholte modes in the water column can be calculated from the
eigenfunctions of the displacement components of the normal modes. The seismic wavefiled
can be described by superposition of normal modes which is commonly used to calculate
synthetic seismograms. The advantage of this approach to compute the seismic wavefield
is, that we can investigate the eigenfunctions of each mode and compute the energy from the
displacement vectors of the components. Fig. 4.2 shows an example of the energy distribution
with depth for selected frequencies (3-15 Hz) of the fundamental (red) and first higher mode
(blue) calculated for a subsurface model comprised of a soft (mud) layer overlaying sediments
(sands or glacial till) commonly found in the Baltic sea. The exponential decay away from
the water-sea floor boundary is frequency dependent. While the energy of low frequencies
is still significant near surface, amplitudes of higher frequencies decay more rapidly. In
order to investigate the dispersion characteristics of Scholte waves we need to record in the
appropriate frequency range, hence we need to record the wavefield close to the sea bed in
order to extend the frequency range.

4.2 Excitation and Registration of Interface Waves

From section 2.5 it is clear that the maximum amplitudes of interface waves is observable
and excitable directly at the interface. I will therefore start with the discussion of using
seismic sources and/or receivers directly on the sea bed. Following these two sections I will
discuss the implification of the sampling theorem on the data acquisition before I describe
the potential and disadvantages of the acquisition geometries used to obtain the seismic data
presented in this work.

4.2.1 Seismic Sources at the Sea bed

The use of seismic sources operating at the sea floor is not proposed, due to the numerous
difficulties arising in the operation of such a system. Several investigations in developing
seismic sources have been published (Theilen & Pecher, 1991; Davis, 1996; Stoll & Bautista,
1994b).

Usually a sledge mounted source was deployed and towed along the sea floor in an stop-
and-go manner. This implies a very slow movement of the ship, in order to minimise the drag
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Figure 4.2: The variation of the energy of the eigenfunctions with depth is displayed for dis-
crete frequencies of the fundamental mode (red, amplitudes to the left) and the second mode
(blue, amplitudes to the right) in the frequency range from 3 to 15 Hz. The exponental decay
of the energy in the water column is more dominant for the high frequencies, hence the fre-
quency band is increased by towing the acquisition system close to the sea bed. Furthermore
is the information at higher resolution enhanced if higher modes are included, since these
dominate at high frequencies.
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on the system. Secondly difficulties arise with mechanical parts in the vicinity of a suspen-
sions of mud, which naturally occurs during operation in soft sediments, besides the require-
ment to transport the required energy from the vessel to the sea bed. Hence, the deployment of
the seismic source at the sea bed encounters many difficulties, but more importantly, requires
very slow ship speeds and therefore limits the coverage.

However, if investigations of several interface types, e.g. Love wave dispersion, were
to be investigated, a sea floor operating source must be used. Since this in not required for
P-SV polarised interface waves, Scholte wave energy can be excited with sufficient energy
using surface towed air-gun sources and we propose to use air-gun sources at the surface or
towed at intermediate depth, since this is capable to excite Scholte wave energy and source
repeatability is acceptable.

The operating of a source system at the sea floor could be advantageous, if an autonomous
source vehicle could be used. Here the energy requirement would remain the main problem
to be addressed.

4.2.2 Seismic Receivers at the Sea Bed

While in terms of aerial coverage and efficiency decoupling from the sea bed for both, source
and receivers, would be advantageous, we have to consider that the decrease in energy, as
represented in the eigenfunctions of the specific dispersive modes, applies twice, for source
and receivers respectively. Secondly, the use of seismic sensors at the sea bed enables not only
to record the pressure field, but additional registrations of the particle motion at the bed with
3-component geophones help to understand, identify and separate the contributions of the
dispersive seismic wavefield. Since autonomous seismic sensor stations are available we can
use stationary ocean bottom sensors (OBH/OBS/OBC) with a towed seismic source in a kind
of walk-away seismic experiment. While this acquisition layout inherits several limitations,
it is still more efficient and easy to operate than ocean bottom sources. In order to avoid
confusion with a vertical-seismic-profiling method also denoted as walk-away experiment, I
will denote this layout as stationary-receiver method, despite of the fact that it is irrevelant
whether the source or receiver is kept stationary.

However, the application of ocean bottom seismometer (OBS) stations requires to account
for the coupling of the seismic sensors to the sea bed, if particle motion is to be observed.
This is even more important if the OBS is to be used at different locations or several OBS
stations are to be used, since every deployment of the sensor might produce different sensor
coupling.

The use of autonomous sensor stations requires the data to be stored, which might limit
the acquisition parameters in terms of time sampling and recording length. Due to the rapid
development of fast and large storage media and A/D-converters today, this is rarely a limi-
tation.
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Another factor arising from the use of stationary autonomous sensors, is the requirement
to accurate absolute positioning of both the receiver as well as the source during the seismic
experiment, in contrast to a towed acquisition system, where the source-receiver geometry
remains approximately constant with regard to the ship position. Therefore the positioning
of the seismic source must be achieved at high accuracy, e.g. using differential GPS and/or
laser tracking systems. The position of the ocean bottom sensors must be assessed, e.g. by
additional transponder or seismo-acoustic measurements or special data analysis.

Hence, we have to consider if the superior quality and information obtainable by multi
component OBS outweighs the expense and limitation in progress and efficiency.

4.3 Seismogram Gathers in Different Acquisition Geome-
tries

The application of the wavefield transform requires a group of seismograms with variation in
the source-receiver distance (offset). The offset variation can be achieved either by moving
the source or the receiver or both, each of which solutions has practical advantages and dis-
advantages in terms of the acquisition and processing. Limitations to the configuration arise
from the requirement to sample the seismic wavefield adequately with respect to time and
space.

4.3.1 Obeying the 2-D Sampling Theorem in Time and Space

In order to apply the two dimensional wavefield transform we require to sample the seismic
wavefield at sufficiently small intervals in space and time over an sufficiently long distance
and period in time. This simple rule has many consequences for the acquisition of marine
seismic data, which is suitable to be transformed into the f − p - domain.

The time sampling is limited by the registration hardware in terms of the capability of the
A/D-converter. Secondly, the amount of data storage required per seismic gather is dependent
on the number of samples per record length. Since the frequency range of interest for either
of the dispersive wave types is well below the acoustic limits the time sampling is generally
no problem, but sometimes the storage capacity can be limited, when recording systems are
to be deployed autonomously on the sea bed.

The time period required to record the full seismic wavefield depends on the seismic
wave velocities of the sub surface and the maximum distance between the seismic source and
receivers Xmax. Hence, we can formulate the rule of thumb to obtain the minimum recording
length TRec,

TRec =
Xmax

Vmin

(4.1)
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which is also the lower limit of the shot-to-shot rate. The velocity Vmin must be compared
with the lowest velocity of propagation of interface waves in the medium, which corresponds
with the Rayleigh wave velocity of the medium. Therefore, a lower limit approximation
is found by using 0.8 times the lowest shear wave velocity in the sub surface model, since
the factor between the Rayleigh wave and shear wave velocity ranges from 0.81 to 0.98
for sediments with realistic Poisson’s ratio. Hence we obtain two relations concerning the
required recored length equivalent to the minimum shot-rate and the maximum offset as well
as the shot-to-shot distance (3.1) related to the lowest shear wave velocity cmin resolvable in
the medium.

This will constrain the layout of stationary-receiver seismic experiments, when either
receiver or source are deployed stationary at the sea floor while the other is towed behind the
vessel, since then the shot-to-shot distance ∆x is related to the towing speed of the vessel. In
conjunction with the sample criterion 3.1 we obtain the relation between the ship speed Vship,
the maximum offset Xmax and the lowest resolvable seismic velocities of Vmin ≥ 0.8cmin.

c2
min = 5πfminXmaxVship

For a marine seismic survey with conventional 4Hz-sensors (fmin) assuming the minimum
ship speed required to keep the vessel manouverable at 1 kn, this implies, that the minimum
shear wave velocity resolvable at 500m distance is V∼125 m/s (Fig 4.3). The offset window
Xmax − Xmin used for the wavefield transform coincides with the window length L and
therefore determines the slowness resolution of the wavefield transform.

For very soft marine sediments with shear wave velocities in the range of 10 m/s the
requirement on the sampling interval is of ∆x < 10-50 cm. This renders it insensible to use
the seismic stationary-receiver experiment for such sediments. It would require more than 8.5
hours to cover a 300 m long survey line if shear wave velocities of 10 m/s are to be resolved.
Here the use of a receiver array is more sensible, but requires the receiver array to comply
to the sampling criterion of 10-20 cm. Hence, the measurement of Scholte waves remains
problematic in case of very soft marine sediments.

The effect of aliasing is visualized in the data set shown in figure 4.4. The signal energy
reappears at small slowness values when the energy would normally appear above the aliasing
line. Hence, a dispersion curve which meets the aliasing line at a certain frequency reappears
in the lower part of the image at this frequency. Secondly aliased energy appears in form of
the aliasing line itself.

4.3.2 Common-Receiver-Gather (OBS/H)

Using a towed source in conjunction with a stationary receiver deployed at the sea bed implies
the limitation on velocity resolution as discussed in the previous section. This could be
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Figure 4.3: Lowest resolvable interface wave velocity in a stationary-receiver experiment
with speeds from 0.5 m/s (lowest line) to 2.5 m/s ( ∼ 5 kn, top line) and 4 Hz sensors with
respect to the source-receiver distance.

overcome, if the seismic shots could be fired at arbitrary absolute position, but usually only
the relative position along a profile is obtained at sufficient accuracy. Hence, triggering the
seismic source by positions controlled by an accurate navigation system connected to the
source would enable to combine several profile runs to fill the gaps between individual runs.
Since this navigation accuracy was not available, the acquisition configuration used for the
experiments had to comply with the limitations encountered through the sampling theorem.

Using a single receiver and multiple shots, a common-receiver-gather of seismograms is
obtained. Using the principle of reciprocity stating that one can interchange the position of
source and receiver and still obtain the same travel times for both experiments, we can apply
the wavefield transforms discussed in the previous chapter. This implies, that the seismic
source used is repeatable, i.e. is comparable from shot to shot. If this was not the case, we
would not expect to obtain a consistent phase relation between shots. Since coherent phase
relations were obtained from the data examples presented in the second part of the thesis, it
is assumed that the air gun sources fulfill the requirement of repeatability.

In consequence of the reciprocity theorem the variation of the phase relation is obtained at
the source positions. This is in contrast to the situation, when multiple receivers are deployed
at the sea floor. Then the phase relation is obtain for the variation between two adjacent re-
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Figure 4.4: Data example to demonstrate the effect of aliasing. The amplitude of the dis-
persion curve is folded to reappear at zero slowness at the frequency where the hyperbolic
line(black) meets the signal energy.

ceiver locations, where some disturbance might have occurred at deployment. Hence, using
a common-receiver-gather, we obtain information of the subsurface properties in true undis-
turbed conditions.

4.3.3 Common-Shot-Gather (OBC/Streamer)

In order to overcome the restrictions encountered with stationary-receiver configurations a
receiver array with a close receiver spacing to fulfill the spatial sampling criterion can be
used. The receiver spacing of the system then determines the lowest resolvable shear wave
velocity according to the relation in equation 3.1.

The length of the receiver spread determines the resolution in the slowness domain, if
common receiver gathers of a single shots are used. This is the case if a towed receiver
array in form of a streamer is used. The most dominant advantage of the towed system is
the efficiency in terms of time required to cover a certain area of investigation. Secondly it
implies to use a fixed acquisition geometry with respect to the research vessel, and therefore
does not require an absolute positioning for data analysis methods.
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The deployment of an ocean bottom cable, independent of the sensor type to be used,
resembles a combination of a stationary-receiver experiment with a fixed receiver geometry.
While this still limits the range of operation, the limits in terms of the ship speed discussed
for the stationary-receiver experiment no longer hold. If the length of the receiver spread is
sufficient in terms of the requirements on resolution due to limiting the offset range, we do not
need to consider limitations in progress due to spatial sampling. However, the restrictions on
the minimum shot interval remain in order to record the full length of the slowly propagating
dispersive interface wave. Using the combination of seismograms from different shots but
the same receiver spread we obtain a mixed common-receiver and common-shot section with
variation in offset. This can enhance the resolution, if the variation in the receiver coupling
of different sensors and the variation of shot signals is either neglectable or accounted for.
Furthermore, recording of the source signal with several receivers is essential as well as the
recording of several shots with the same receiver (without changing the coupling) if the full
phase and amplitude signals of the source and receivers is to be accounted for in the process
of data analysis.
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Chapter 5

Inferring Sediment Properties from
Measured Dispersive Wavefield Spectra
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The main objective of the work presented in this thesis is to obtain informa-
tion about the seismic velocity structure, with special interest on the shear wave
velocity. Within this chapter I present and discuss the methods to obtain this in-
formation from the measured data. I suggest the application of an inversion of
the full complex wave spectra recently developed for the Rayleigh wave inver-
sion of land seismic data and show the advantages of this method compared to
the alternatives.
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5.1 Overview

The aim of the investigation is to derive sub-bottom properties from measured data. The the-
ory presented in chapter 2 indicated the complexity of the functional relation between seismic
parameters and the phase velocity measured for various frequencies. Several approaches to
simplify the problem have been used in the past which include the so-called wavelength-
depth method, the inversion of dispersion curves based on normal modes. Other approaches
intended to use the complex relation with all the information and invert the full seismic wave-
forms.

The wavelength(λ)-depth method is the most simple and empirical approach sometimes
applied in global seismology. For a given phase velocity-frequency pair observed in the data
it is assumed that the representative depth z of the measured velocity is a fraction of the
wavelength λ. Gazetas (1982) recommended to use z = 1/3 λ in general. While 1/2 would
be more appropriate for vertically homogeneous sites, a value of 1/4 should be used at sites
where the shear modulus increases significantly with depth (Gazetas, 1982; Matthews et al.,
1996). This very simple method is not very satisfactory in terms of resolution and does not
relate to the complexity of the influence of model parameters on the seismic wavefield.

In the previous chapters I have discussed methods to acquire dispersive seismic data and
derive the spectral coefficients representing the seismic data. In this form the dispersive
nature of the data can easily be visualized and analyzed. Further, I have presented methods to
compute synthetic seismic wavefields from simplified models of the marine sediment. Having
these methods at hand, we still require the solution to the inverse problem, hence to derive
the sub-bottom parameters from the measured dispersive seismic wavefield.

The most challenging task with the respect of the interpretation of the measured seismo-
grams is to try to predict each single wiggle of the measured seismogram by comparison with
synthetically computed seismograms. The idea is probably best expressed by a citation of
Wiechert, who stated that it seems an achievable goal to use and predict each single wiggle of
a seismogram to determine the structure and composition of the crust of the earth1. The wave
forms of synthetic seismograms are compared with the measured seismic data with respect
to amplitude and phase which are determined by the viscoelastic model parameters. These
methods are becoming more widely used, since the computational capacities have increased
dramatically in the past few years (Nolet & Dorman, 1996). However, it requires to have a
very good idea of the model needed to describe the observed waveforms, due to the oscilla-
tory nature of seismograms. Therefore not only computational problems have to be overcome
with these methods, to be discussed at a later stage.

The aim is to simplify difficulties arising in the concept of full waveform inversion, but

1The original citation reads: “Es scheint ein erstrebenswertes und wohl erreichbares Ziel der experimentellen
Seismik, jede Zacke, jede Welle der Seismogramme zu erklären und für die Entwirrung der Beschaffenheit der
Erdrinde dienstbar zu machen.” (Wiechert, 1926)
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still include the information of the amplitude and phase spectrum of the seismic wavefield.
Methods to transform the measured seismic data into wavefield spectra and then compare
these with synthetic spectra have been developed lately (Roth & Hollinger, 1999; Forbriger,
2001). The inversion of dispersive waves can be combined for several dispersive wave types
(e.g. Love and Rayleigh waves) (Krone, 1997), or other constraining information from the
dataset, e.g. first arrival times (Forbriger, 2003b). This concept of jointly inverting indepen-
dent information on the same properties is very useful to further constraint and stabilize the
inversion. This enhances the resolution of the inversion result and facilitates the interpreta-
tion.

The inversion of dispersion curves is commonly applied to phase velocity dispersion
curves obtained from the phase-difference method. The forward solution using normal mode
algorithm requires to identify the mode number of the observed mode for the inversion pro-
cess. Since the phase-difference requires an uni-modal wavefield, the mode identification for
the inversion method seems not a further limitation at first sight. But, due to the complexity
of the dispersive seismic wavefields observed in shallow targets, both on land and in the ma-
rine environment, it is a further limitation indeed. Even in data sets with just a single mode
excited and observed this is not necessarily the fundamental mode. The mis-interpretation of
an observed higher mode as the fundamental mode will lead to an inversion result which does
not represent the sub-surface properties. This is one of the mayor disadvantage of the SASW
methods and any other method based on mode identification and separation. For this reason
it is intended to use an inversion method which does not require the identification of modes.

For the analysis of a multi-modal seismic wavefields it is suggested to investigate the seis-
mic wavefield spectrum obtained from one of the wavefield transform methods described in
section 3.3.1. Despite of the fact that the MFT method can be applied to multi-modal wave-
fields the resolution to distinguish individual modes is often not sufficient. The derivation of
the seismic properties from the full measured wavefield spectra is now investigated with two
different approaches, which have in common, that a mode identification is not required in ei-
ther case. The first method is a variation of the commonly applied dispersion curve inversion.
The second method is the inversion of the complex spectral coefficients discussed in section
5.3. The proposed methods seek to overcome the limitations of the dispersion curve inversion
without inheriting the full complexity involved with the methods of fitting full waveform.

5.2 Modified Dispersion Curve Inversion

The concept of the modified dispersion curve inversion is to compare the observed dispersion
curves only with those synthetically computed dispersion curves which would be excited with
the source-receiver configuration used in the field experiment (Bohlen et al., 2003; Kugler,
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2001). The dispersion curves are picked from measured seismic data represented in the phase
slowness-frequency domain. Extracting the information of the position of the dispersion
relation with respect to frequency and slowness reduces the influence of noise and artifacts
compared to using the full amplitude information of the wavefield spectrum. However, the
use of only selected information may increases the ambiguity of the inversion which must
be compensated by additional constraints. The dispersion curve picks are directly compared
with maximum amplitude picks of the dispersion spectrum from the forward calculation using
the propagator matrix method of Wang (1999). The model is parameterized in homogeneous
layers and the inversion parameters include all shear wave velocities and layer thicknesses
of the model. Linear positive gradients of the shear wave velocity variation with depth are
allowed within selected layers. All other model parameters, i.e. the compressional wave
velocities, densities and quality factors of the layers are fixed and must be obtained from
a priori information or guesses. The inversion is performed with the sequential-quadratic-
programming algorithm (Grace, 1994).

The choice to invert for the shear wave velocity only is based on the observation that the
Scholte wave dispersion is most sensitive to the shear wave velocity structure. The varia-
tions with density or compressional wave velocity are in most cases one or several orders of
magnitude lower. It should be kept in mind, though, that this is not true in all cases. It is
also possible that some special environments might be encountered where even the Scholte
wave dispersion is affected by the influence of compressional wave velocity or density. This
parameterizations is not suitable for the investigation of acoustic guided waves, for example.
Those do require to account for compressional wave velocity variations since the sensitivity
of the dispersion of acoustic guided waves to changes in th compressional wave velocity is
high. However in most cases for the inversion of Scholte wave dispersion it is an appropri-
ate method to reduce the number of free parameters to be determined, to those who are the
most sensitive parameters. This helps to stabilize the inversion for the reduced amount of
information yielded in the dispersion curves compared to full wavefield spectra.

5.3 Inversion of the full wavefield spectra

The inversion method used is a stabilized linear least squares inversion (Forbriger, 2003a;
Forbriger, 2003b). I will start with an introduction of the general idea of the inversion pro-
cedures in order to discuss the problems and ambiguities which arise in application of the
methods. I choose the linear least squares inversion method as an example, since this method
is applied to the measured data presented in the second part of the thesis.

Generalizing the method to derive synthetic seismic wavefields as a forward problem, this
is expressed by a functional operator F which transfers the set of model parameters mk into
the set of predicted properties. The search for the set of model parameters which describe the
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observed properties is the inverse problem and the method to obtain the solution of the prob-
lem is called inversion. This relates to a minimization problem since we seek to minimize the
difference between the observed and predicted data. An error function E is defined in order
to quantify the difference between the predicted and observed properties which is formulated
in terms of the quadratic norm in case of the linear least squares algorithm.

E2 =
∣∣∣~d − F (~m)

∣∣∣
2

This difference or misfit of the predicted data is to be minimized and the criterion is
obtained in form of the partial derivatives of the error function with respect to all free model
parameters.

∂E2

∂mk

!
= 0 ∀k (5.1)

I should note here, that in practice due to the presence of noise only a certain level of observed
amplitudes can be explained by the model. Therefore a residual misfit should be tolerated to
avoid the situation where the model parameters are fitted to artifacts or noise in the data which
would lead to a mis-interpretation of the data. The choice of the tolerated misfit to separate
useful data from unpredictable noise.

The partial derivatives of the error function are obtained from the derivatives of the func-
tional relation F , which is assumed to be linear within a search range of all model parameters.
If the relation F was truly linear, the required correction of the model parameters could be
calculated directly from the misfit and the partial derivatives of F , apart from possible am-
biguities. For the non-linear relation a certain range of parameter variations is defined. A
linear approximation of the functional F is used within this search range. Hence the search
range corresponds to the range of validity of the linear approximation. The choice of search
ranges of each parameters is another instrument to control the inversion process in terms of
efficiency and accuracy in the process of determining the final model.

In most cases additional constraints must be used to stabilize the inversion process, which
is definitely required if the number of model parameters mk is greater than the number of
observables dj of the measured data.

dj = Fj(~m) + nj

Due to the presence of noise nj in the measured data it is obvious that the model should
not explain all the data, but some residues must remain. In the formulation of the noise
contaminated data we assume that the unpredictable noise nj is statistically distributed with
standard deviation σj and average to zero. This enables to balance the individual observables
dj by the standard deviation σj . Hence, the error function is defined by
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E2(~m) =
M∑

j=1

|dj − Fj(~m)|
σj

2

+
L∑

l

Sl(~m) (5.2)

The first term will be denoted the so-called misfit function χ2 representing the misfit be-
tween the measured and predicted data. The second term includes the stabilizing constraints
Sl which generally depend on the model parameters. The choice of constraints depends on
the a priori information included. The correlation between two model parameters or restric-
tions to a certain range of validity of a parameter are just examples of a variety of possible
constraints. The choice of constraints is a third instrument to control and influence the final
results of the inversion. The formulation in equation 5.2 treats all data values dj with equal
weight, but this is not favorable e.g. if the data values have different physical meaning. Indi-
vidual weighting between the observables as well as for the stabilizing terms enables to treat
several independent data sets in the same inversion procedure with respect to additional con-
straints. This is achieved by introducing the diagonal matrix W composed of the individual
weights wj with recipicle unit to the data value dj. Thus the misfit function reads

χ2 =
∣∣∣W (~d − ~F (~m))

∣∣∣
2

W = diag(wj).

The transition to the weighting with the w instead of σ is just a generalization, since for
wj = 1/σj the error function will be identical to eqn. 5.2. The optimized model parameters
are obtained by applying the corrections to each model parameter which is calculated from
the solution of the system of linear equations obtained from the minimization condition 5.1.
The calculation of the correction values involves the solution of a system of linear equations
containing the misfit of all input data as well as all the constraints (Forbriger, 2001; Parker,
1994, for details).

In case of a linear function F a single set of correction values would lead to the optimized
model. In practice the functional relation F is non-linear, but the function is assumed to
be linear within a certain search range from the current model and the inversion procedure
is iteratively continued for the search ranges of the linear approximation of the functional
until the misfit is reduced to an acceptable value. In summary we have identified four mayor
instruments to control the inversion procedures:

1. model parameterization

2. tolerated misfit

3. stabilizing constraints

4. weighting functions
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The influence of these parameters will be discussed in the following.
Generally the first arrival times are picked in the seismograms to be used for the joint

inversion of the first arrival times and the spectral coefficients. The refraction analysis of the
arrival time picks can be used for the definition of the initial model. From the transformed
wave spectrum the careful selection of the frequency-slowness range to be used for the in-
version can eliminate parts which are contaminated with noise. This can help to stabilize the
inversion. However, noise free portions of the spectrum without significant amplitudes can
be useful data input, since the absence of modal energy may be just as valuable information
as the presence of seismic energy. Hence, the amplitude level of noise must be determined
since this is used to determine the level of remaining residues in the error function which
should not be inverted.

The spectrum can also be used to infer initial guesses for the starting model. Asymptotic
velocities for the low and high frequencies as well as parts of little change in velocity for
a frequency range are often associated with shear or compressional velocities of a certain
layer. Also, the number of modes within a certain frequency range is determined by the layer
thickness of guiding interfaces. Together with additional a priori information on the stratigra-
phy this information must be used to define the parameterization of the subsurface model in
terms of layers with constant parameters or linear or second order polynomial changes. The
number of layers as well as the polynomial order of the changes in seismic velocities, density
and quality factors must be chosen in good compromise to limit the number of parameters of
the model to a minimum, but on the other hand, allow for sufficient parameter variations to
obtain a model to adequately explain the measured seismic wavefield.

Hence, before starting the inversion we require

• the spectral coefficients of the seismic wave field from a seismogram section with ad-
equate spatial and temporal discrdiscretisationitisation and appropriate editing, muting
and tapering to avoid artifacts during the wavefield transform.

• an appropriate start model of the subsurface to generally represent the dispersion pat-
tern found in the data. The information can be inferred from seismic interpretation as
well as a priori knowledge from the study area, e.g. rough assumptions of the geologi-
cal setting.

The error function E is minimized according to equation 5.1 and includes the weighted misfit
between the measured and observed data as well as four stabilization terms.

E2 =
∣∣∣W (~d − ~F0 − Dδ~m)

∣∣∣
2

+
∑

l

S2
l

with
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~F = ~Fo − Dδ~m, ~Fo = ~F (~mo), δ ~m = ~m − ~mo Djk =
∂Fj(~m)

∂mk

Here, ~F0(~m0) denotes the predicted spectral coefficients computed from the initial model
~m0, Dδ~m are the partial derivatives of the parameter variations. The first term corresponds to
the weighted misfit function χ2 with diagonal matrix W composed of the parameter weights
wj as mentioned above.

The stabilizing terms Sl relate to constraints from linearization and smoothing as well
as other constraints if applicable. Recalling the complexity of the processes involved in the
propagation of the stress field within a complex porous medium, it is clear that the number of
unknown parameters is much greater in reality than the observables and therefore the solution
of the inversion problem is undetermined. Constraining the search for a model to the most
simple model to adequately describe the measured properties enables to obtain a solution
to the problem at all. Parker (Parker, 1994) formulated the inversion in the form of this
elementary a-priori requirement and interpreted the misfit of the data as a constraint to the
inversion for a smooth model description. Hence he formulated a Lagrange-functional

L(ν ~m) = ‖S ~m‖2 + ν (χ2 − M2)

where χ2 denotes the misfit function in terms of the statistical variance of the measurements
σj as formulated in equation 5.2. The stationarity requirement for L in terms of the Lagrange

parameter ν and the model parameters mk is ∂
∂mk

‖S ~m‖2 !
= 0 and leads to the best model

to simultaneously fulfill the a-priori requirement in agreement with the measured data in the
order of the significance with respect to measurement uncertainties. A simplified method of
this concept is used for the least squares inversion and the modification reads to

E2 = ν ‖S ~m‖2 + χ2

and the parameter ν is used to determine the weighting of the constraint. The applied con-
straint formulates that variations of model parameters are to be small compared to the search
range rk.

S1 = |C1δ ~m| C1 = diag

(
1

rk

)

This stabilizes the inversion and restricts the variations to be within the range of lineariza-
tion. The search ranges rk have to be chosen accordingly for each model parameter.

A constraint in form of a smoothing function in z could be useful in order to keep the
model to be smooth and as simple as possible. This is an important constraint since there will
always be a more complex model to fit the data as good or better than a simple model. Yet,
the information of the measured data is restricted and we therefore seek for the most simple
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model which adequately represents the measured data to a level which is not exceeding the
accuracy of the measurement or the noise level of the data. This concept is also relevant
for the choice of the model parameterization. Generally this would suggest to use the most
simple parameterization possible to explain the observed properties of the seismic wavefield.
However, since in practice the model parameterization is not changed in the inversion process,
it is favorable to select a model parameterization as well as the free inversion parameters
generously to enable more complex model structures in the process of the inversion if the data
requires them. The constraint on smoothness will prevent the inversion algorithm to choose
complex models if not driven and therefore required by the measured data. The number of
model parameters and specially the number of free inversion parameters is therefore mere a
compromise in terms of the memory and computational capabilities of the computer rather
than a conceptual limitation.

In practice this requires to limit the number of free parameters. By experience we know,
that variations in density and compressional wave velocity have low impact on the dispersion
of Scholte-waves, while their dispersion characteristics is highly sensitive to variations in
shear wave velocity. Therefore it is sensible to put constraints to density and compressional
wave velocity and invert for shear wave velocity in Scholte-wave data. However it is not
always true that Scholte-waves are insensitive to compressional wave velocity and density
and it should be checked e.g. by investigating the partial derivatives for these parameters.
For the inversion of guided waves the compressional wave velocity is a key parameter and
should be used as a free inversion parameter.

In general the choice of seismic velocities and layer thicknesses as simultaneous free
parameters should be treated with care since these are likely to be trade-off parameters and
the inversion can tend to just oscillate between two equally good models. The presence of
a trade-off is obvious in the case of travel time inversion with respect to layer thickness and
velocity. A specific travel time arrival can be obtained equally well by adjusting either the
velocity within the layer or the length of the propagation path in terms of the layer thickness.
Either of the cases and any combination of both parameters to fulfill the travel time criterion
are numerical solutions to the inverse problem. Hence, an infinite number of models will
explain the observed travel time equally well and thus I denote these parameters as a pair of
trade-off parameters.

I have discussed the numerous parameters which control the inversion process which I
summarize with respect to their application prior or within the inversion scheme in table 5.1.

The inversion procedure is performed interactively by controlling the weights of the con-
straints and free parameters, adjusting the balance between the simultaneous inversion of first
arrival times and spectral coefficients and checking for plausibility of the current inversion re-
sult. Since an optimized model may present a local optimum rather than the global minimum
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control mechanism parameter Number

weighting of greens coefficients wj∀data coefficients ≈120000 1)

tolerated noise level tterr and gerr 2
model parameterization n layers with 5 properties usually 10-30 2)

of polynomial order pkl ≤ 3 from
∑n

l

∑5
k

∑p

j mjkl + n

balancing factor χ2 =bχ2
greens + (1 − b)χ2

tt 1
stabiliation parameter ν 1

search ranges rk 0-30
source spectrum sj∀data coefficients 1 3)

1) The number of spectral coefficients depends on the the sampling ( e.g. 300x400 ).
2) The number of model parameters is a selection from

∑n

l

∑5
k

∑p

j mjkl + n layer thick-
nesses.
3) The choice between inverting the source spectrum in order to obtain full amplitudes and
the application of a normalizing term is the free parameter.

Table 5.1: Control parameters for the inversion of full wave spectra. The error levels for the
travel times and greens coefficients are denoted tterr and gerr and correspondingly the misfit
functions χ2

tt and χ2
greens for the data sub sets of the travel time and greens coefficients.

of the optimization problem, usually several manual interactions are required to continue the
inversion prior to the acceptance of the final model.

A resolution analysis with the final model shows the trade-off between parameter fits of
several free parameters to partially compensate for a given variation in layer thickness. The
resolution analysis is performed as a “rubber band test” by a sequence of inversion runs.
Each of the free inversion parameters is fixed at levels 10% higher and lower than in the final
model, while the other free parameters are inverted by consecutive runs. The set of models
produced within the sequence of all inversion runs define the range of variations of the free
parameters, and for each free parameter trade-off parameters can be identified. Despite of the
importance of a resolution analysis for the interpretation of the inversion result I refrain from
a more detailed description but refer to Forbriger (Forbriger, 2001).

5.4 Adaption of the full wavefield inversion for marine seis-
mic data

The original inversion described by Forbriger assumes a stack of solid layers and uses a
forward algorithm based on the reflectivity method (Forbriger, 2001). In order to calculate
the Green’s coefficients for models with a liquid layer on top, we need to account for the
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modified boundary conditions at the liquid-solid interface at the sea bed. This was achieved
by implementing the forward algorithm of MSEIS based on the propagator matrix method,
which already included the implementation of boundary conditions for liquid layers (Wang,
1999). This algorithm also produces the spectral coefficients for a layered medium in the
slowness-frequency domain efficiently and is therefore suitable for the inversion scheme.

At intermediate stages additional problems were encountered in forward calculations of
models with source and receiver in the water column at the same depth, or little difference
in depth. In these cases large amplitudes at low frequencies were observed. The crossection

Figure 5.1: Crossection of the uncorrected (left) synthetic wavefield spectrum at frequency
40Hz and the correction term to be applied (right). The real (top) and imaginary (bottom)
part of the complex spectral coefficients is plotted with respect to phase slowness at constant
frequency. The peaks relate to the fundamental and higher modes of the seismic wavefield.
In the uncorrected spectrum a large negative contribution shifted the location of the modes
with respect of slowness corresponding to the spectral coefficients of the correction term.

in fig. 5.1 shows that the mean of the amplitude (real) signal is not zero but a negative
contribution to the integral is observed. This contribution arises from the correction term
shown in the lower image. This was interpreted as contributions of the near-field term in the
forward calculations. Since this only contributes at very small offsets, it is not relevant for
the calculation of synthetic seismograms and is not seen in the measured data. Therefore
this “near-field correction” was implemented in the inversion algorithm and applied to the
synthetically calculated spectral coefficients. The comparison of the corssections (Fig.) and
the spectra (Fig.) for a measured data set and the corrected synthetic spectral coefficients
shows both the requirement and the successful application of the correction. This near-field
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Figure 5.2: Crossections at 40 Hz for the corrected synthetics and measured spectral coeffi-
cients in the representation corresponding to fig. 5.1.

correction is applied in the inversion by calculating the Green’s coefficients for a water half
space with the given source/receiver depth and subtracting these from the forward solution
of the layered model. The correction coefficients therefore have to be recalculated only, if
the seismic parameters of the water column or the assumed source and receiver depth are
changed, but remain constant otherwise, which reduces the number of additional forward
calculations in the inversion process. The implementation of the majority of these adaptions
into the code was done by Thomas Forbriger and his help is gratefully acknowledged.

The investigated methods consider the full wave energy excited by the seismic source
and propagated through the medium. However, the amplitudes of seismic data are not only
influenced by variations of the medium, but to great extends also depend on the variation
of factors related to the source and receiver, namely source repeatability2 and variations in
receiver coupling. Furthermore, the variations in the path of propagation, not alone deter-
mined by variations in the source-receiver geometry, affect the measured seismic wavefield.
This has to be accounted for in both of the latter groups of methods and their difference is
predominantly determined in the choice of data space. Seismic waveforms are non-linear
oscillatory signals, not a simple task for an inversion algorithm, since the oscillation is pro-
jected into the misfit function to be minimized during the inversion process. It is therefore
advantageous to use wavefield spectra. The Green’s coefficients have been determined in ap-
plication of a wavefield transform, which separates the oscillatory part of the wavefield in the
transform process (Forbriger, 2003a). Hence, linear inversion of the Green’s coefficients of
the wavefield spectra is much more stable compared to the inversion of seismic waveforms.

2source strength and amplitudes and phase of the source signal, Verbeek and McGee, 1995
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Figure 5.3: Synthetic wavefield spectra with and without the near-field correction applied.
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Case studies
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Case Studies

The improvement of the acquisition and analysis methods has been continuously developed
during my work on three mayor projects with data sets from the Kiel Bay and Arkona Basin
of the Baltic Sea and the Laptev Sea in North Siberia. The multi-channel streamer seismic
data from the latter has been provided by the Federal Institute of Geosciences and Resources
(BGR). It was used to develop analysis methods and further the understanding of dispersive
guided waves. The study areas in the Baltic Sea have been used to test and further develop
the acquisition of dispersive seismic data. The inversion procedures to infer in-situ seismic
properties from the dispersive seismic wave spectra has been continously enhanced and used
for all data sets. Scholte wave measurements in the Kiel Bay area have been conducted to
investigate the potential to excite and record Scholte waves with surface towed airgun and
ocean bottom sensor stations. Together with first analysis methods this is the topic of the
SCHERSEIS project in the first case study (Chapter 6).

Further developing the acquisition towards a towable system as well as the correlation
of the inversion results with sedimentological data was the scope of the investigation in the
third case study from the Arkona Basin, which has been devoted as a Natural Laboratory
(NATLAB) in the subproject INGGAS-NATLAB. Here, recordings of Scholte waves as well
as acoustic guided waves are discussed (Chapter 8). But before investigating the detailed
analysis in the Arkona Basin, I present a data set from the Laptev Sea, North Siberia, as
an introduction to the potential of propagating leaky modes in form of guided waves in the
second case study in chapter 7. This data set from the Laptev Sea and the investigation on
dispersive waves were the trigger for the ongoing investigations on the potential of develop-
ing a towable acquisition system to determine sediment properties from the measurement of
dispersive wave types.

The location of the study areas is marked on the bathymetric maps of the Baltic Sea and
of the East Siberian Sea (Fig. 6.1).
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Chapter 6

Scholte Waves - Acquisition and
Processing - Kiel Bay
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Figure 6.1: (left page) The bathymetry map of the Baltic Sea shows the locations of the study
areas of the Kiel Bay and Arkona Basin case studies presented in chapters 6 and 8 (top). The
Laptev Sea study area described in chapter 7 is indicated in the bathymetric map of the Polar
Seas (bottom, courtesy of IOBAC, 2003).
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6.1 Introduction

The aim to directly measure shear wave velocities of shallow marine environments lead to
the marine seismic experiment conducted in the Baltic Sea in 1987 using a sledge-mounted
seismic source operating at the sea floor in conjunction with an ocean bottom receiver spread
(Gimpel, 1987). A high amplitude Scholte wave has been recorded, but, once operating at
the sea floor, direct measurements of the shear wave velocity were more easily obtained.

The potential to derive shear wave velocities from the Scholte wave has become of in-
terest since it was realized, that these waves do propagate measurable seismic energy into
the water column, while pure shear wave energy is not observable. Probably one of the first
multi-channel streamer records of a Scholte wave was acquired in the Laptev Sea in 1997, by
the Federal Institute of Geosciences and Resources (BGR, Hannover) in collaboration with
the Sevmorneftegeofizika (SMFG, Murmansk) (see chapter 7). Since the Scholte wave was
only recorded on very selected parts of one of the seismic lines, we initiated an investigation
to determine how to excite and record these Scholte waves in form of the DFG funded re-
search project SCHERSEIS. Here, the scope of the investigation was to use an ocean bottom
sensor in order to investigate, that a surface towed airgun can excite sufficient Scholte wave
energy to derive shear wave velocity information from the measured dispersive seismic data.
In the scope of this project we conducted two marine seismic experiments in the Kiel Bay
study area on FK Litorina and FK Polarfuchs in 1999 and 2000. In the following, I will
present the investigations concerning the acquisition and data inversion methods developed
in cooperation with the project team of SCHERSEIS. In the first experiment, three different
receiver types and configurations have been used to investigate the acquisition system and
parameters to enable Scholte wave measurements. The second experiment in 2000 was con-
ducted at three different geological sites in order to investigate the potential to distinguish
the subsurface material from the measurements. The analysis methods, firstly to depict the
dispersion characteristics of the seismic wave field and, secondly, to derive the shear wave
velocity from the measured dispersion, have been developed.

6.2 Seismic experiments

In September 1999, the first seismic experiment was conducted with three different receiver
systems in order to investigate the influence of receiver coupling and the repeatability of the
airgun signal. Three ocean bottom sensor systems had been deployed simultaneously, during
the experiment at site A of the Kiel Bay study area. Next to the autonomous Ocean Bot-
tom Hydrophone (OBH) station from GEOMAR (Kiel) and an Ocean Bottom Seismometer
(OBS) station from GeoPro (Hamburg), both deployed from FK Litorina, a 48-channel ocean
bottom hydrophone array from Electronic Engineering Ltd., UK, was deployed from FK Po-
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larfuchs, which then ankered during the ship-board registration of the seismic data using
the Geometrics Strata View R60 seismic recorder 6.2. Seismic sources were several Prakla-
airguns of the type VLF and VLA with chamber volumes from 0.3 to 1.2 were used at various
operating pressures ranging from 60 to 120 bars, operated from the research vessel FK Lito-
rina. The location of the study area for this experiment, which coincides with the location
of the seismic experiments conducted the following year, is presented in fig. 6.3. The two
sites A and B, with water depth less than 25 m, have been of special interest in previous
studies. The outcrop of glacial till at the sea bottom at site A was recognized in previous
seismic investigations and was therefore chosen as an example of hard sea floor sediments in
contrast to the several meter thick layers of soft Holocene mud filling the troughs of glacial
or fluvial discharge channels present at site B. The occurrence of scattering effects as well as
the structure of glacial or fluvial channels have been investigated in a 3-D experiment, hence
detailed knowledge of the subsurface structure is available at this site (Müller et al., 1999).

During the seismic experiments in August 2000, next to measurements at the sites A
and B, the site C was investigated in order to enhance the variety of different sub-bottom
materials. Grab samples from the area indicated a sand or sandy-silt with cobbles and rocks
as well as shells and organic material. From the results of the previous cruise, the choice of
acquisition system was made in favor to multiple OBS stations to be used in a walk-away
configuration. Five OBS stations were available for the experiment and deployed in line
and crossed with an 0.6 l airgun source in two sets of perpendicular profiles at 45 degree
angle, forming a star configuration. The main profile crossing the receiver stations in in-line

depth

amp

Scholte wave

water

sediment

Hydrophne
Seismometer

OBH OBS OBC

Airgun

(a) Configuration of the experiment on cruise Li-
1’99, September 1999
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(b) Experiment layout for Aug 2000 Cruise
Li-2’00

Figure 6.2: Survey configuration in the first seismic experiment at Kiel Bay, Baltic Sea, Sept.
1999
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Figure 6.3: Location of the two surveys in the Kiel Bay, Baltic Sea. The first Survey (1999)
focused on site A, while measurements at A, B and C were obtained in 2000.
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direction was extended to double the profile length. Then, all except the center station were
moved to form a perpendicular receiver line in relation to the first and the star configuration
profiles were repeated. It was possible to accomplish one survey on each measuring day with
six hours of time available in the study area. The survey was conducted at the three different
sites A, B and C and a second survey at 45 degree angle was added at site B. Additional high-
resolution seismic lines were acquired with a boomer source and single channel registration.
The location of all profiles is shown in fig. 6.4.
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Figure 6.4: Location of profiles acquired in the Kiel Bay, Aug. 2000 experiment

The OBS-stations have been deployed with a line and surface buoy, which is one possible
cause for low frequency noise of high amplitudes but irregular occurrence in the seismic
gathers evident in the data example presented in section 6.3 and fig. 6.13. It is less prominent
at site A than at the other sites, which can be explained by the fact that the sea state was
calm during the measurements at this site, while winds up to force 6 bft. caused more swell
during the operating days at site B and C. The removal of the arbritary distributed noise
was not possible, since the noise is present at the frequency range of interest. It is therefore
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concluded, that either surface buoys should not be used at all, or need to be separated from
the receiver system.

6.2.1 Time synchronization of the source and receiver systems

The synchronization between the source and receiver systems was one of the main issues in
the practical pursue of the experiment. The autonomous OBS and OBH stations are contin-
uously recording data during the experiment and have their internal quartz for time keeping
which is synchronized with an GPS clock prior to the deployment and after retrieval of the
system. The skew (the drift of internal clock in relation to GPS time) is measured and ac-
counted for in the preparation of the data. Here, a linear clock drift is assumed, and for each
shot the seismic trace is cut from the continuous recording, starting at the skew-corrected
time of the shot. Since the clock drift is depending on temperature, this assumption will not
be correct while the deployed system climatizes to the ocean bottom temperatures. Since the
temperatures in the shallow water are not extreme, this fact is neglected for the OBH-system.
However, presumably this was a mayor issue for the GeoPro-OBS-system, due to the fact,
that the system had to be synchronized in the laboratory in Hamburg, hence synchronization
could only be performed on the first and the fifth day of the experiment.

Another possible reason is the fact that several different GPS systems were used for the
purpose of synchronization due to compatibility reasons. Apparently, the GPS time signal for
the three different GPS systems used was not synchronous at all times. Possibly, the systems
did not receive and use the signals from the same GPS-satellites, which would explain slight
variations in position and time.

The synchronization of the OBC-recording was achieved differently, since the recording
unit requires a trigger signal for each shot. The trigger signal was generated on FK Litorina
and radioed to the recording vessel FK Polarfuchs just prior to the beginning of each profile.
Here, the autonomous trigger unit on the recording system was synchronized, in order to
maintain the constant shot rate at times without radio contact between the vessels. The skew
of the radioed source trigger related to the autonomous recording trigger was measured prior
to each synchronization. In laboratory conditions, it was measured that the radio transmit-
tance of the source trigger pulse causes a constant delay in the order of 40 ms for the system
used. Alternative methods to synchronize the two systems on the DCF77 radio signal trans-
mitted from the atomic clock in Braunschweig were discarded due to the fact that here the
DCF-receivers available, had a variable signal delay between 20 and 80 ms for two receivers
of the same series. Hence, the radio trigger was superior due to the fact that the delay was
more constant.

For future experiments with autonomous receiver stations it is suggested to abandon the
requirement of the absolute time synchronization by performing a combined positioning and
time synchronization measurement with a high frequency acoustic system mounted to the
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receiver system. Since we require an accurate absolute position to obtain correct source-
receiver distances for further processing, a high frequency measurement with several known
shot positions to determine the receiver position by travel time inversion is suitable. It is just
a numerical enhancement of the inversion process to include the absolute time as an unknown
parameter into the inversion process. Such an experiment could be combined with high reso-
lution seismic measurements to obtain the detailed stratigraphy and additional constraints to
the layer thicknesses.

6.2.2 Determining and achieving the required shot interval

The choice of the shot interval has to be adapted to the requirements for the wave field trans-
form as discussed in section 4.3, but practical limitations also constrain this acquisition pa-
rameter. The throughput of compressed air by the airgun source is determined by the shot
interval, the chamber volume and the air pressure in the chamber. The amount of compressed
air used by the airgun has to be produced by the compressor system available on the vessel.
By adapting the pressure reduction unit of the airgun system to be fitted to a conventional
electric compressor available on FK Litorina, we could produce the required amount of air
without the need of a large hydraulic compressor, generally used in airgun seismic experi-
ments. This made the operation on a small and maneuverable research vessel of less than 30
m length possible. However, we therefore have a maximum average throughput limited to
≈1500 l/min. With a buffer in form of pressure tanks (2 x 50 l was used), we can use more
compressed air during the profile, which is refilled during the turns between profiles.

The air pressure in the airgun chamber as well as their volume determines the amount
of seismic energy discharged into the water. Tests with airguns of 0.3 l, 0.6 l and 1.2 l with
pressures of 60 to 120 bars revealed that the amplitudes of the Scholte wave signal increased
for larger chamber volume, but so does the required amount of compressed air. The energy
release of the 0.6 l airgun at 70-80 bar was sufficient for the analysis of the dispersive Scholte
waves, presumably due to the shallow water conditions.

With this configuration we could shoot a 0.6 l airgun every 10 seconds for nearly two
hours on one profile. This is long enough to cover a profile length of 1 nauticle mile (nm).
Hence, we have up to 0.5 nm (≈ 900m) to either side of the deployed station or nearly 2 km
if a continuous profile is started or ended at the deployed station.

6.3 Data examples, acquisition and preprocessing

A representative common-receiver-gather (CRG) from the OBS station at site A is shown
in fig. 6.5a with offset dependent scaling in order to compensate geometrical spreading.
The highest amplitudes are observed in the reflection events and the first arrivals, which are
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thought to be an interference of the direct wave and the sea floor reflection/refraction due to
the shallow water geometry.

The Scholte interface wave is clearly visible once the high amplitude reflection events
have separated at later arrival times exceeding offsets of 50 m. It is easily identified due to its
low velocity of propagation and distinctively lower frequencies compared to the direct and
reflected arrivals in the seismic wave field. This enables to enhance the Scholte wave ampli-
tudes in the CRG by simple low pass frequency filtering. To account for variations in shot
strength, each seismogram is normalized to its maximum amplitude within each seismogram
section, prior to the dispersion analysis or wave field transforms to be applied. In some cases
f-k-domain filtering may enhance the signal of the Scholte wave energy compared to reflected
or ambient noise energy in the gather, but generally no other preprocessing has been applied.

6.3.1 Comparison of different receiver systems

In order to compare the potential of recording Scholte wave energy with either of the three
receiver systems available, low-pass filtered seismic CRGs from the three sensor systems
with equivalent offset ranges are shown in fig. 6.7. The locations are not identical, but within
a range of 400 m apart, hence the sub bottom properties at each location may vary slightly.

The OBH registration suffers from strong low-frequency reverberations dominantly in
the near offset range, which do not occur on the other two sensors. Here, the construction
of this particular OBH might be the cause for these reverberations, since the hydrophone is
mounted on the stand in between the buoyancy body and the sea bed, approximately half to
three quarters of a meter above the sea bed. The characteristic of the reverberation is most
dominant in the the wavelet of the first arrival of the OBH. These wavelets of each of the
three receiver systems and the corresponding frequency spectra are shown in fig. 6.6. Other
possibilities for such reverberation have been discussed by (Osler & Chapman, 1998, e.g.).

Also remarkable is the variation of the amplitude and phase of the direct wave of the OBC
registration. Here, the section presented in fig. 6.7c is a concatenation of three common-
shot-gathers with varying shot distance in order to cover the same offset range as shown in
the OBS and OBH sections. The concatenation is at 115 m and 230 m offset of the section,
where some traces of the different shots overlap in the offset range. We observe a variation in
the phase of the filtered first arrival near offset 220 m, which corresponds to identical receiver
locations. The variation of the receiver coupling along the receiver spread could cause such
an amplitude variation.

Since we require repeatability of the influence of source and receiver on the recorded
seismograms, such variations in the receiver coupling complicates the analysis of the data. It
was therefore concluded, that the ambiguity between source-receiver related and sub-surface
inferred variations of the seismic wave field is reduced by using just one single sensor for
each interpretation and inversion of the dispersive wave field. However, if the variation in
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Figure 6.5: Common-receiver-gather of the OBS prior and after the application of the low-
pass filter at 20 Hz.
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receiver coupling could be quantified by an independent measurement, the use of a receiver
spread could overcome the limitations due to the stationary-receiver geometry.
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Figure 6.8: The particle displacement for the three components (z=vertical and
x,y=horizontal) of the seismometer recording (OBS) and the hodograms of the particle mo-
tion projected in the three planes (from Kugler, 2001)

The three geophone components of the OBS recording enable to reconstruct the particle
motion at the sea floor. This is a valuable advantage against the two other recording systems
used. Hodograms of the particle trajectory can be calculated from the particle velocity mea-
sured in the geophones. This is achieved by integration in the Fourier-domain to obtain the
particle displacements of a signal corresponding to the Scholte wave energy (Fig. 6.8). The
elliptically polarized motion of the particles is clearly visible in the lower three images of the
projections of the 3-D particle motion into the three coordinate planes.
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Figure 6.9: The results from the wavefield transform into the frequency-slowness domain of
the shot gathers shown in fig. 6.7.
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In the wave field transformed spectra of the CRGs using the time-domain slant-stack al-
gorithm, we observe correlated energy presumably related to the fundamental and first higher
modes of the Scholte wave (Fig. 6.9). The geophone recordings of the OBS reveal a slightly
superior image of the modes. Noise problems encountered at site B during the second exper-
iment have been more severe on the geophone components. The amplitude level of Scholte
wave energy in the hydrophone recordings is about 20 % lower compared to the vertical
component of the geophone. This amplitude ratio of 0.8 for the Scholte wave energy at low
frequencies is large compared to the amplitude ratio of 0.1 for the wave energy at higher
frequencies (reflected, refracted and converted waves). Therefore, we conclude that the low
frequency interface waves are well observable on the hydrophone component.

OBS

• the particle motion can be resolved from the geophone compo-
nents

• high variability in receiver coupling

• more liable for noise and resonances of the recording system

OBH

• receiver signal distortion is less dominant and more stable

• Scholte wave energy is only slightly reduced compared to vertical
component recordings.

OBC

• multi channel recording enables to check source and receiver re-
peatability and coupling

• variations in receiver coupling must be accounted for

• combination of common-shot and common-receiver recordings
can supplement to facilitate the acquisition with adequate spacial
sampling.

Table 6.1: Comparison of the sensor systems

The following advantages and disadvantages of different ocean bottom sensor systems
are summarized in table 6.1.
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In order to determine, whether variations of the dispersion due to changes in the sub bot-
tom sediment properties can be revealed by the p-f-spectra, the measurements at the different
geological sites are analyzed.

6.3.2 Scholte wave dispersion at different geological sites
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Figure 6.10: Common-receiver-gathers recorded at site A. The body wave arrivals have been
suppressed by low-pass filtering, while the two modes of the Scholte wave energy propagating
at low group velocity are very clear (from Kugler, 2001).

Examples of the common-receiver-sections acquired during the August 2000 seismic ex-
periment in the Kiel Bay are described in the following sections. The data sets are classified
according to the geological settting at the site:

site A - Glacial till (OBS-A13, Fig. 6.10),
site B - Holocene mud (OBS-B31, 6.13, top) and
site C - Sandy-slit sea bed (OBS-C14, 6.13, bottom).
The analysis and inversion of the seismic data from these sites was carried out in the

scope of the master project of Simone Kugler, embedded in the frame of the Scherseis project
(Kugler, 2001).
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Site A - Glacial till
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Figure 6.11: Inversion results from site A compared with data from previous investigations
(from Kugler, 2001)

In the seismic common-receiver-section from site A, two dispersive modes can be identi-
fied in the slowness-frequency domain in figure 6.11a as well as in the time domain. At this
site, the p-f spectra differ significantly for the individual OBS locations. Variations are also
significant for the two sub-profiles at either side of each of the OBS stations. This lateral vari-
ation in the seismic spectra is caused by lateral variations of the subbottom properties. The
inversion procedures introduced in section 5.2 have been applied to derive the shear wave
velocity profile at this site (Bohlen et al., 2003; Kugler, 2001). From the inversion of the fun-
damental and first higher modes of the seismic wave field, we obtain a two-layer model with
shear wave velocities of 260 and 380 m/s respectively (Fig. 6.11b). The resolution analysis
showed that the velocity of the top layer is given to less than 10% error. The error increases
with depth, but remains less than 25% up to 35 m depth below sea bed (Fig. 6.12). The inver-
sion result for the layer thickness of the top layer is given to 9 m with 25% error. It should be
noted, that a gradient of increasing shear wave velocity with depth at a rate of 15 m/s per one
meter depth would probably fit the data just as well. The inversion result is shown in fig. 6.11
together with results from the measurements and analysis of PS-converted waves by Gimpel
(1987) from the nearby Stollergrund study area (Gimpel, 1987). In comparison, both results
are in good agreement. The velocities are similar and the thickness of the layers is likely to
differ between the two sites by the range observed in the data. Also indicated is the empirical
relation obtained from laboratory measurements by Hamilton (1976) for coarse sands.
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Figure 6.12: Resolution analysis for the inversion result for Site A was performed by the
“rubber band” test, i.e. by successive variation of the shear wave velocity value in each of the
5 m thick layers producing an increase in misfit of 10 %.
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Site B - Holocene mud

The seismic data at site B was of poor quality with respect to very high amplitude noise in the
frequency range of concern. The noise is arbitrarily distributed along the continuous record
of the OBS stations, regardless of the timing of the seismic source signal. At this site a higher
sea state and windy weather conditions were encountered compared to the measurements at
the other two sites. Therefore the noise is believed to relate to the surface buoy attached to
the OBS system, which could produce significantly more noise signals at these higher sea
states.

Note, however, the coherent low frequency signal observed in the very first three seis-
mograms of the common-receiver gather in fig. 6.13b. This could indicate the presence of
a Scholte wave of very low velocity of propagation but high attenuation as expected in very
soft muds, known to be present at this site. No dispersive modes could be detected in the
wave filed spectrum of this site. Therefore the inversion could not be performed. However,
similar seismic wave forms could be produced in the synthetic seismograms in figure 6.14.
The seismogram section was computed for a model representing a soft surfical layer of mud
overlaying harder sediments (e.g. the glacial till observed at site A). The frequency of the
dominant dispersive signal related to the Scholte wave is below 4 Hz, hence below the eigen-
frequency of the seismic sensors used in the experiment.

Site C - Sandy-silt sea bed

At the third site the data was of better quality, but of very complex nature with respect to the
dispersion observed in the seismic wave filed. The p-f spectrum corresponding to the seismic
section of this site is shown to the left of fig. 6.15. Here, the spectrum could not be analyzed
with the inversion algorithm due to the complex nature of the spectrum. A synthetic spectrum
generated for a model including a low velocity zone is shown in fig. 6.15a (middle) with the
corresponding model in b (right). Hence, a low velocity zone could be a possible cause for
the complex image in the p-f spectrum.

6.4 Conclusions

In shallow water conditions a small surface towed airgun excites Scholte waves with sufficient
energy to be recorded with ocean bottom sensors, hydrophones as well as geophone compo-
nents. Using the 0.6 l airgun, the Scholte wave field can be separated by simple low-pass
frequency filtering below 20 Hz.

The use of seismometer stations is advantageous, since the particle motion diagrams may
help to identify the presence of elliptically polarized Scholte waves. Yet, it is also shown,
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Figure 6.14: Synthetic seismogram and the corresponding model possibly resembling the
geological situation at site B (from Kugler, 2001).
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Figure 6.15: The measured p-f-spectrum from site C (right) compared with a synthetic spec-
trum (center) corresponding to the shear wave velocity model on the right (from Kugler,
2001).
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that the hydrophone component data had sufficient Scholte wave energy and is generally less
liable to noise and shot-to-shot variability due to receiver coupling or device-induced noise.

For future experiments I propose additional high frequency measurements in order to fa-
cilitate the data analysis procedures. High frequency records could be used to simultaneously
determine the receiver position as well as the absolute time delay of the recording units.
These measurements could be performed in conjunction with high resolution seismic to de-
termine the stratigraphic sequences. The recording units of the ocean bottom stations would
need to record at significantly higher sample intervals for these measurements.

At one of three sites the shear wave velocity structure of shallow marine sediments could
be inferred from the dispersive seismic wave field of Scholte waves, by using an inversion
procedure newly developed within the scope of the Scherseis project and the master thesis
of Simone Kugler. The limitations of the method have been encountered at the two other
sites. Firstly, due to the very low velocity structure at site B, the seismic wave field was
not sampled adequately. Furthermore is the frequency range of interest at this site below the
receiver specific lower limit. Secondly, the complexity of the subsurface structure can limit
the applicability of the inversion method. Therefore the development of more sophisticated
inversion procedures for these complex structures are continuously investigated.
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7.1 Introduction

Characteristics of submarine permafrost in the Laptev Sea

The Arctic shelves which have seen transitions from sub-aerial to marine conditions during
the glacial and interglacial stages are the only places where submarine permafrost conditions
are known. Permafrost resides wherever the mean annual temperature of material (e.g. soil,
rocks, sediments) is below 0◦ centigrade for several years. There is evidence from seismic
data as well as from cores from the Laptev Sea, that permafrost occurs widespread on the
broad and shallow continental shelf of the Laptev and East Siberian Seas. It is believed, that
the permafrost formed in sub aerial conditions in the glacial stages, when most of the con-
tinental shelf emerged due to the lower sea levels. The extend of submarine permafrost is
therefore believed to be induced from the last sea level low stands and depending on the net
thermal heat flux in the area. Mapping the extend of the permafrost today provides therefore
important input parameters for the estimation of thermal heat flow and conductivity param-
eters in the area and therefore enables to investigate climate impact on gas hydrate stability
zones (Deslile, 1998).

Can seismic data provide additional (complementary) information on the
sediment structure ?

Large scale seismic surveys to investigate the tectonic setting and the extend of the Laptev Sea
Rift in relation to the mid ocean ridge (Gakkel Ridge) have been performed by the BGR in 93,
94 and 97 (Franke et al., 2001). The presence of large amplitude dispersive wave trains in the
seismic shot gathers made the conventional reflection seismic processing more complex than
expected. Moreover the question of the cause and the usefulness of these wave phenomena in
the seismic data arises. The dispersive waves have been interpreted to represent acoustically
guided waves due to the presence of a hard sea bottom at shallow water depth. The water
column presents the wave guide and I discuss how additional parameters of the sub bottom
sediment structure can be determined from the dispersive waves. Moreover it is possible to
use conventional reflection seismic data to estimate the depth variation of the shear wave
velocity of the upper few tens of meters in the sediment, a seismic parameter which is not
easily determined otherwise.

Potential of dispersive guided waves to derive Vs depth profile

The analysis of dispersive seismic waves to derive the variation of shear wave velocity with
depth has been applied to surface wave data in many occasions. It is common practice in
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seismology to invert the Rayleigh wave dispersion for sub surface seismic parameters in-
cluding shear wave velocity and attenuation coefficients. Also in small scale geotechnical
problems or in non-destructive material testing the dispersion analysis of interface waves
(SASW-Method) has become very popular in the last few decades.

The investigation of guided waves, which exhibit multi-modal dispersion relating to the
thickness of the wave guide and the wavelength excited, has not been done to a great ex-
tend. Here I present a case study, where the analysis of dispersive guided waves can add
complementary information to the normal reflection seismic data analysis.

Case Study Outline

To begin a data example of the reflection seismic survey of the BGR in 1997 is presented
as well as the application of a full wavefield transform to reveal the dispersive characteristic
of the guided waves of the seismic common shot gathers (Sec. 2). Then synthetic seismic
wavefield computations of a layered (1-D) reference model to show the characteristics of the
guided wavefield and the sensitivity to the seismic parameters of interest (Sec 3). Finally an
inversion method to infer the variation of sub-bottom seismic parameters with depth from
the recorded dispersive seismic data by full wavefield inversion in the slowness-frequency
domain (Sec 4) is presented and the inversion results are compared with independent infor-
mation from other publications (Sec 5).

7.2 Multichannel Seismic Data

For investigations towards the understanding of the tectonic setting of the Laptev Sea study
area, more than 4000 km Multi-Channel-Reflection-Seismic (MCS) lines along with several
wide-angle reflection seismic lines with Ocean-Bottom-Hydrophone (OBH) stations have
been acquired in 1997 (Hinz et al., 1997). Near surface reflections and high velocity re-
fraction arrivals indicated the presence of a high-velocity layer interpreted as submarine per-
mafrost. The high velocities at near surface complicate the refraction analysis of the near
surface and sub permafrost layers and we seek additional information to the depth profiles of
the seismic velocities.

7.2.1 Study Area

The Laptev Sea is a shallow Randmeer of the Arctic Ocean, surrounded by the New Siberian
Islands and the East Siberian Sea to the east and the Taimyr Peninsula to the west. The Laptev
Sea is covering a broad continental shelf with water depth from only 10-100 m for ≈ 300 km
from the Lena River delta in the south to the drop into the Eurasian Basin of the Arctic Ocean
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Figure 7.1: The bathymetry map of the Laptev Sea shows the large plateau area of the shelf
with water depth below 100 m up to 300 km and a sudden drop into deep waters. The tectonic
setting is indicated by the Gakkel Ridge, i.e. the mid-ocean ridge and boundary between the
North American and Eurasien plates, and the mountain ranges on shore.
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in the north. Due to the shallow depth of less than 100 m the continental shelf was exposed
in cold stages and phases of marine regression and continental permafrost developed. The
influence of climate and heat flux changes have been investigated by Delisle et.al. in detail
(Deslile, 1998).

The unique plate tectonic setting of the North American and Eurasian plates separated in
the Eurasian Basin just north of the broad continental shelf of the Laptev Sea study area gave
rise to detailed deep reflection seismic investigations. In 1997, the Federal Institute for Geo-
sciences and Natural Resources (BGR, Hanover), in cooperation with Sevmorneftegeofizika
(SMNG), Murmansk, acquired 4000 km of multi-channel reflection seismic (MCS) lines and
several wide-angle reflection/refraction lines in the area to illuminate the tectonic setting. A
small subset of this data was used for the investigation of further potential of information
from the dispersion analysis presented in this work.

7.2.2 Seismic Lines and Acquisition Parameters

The acquisition parameters of the seismic data is summarized in fig. 7.3. The location of the
subsets of the Lines 1, 5, 20 and 21, each located in the vicinity of Ocean Bottom Hydrophone
(OBH) stations of the wide-angle seismic data, are marked in fig. 7.2. The refraction analysis
of the OBH-data performed by the BGR can provide additional information to verify/calibrate
the results from the dispersion analysis.

The first seismic line starts in very shallow water and crosses the main discharge channels
of the Lena river. The water depth in the location of the subset discussed averages to 20 m.
The average water depth of the other subsets of lines 5, 20 and 21 is in the range of 40 m. Line
1 has the most dominant dispersion features with additional dispersive interface waves present
in both, the MCS and OBH seismic data. Yet, I want to demonstrate the analysis method on
the data example from line 21 on which the variation of the dispersion characteristic along
the line is more pronounced.

7.2.3 Data Example

The shot gather presented in fig. 7.4 shows refracted arrivals with apparent velocities of 3.6
km/s which are interpreted as the top of the permafrost zone. Dominant reflection arrivals can
be identified at 2 s two-way-travel-time (twt) while a high-frequent “direct wave” with veloc-
ity of 1.4 km/s may mask other reflection events with earlier arrival times. The time-reduced
shot gather (a reduction velocity of 1.5 km/s was applied) presented in fig. 7.5 reveals, that
the direct wave is a superposition of dispersive modes. Clearly visible are the phases of the
mode marked by the arrows correlating with higher velocity than the propagation velocity of
the mode, hence a normal dispersive propagation pattern. The transformation of the wavefield
into the slowness-frequency domain, using a frequency domain slant-stacking algorithm as
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Hydrophone  : 4 Hz
Band pass : 6 - 50 Hz
Recording length : 30 sec
sample rate : 10 ms

Depth ~ 7.5 m
Airgun array   : 69,8 l
     No. : 32
depth : ~ 7,5 m
Shot interval  : 75 m
        (50 m for line 20)

75 m Min. distance to profile
OBH 1 : 572 m (Shot 3175)
OBH 5 : 464 m (Shot 626)
OBH 21 :   45 m (Shot 926)

Offset 101,2 m
Channels   : 240
Hydrophones  : T-4  (4 Hz)
     No. per Trace : 16
Groupspacing  : 12.41 m
Recording length : 12 sec
sample rate : 2 ms

Active length 2973,5 m

Trace length 12,41 mDepth ~ 10 m
Airgun array   : 69,8 l
     No. : 32
depth : ~ 7,5 m

Figure 7.3: Acquisition parameter of the 1997 survey in the Laptev Sea conducted by the
BGR and SMNG.

proposed by (Park et al., 1999), makes the above clearly visible, since three separated modes
can be identified in the amplitude spectrum of the transformed wavefield. At high frequen-
cies all modes tend to approach the same slowness of ≈0.7 s/m, equivalent to the velocity of
1430 m/s, the sound speed in the arctic cold waters of the Laptev Sea. At lower frequencies,
however, the wave energy splits into distinct modes, which are characterized by the water
depth (i.e. the thickness of the waveguide) as well as the sub bottom seismic parameters to
be shown in this study.

7.2.4 Regional Variation of Dispersion Curves

The first indication that the dispersion characteristics is a function of lateral variability of the
sediment structure is given by the variation of the dispersive pattern of the modes found on
the different seismic lines. Fig. 7.7 shows the amplitude spectra of the transformed seismic
wavefield from shot gathers of the other seismic lines located within the study area as shown
in fig. 7.2. Here we can identify the variation in the position of dispersion curves with respect
to the slowness-frequency axes, but also variations in the amplitudes between and along indi-
vidual modes are present. Hence we assume, that the analysis of the full amplitude spectrum
of the transformed wavefield will reveal more information on the sub bottom properties than
conventional dispersion curve fitting methods, which are commonly used in seismology or
geotechnical applications.
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Figure 7.4: In the example shot gather from the reflection seismic line 21 the refracted ar-
rivals with several reverberations have a velocity exceeding 3 km/s related to shallow depth.
This indicates the presence of submarine permafrost. The acoustic wave exhibits dispersion
which is more clear in the time reduced zoom in fig. 7.5 and marked by the box. The ampli-
tudes are scaled with AGC ( window = 0.1 s).
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from successive τ−p and Fourier transforms of the seismic gather. The reflected and refracted
energy is seen at 0.3 s/km and 10 Hz while the three modes of the guided wave tend to the
slowness of 0.7 s/km corresponding to the acoustic velocity in the water.
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Figure 7.8: The reference model reflects the setting of a sub-marine permafrost overlain by a
thawed layer fo sediments. The corresponding synthetic spectrum shows the acoustic guided
modes in the slowness range corresponding to the limits from the water velocity and the
permafrost compressional velocity.

7.3 Sensitivity of Seismic Parameters of Dispersive Guided
Waves

In order to accomplish the analysis of the full amplitudes of the slowness spectrum of the
transformed wavefield we need a method to predict the amplitude spectrum for known seismic
parameters of the sub bottom. This is possible with forward modeling algorithm which solve
the wave equation and therefore obtain solutions of the full wavefield including all body,
boundary and leaky waves present. In the inversion process we will than be able to compare
the measured data with the computed and revise the model until the best fit is reached, i.e.
the misfit between the synthetic and measured amplitude spectra is minimized.
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7.3.1 Reference Model

The choice of a reference model to represent the main features of the Laptev Sea sediments
is based on the results of a sensitivity study. This indicated a permafrost layer of several
hundred meter thickness on top of the basement. The presence of layer of thawed sediments
of a few meters thickness was significant to obtain a similar distribution of leaky mode energy
as observed in the measured data. The water depth of 40 m is the average within the laptev sea
study area. This model was used to show the dominant wavefield phenomena encountered
in the study area and all variations of sediment parameters are based on this model. The
corresponding synthetic slowness spectrum in figure 7.8(right) indicates that this reference
model is qualitatively a good representation of the measured wavefield shown in figure 7.4.

Synthetic seismograms as well as time slices of the derivatives of the seismic potentials
(div and curl) were calculated with a FD-algorithm (Bohlen, 1998), which enables to study
the spatial distribution of the wave energy for each time step. The total wave energy is
separated into the shear and compressional wave energy as displayed in fig. 7.9 for the
seismic wavefield at 0.8 seconds after the excitation of the source at zero offset. The acoustic
wave energy in the water column is visible in the offsets range from 1.2 to 1.5 km in the
lower image. The polarity change just above the sea floor indicates the presence of a nodal
plane and higher modes. Energy with exponential decay away from the fluid-solid interface
is observed in the shear wave energy at 1 km offset and at 1.2 km in the compressional
wave energy. The shear wave energy relates to the interface wave, since the arrival at 1000
m after 0.8 s corresponds to the Scholte wave velocity of the permafrost layer. The high
amplitudes in the permafrost and sediment halfspace at offsets from 1 to 1.2 km as well as
the exponential decaying energy in the sediment and permafrost layers at 1250 m must relate
to the acoustic guided waves. Hence, we observe that energy related to the acoustic guided
wave does penetrate into the sediment, and is therefore influenced by the sediment properties.

7.3.2 Sensitivity of the Acoustic Guided Modes to Variations of Sedi-
ment Properties

The sensitivity of the acoustic guided modes was investigated with two methods. The com-
putation of sensitivity kernels quantifies the sensitivity of each individual normal mode of
the seismic wavefield. The variation of the sensitivity kernel with depth indicates the most
significant regions for each mode. This enables to investigate the variation of sub-surface
properties at specific depth for the individual normal modes.

However, with seismic experiments we observe the superposition of all modes. The in-
fluence of variations of one parameter on the wavefield can be visualized from the partial
derivatives of the inversion misfit with respect to the model parameters obtained in the in-
version process. Furthermore, the variation of the full seismic spectrum in the p-f domain
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Figure 7.9: Snapshot of the shear (top) and compressional (bottom) wave energy of the syn-
thetic seismic wavefield at 0.8 seconds after exciting an explosive source at zero offset com-
puted with the FD-algorithm (see text for desctiption of arrivals).
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Figure 7.10: The dispersion curves obtained from the normal mode solution for the reference
model shows that the number of normal modes is much higher than the observed modes.

can be investigated by forward modeling. A sequence of images of the spectral coefficients
is obtained from models with stepwise varying parameters. The animation of these images
visualizes the amplitude changes of the dispersive modes. This approach is a more qualitative
investigation of the sensitivity to parameter variations.

The dispersion curves of the fundamental mode visible at slowness values exceeding 0.85
s/km and numerous higher modes are visualized in figure 7.10. The use of normal mode
computations for dispersion curve interpretation of the measured data is nearly impossible.

The eigenfunctions of the vertical and horizontal displacement (top) and the sensitivity
kernels for variations of the shear wave velocities for the fundamental mode are shown in
figure 7.11. These can be used to calculate the energy distribution with depth shown in 7.12
for the fundamental and the first higher mode starting at about 50 Hz. At a fixed frequency,
one observes deeper penetration of the first higher mode compared to the fundamental mode.
The amplitude of the kernel for the fundamental mode is much higher than for the first higher
mode indicating that the influence of shear wave velocity variations on the fundamental mode
is higher. This method to visualize the energy distribution helps to further the understanding
on propagating modes.
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Figure 7.12: The comparison of the energy variation with depth for the fundamental (red) and
first higher (blue) mode shows the deeper penetration for the higher mode at high frequencies.

Next, the partial derivatives for variations in compressional wave velocity and density
are investigated (Fig. 7.13). The sensitivity to shear wave velocity varitions in the sediment
is one order of magnitude higher than the other parameters, but ist should also be noted
that the influence of the parameter variations affects different modes. E.g. the third higher
mode is affected by compressional wave variations, while the second higher mode as well
as the fundamental mode is influenced by all parameters shown. This varies significantly
for different models and intermediate models obtained within an inversion run can be very
complex. However, in it is obvious that compressional wave velocity and to a certain extend
also the density of the model must be considered as an inversion parameter or given accurately
from other a priori information.

The forward modeling of seismic wave spectra was performed for variations of one pa-
rameter with respect to the reference model of fig. 7.8.

The variation of the permafrost thickness affects the energy distribution of the leaky
modes at slowness values lower than the corresponding seismic velocities of the halfspace.
Very thin modes with little energy can be identified in the synthetic wave spectra, if the per-
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Figure 7.14: The presence of a thick permafrost layer (>100 m) gives rise to additional modes
below 250 s/km with increasing number for a thicker layer. The leaky mode energy for the
30 m layer (top right) is in smooth transition to the normal modes. For the other images a
more sudden change in amplitudes is observed at the slowness corresponding to the p-wave
velocity of the permafrost layer.
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mafrost layer is several hundred meter thick (Fig. 7.14). Similar patterns have been observed
in some of the measured wave spectra of the seismic line 5. However, these features are not
significantly above the noise level.

The variation of the shallow sediment properties affects the amplitudes of the spectral
coefficients at much higher level. The variation of the shear wave velocity of the sediment
affects most dominantly the interface waves, but interference patterns between higher mode
interface waves and acoustic guided waves can be seen in some of the synthetic spectra shown
in figure 7.15.

The variation of the thickness of the sediment layer in the range from 1-15 m is presented
in figure 7.16. The amplitudes of the acoustic modes vary dramatically. The amplitudes of
the higher modes of the guided wavefield is dramatically enhanced, if the sediment layer
exceeds a few meters of thickness. Additional nodes and complex mode interference occurs
with increasing thickness.

The sensitivity study shows that the variation of the sediment layer properties has strong
influence on the complexity of the dispersive modes, specially their amplitude distribution.
Hence a sophisticated inversion scheme taking the amplitudes of the full wavefield into ac-
count can provide more detailed information compared to conventional inversion methods
regarding the dispersion curve of the fundamental mode only.

7.4 Inversion

7.4.1 Inferring Seismic Parameters from Shot Gathers in two Stages

The derivation of the variation of shear wave velocity with depth is based on the analysis of
the dispersion of the seismic interface waves, i.e. the frequency dependent variation of the ve-
locity of propagation of the seismic wave energy. Assuming that the marine sediment can be
described as an laterally homogeneous medium, we can describe the propagation of seismic
energy within the medium by the elastic wave equations. The solution to the wave equation
defines the dispersion relation for a assumed distribution of seismic parameters. The disper-
sion characteristics can therefore be obtained by a search of the diminishing determinant of
the wave equation. Alternatively the full solution of the wave equation in form of the slow-
ness spectrum reveals the frequency dependence of the propagation velocity. The solution
of the forward problem has been applied to the marine environment, e.g. by Wang (Wang,
1999). Using this propagator matrix method to calculate the full seismic wavefield in the
slowness frequency domain is very useful and effective, since the computationally expensive
task to transform the wavefield into the distance-time(x-t)-domain representation as seismo-
grams of the wavefield can be omitted. Secondly, the transformation into the x-t-domain
involves the convolution with oscillatory function, hence the description of the wavefield in
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the time domain is highly non-linear.
The dispersion relation is depending merely on the sediment properties, yet the depen-

dence is not resolvable analytically. Since the computation of dispersive wavefields from
seismic parameters is feasible (e.g. (Wang, 1999)), the derivation of the seismic proper-
ties from the measured dispersion can be achieved by means of inversion procedures to the
forward problem. The inversion method proposed is a full wavefield inversion, which is inde-
pendent of the identification of distinct dispersive modes. It was developed by Forbriger for
the inversion of shallow-seismic Rayleigh-waves (Forbriger, 2003a; Forbriger, 2003b) and
extended to be used for shallow marine applications.

The inversion procedures avoid to deal with dispersion in terms of normal modes and
has the potential to exploit true amplitude information of the full wavefield including all
fundamental, higher and leaky modes. This additional information yielded in the amplitude
distribution of dispersive modes is neglected in methods based on matching the dispersion
curve pattern, which are more easily applied to the data.

In order to make the algorithm of Forbriger applicable to marine seismic data, some
adaptions needed to be applied. The forward modeling algorithm published by Wang was
used in the inversion process (Wang, 1999). Additional modifications had to be applied to
account for near field effects in the water column, which are generally not recorded in seismic
data, but dominate the theoretically calculated wavefield in the close proximity of the source.

The inversion procedures applied to the dispersive seismic data can be divided into two
stages. The first is the wavefield transform of the measured data into the slowness-frequency
domain. The second stage is the derivation of sub-surface properties by means of an iterative
inversion procedure (see chapter 5). The input data set (Fig. 7.4) was tapered and scaled
prior to the application of the modified Fourier-Bessel transform. Corresponding to the 12.4
m group spacing of the streamer the spatial aliasing is not in the frequency range up to 90 Hz
for the acoustic modes below 0.8 s/km slowness.

7.4.2 Inversion Results

The inversion of the spectral coefficients was started with a travel time inversion of first
arrival picks beginning at the reference model with fixed shear wave velocity and density
values. Then the inversion of of the spectral coefficients with respect to shear wave velocity
was performed. The velocity-depth models of the traveltime inversion and the inversion of
the spectral coefficients are compared in fig. 7.17. The poor results of the traveltime inversion
at shallow depth is mainly due to the lack of near offset traces.

The spectral coefficients of the intermediate result (Fig. 7.18, top) of the travel time
inversion compared with the final result (Fig. 7.18, bottom) shows the improvement obtained
by the inversion of the wavefield spectrum. The saturation of the colors corresponds to the
amplitude of the complex coefficient, while the phase is color coded. The corresponding
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Figure 7.17: The comparison of the intermediate and final models (right) indicates the vari-
ability of the results if only limited a priori knowledge is used. The water depth changed
significantly from 44 m to 34 m.

seismic velocities of the model are plotted in fig. 7.17. Including a low velocity zone in
the travel time model did enhance the fit of the model significantly. First inversion runs
had to be applied with normalization of the data set. But, the data fit could be significantly
improved once the near-field term of the forward algorithm was identified and corrected for
(c.f. section 5.4). The introduction of the first and second polynomial order of the seismic
velocities enhanced the fit significantly and there was no more need for a low velocity zone
in the data. This evolution of inversion results indicate, that interpretations of the inversion
results have to be treated with care. The selection of the final model, hence the model with
the best fit to the measured data, is therefore subject to the choice of weighting of the a priori
knowledge and the constraints.

7.4.3 Resolution Analysis

A resolution analysis with the final model shows the trade-off between parameters as well as
the parameter variations obtained for a misfit tolerance of 10%. The resolution analysis is
performed as a “rubber band test” by a sequence of inversion runs. Each of the free inversion
parameters is fixed at levels 10% higher and lower than the parameter value in the final model,
while the other free parameters are inverted by consecutive runs. The set of models obtained
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Figure 7.18: The wavefield spectrum of the intermediate model (top) obtained from the travel
time inversion does not fit the measured wavefield spectrum indicated by the solid lines. The
synthetic wavefield spectrum of the final model (bottom) gives an acceptable fit.
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Figure 7.19: Resolution analysis for the final inversion model.

for the variations of one parameter can be used to visualize and identify trade-off parameters.
The sets of models of the sequence defines the range of variations of all the free parameters.

The resolution analysis presented in figure 7.19 shows variations of all free parameters
including shear and compressional wave velocities and density of all layers. The shear wave
velocity profile is much better determined than than compressional wave velocities with a
resolution by ≈ 20 %. The density in the sediment layer is not very sensitive while the
density of the lowest layer is not determined at all. The trade-off is more easily checked if
only selected parameters are plotted at the same time. The resolution analysis only for the
shear wave velocity in the halfspace βH is compared to the density in the sediment layer. It
is remarkable that variations in βH cause a variation in the density, but not the other way.

7.5 Conclusions

The dispersive seismic wavefield of acoustic guided waves has been observed with long offset
streamer measurements. The investigation of this wave type has shown that this wave type is
sensitive to compressional and shear wave velocity of the shallow sediment structure. Most
dominant parameters are the layer thicknesses, but seismic velocities can be resolved in the
first few tens of meters.

The presence of a thin layer (5-10 m) of thawed sediments is confirmed with the inversion
results obtained from the analysis of the measured acoustic guided waves. This correlates
with independent results from sediment coring in this area (Franke et al., 2001).
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Figure 7.20: The resolution analysis of the shear wave velocity in the permafrost compared
with the density of the sediment layer indicate the trade-off between these two parameters.
Remarkably is that the trade-off for variations in Vs to the sediment density is stronger than
vice versa.
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8.1 Introduction

The further developing of acquisition methods towards a towed acquisition system and the
comparison of first analysis results are the topics presented in this case study. These were sub-
jects of the investigations of the INGGAS-NATLAB subproject. Investigations to use a towed
acquisition system to obtain dispersive seismic data included the practical considerations of
operating a deep-towed streamer at a determinable depth and estimate the influence of the
receiver configuration on the analysis methods. Secondly, the analysis of the measurements
of dispersive waves from two OBS stations is compared to the deep-tow streamer recordings
as well as to sediment physical data available for the study area.

In order to accomplish these tasks, a study area was selected, where comprehensive in-
formation on the sediment physical properties is available or easily obtained, and which is
suitable for the tow-experiments for the acquisition method to be applied. The Arkona Basin
in the Baltic Sea has been devoted a Natural Laboratory (NATLAB) for this purpose, since
the area has been studied in numerous previous investigations providing stratigraphic and
sedimentologic information as well as experience from previous seismic investigations in the
area (Moros et al., 2002; Lemke, 1998; Endler, 1989).

Previous seismic investigations in the study area were performed within the framework
of the EU funded MAST project and included investigations with the Geophysical In-Situ
Probe (GISP) penetration sonde. The measurements of in-situ parameters of the sediments
including density and seismic velocities were presented in several reports and publications
(Ayres & Theilen, 1999; Lange, 1997; Theilen et al., 1993; Theilen & Pecher, 1991). Further
high-resolution seismic profiles are available form various cruises in this area.

8.2 The Arkona Basin Study Area

The Arkona Basin is situated in the transition zone between the Baltic Shield in the North and
the North-German-Polish-Trough in the South. It is marked by the Tornquist Fracture Zone
striking in NW-SE direction and the Caledonian Fracture Zone striking WNW-ESE with
several secondary fault structures in direction N-S to NE-SW (Lemke, 1998). In the central
Arkona Basin, about 1-2 km of sediments cover Precambrian granite of the Baltic Shield
found in the “Petrobaltic” core G14. Tertiary and pre-glacial Quaternary sediments have
been influenced by the main fluvial channel referred as “Baltischer Hauptstrom” transporting
quartz sands and gravels from the south and middle of Sweden and the northern parts of the
Baltic. The Quaternary evolution of the area is dominated by the glacial and interglacial
stages. The Elster, Saale and Weichsel glacial stages formed the relief structure of basins
and crests and the central trough of the Baltic, which served as the main channel for the
progressing and retreating Scandinavian glaciers.
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the Tromper Wiek and the ’Petrobaltic’ well G14.
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Following the retreat of the last glacial maximum of the Weichsel stage (≈20.000 BP),
the melting of the ice produced a network of lakes eventually forming the Baltic Ice Lake.
After the final drainage of the Baltic Ice Lake during the Younger Dryas several phases of
marine transgression and blockages occurred with varying water levels. These include the
Yoldia, Ancylus and Litorina stages which can be identified in the sediment stratigraphy of
the high resolution seismic measurements. A detailed description of the sediments and the
classification is found in Moros et. al. (Moros et al., 2002).

Most previous research activities in the Arkona Basin from the IFG have focused on the
area of the central part of the Arkona Basin, marked as area I in fig. 8.1. Gravity coring and
geophysical probing with the GISP have been conducted in the MAST project (Theilen et al.,
1993). This provided a good base for further high resolution seismic profiling and gravity
coring to obtain detailed information of the study area. The shallow water depth of 40-50
m is well suited for obtaining high resolution seismic data as well as for the operation of
the long streamer, deployments of OBS stations and sediment sampling. The length of the
streamer was believed to be sufficient for the deep-tow experiments in this area. However,
due to material failure the streamer length had to be reduced to 2/3rd of the original length.
Therefore the deep-tow experiments have been performed in shallower waters in the second
area of investigation towards the south-eastern rim of the Basin. A very dominant hard reflec-
tor corresponding to base of quaternary (Upper Cretaceous) was expected to be close to the
surface in this area. This would provide good conditions to generate Scholte or Stoneley in-
terface waves as well as PS-converted waves. Therefore the south-eastern rim of the Arkona
Basin marked as study area II in figure 8.1 was chosen as a suitable area to investigate the
possibilities to excite and record Scholte waves with this streamer configuration.

The data presented in this case study was acquired during numerous cruises on the re-
search vessels FS Alkor and FS Poseidon. The data sets presented are denoted by the first let-
ters of the research vessel and the official cruise identifier, namely Po266, Al188 and Al201,
and a number of the station or seismic line at the end, separated by a P for seismic lines,
SL for gravity cores (Schwerelot) and OBS for ocean bottom stations. A list of all cruises is
found in the appendix B.1.1. The location of the seismic lines and stations discussed in this
chapter are marked on the location map in figure 8.1.

8.3 A Towed Data Acquisition System

The investigations of the previous case studies indicate that it could be feasible to measure
dispersive interface waves within the water column. It was shown that the hydrophone com-
ponent of ocean bottom receivers recorded sufficient Scholte wave energy which was excited
by surface towed airguns (see chapter 6). Also we have evidence of a streamer record with
Scholte wave energy in shallow marine environment from the Laptev Sea data set described
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in the previous chapter (Hinz et al., 1997).
The theoretical and numerical investigations on the energy distribution of Scholte wave

energy have shown that the amplitude of interface waves decays exponentially with distance
to the interface. Furthermore we expect the high frequencies to decay more rapidly than
lower frequencies. Hence, in order to obtain measurements spanning the required frequency
range to depict the velocity variation with frequency, we require to measure as close to the
sea bed as possible.

System requirements and specifications This is limited by practical consideration and the
acquisition systems, which lead to the following system requirements. The towing procedure
close to the sea bed requires depth control and monitoring of the receiver system. Due to
the proximity to the sea bed, circumstances might arise, where bottom contact of the towed
system cannot be avoided. Therefore, the system must be robust to withstand such contacts
without damage, and without environmental risk. This implies, that the use of conventional
oil-filled streamers is not suitable for such experiments. In case of ground contact it is also
of importance, that the towed system cannot get caught at obstacles on the sea floor. Systems
with variable diameter between cable and acoustic nodes are more likely to be caught than
systems with uniform diameter and smooth connections.

A new solid-state-streamer system was purchased and tested for the deep-tow experi-
ments. The new solid-state-streamer consists of modular configurable sections with a max-
imum total towing length of 600 m, which is comprised of 3x100 m lead-in and 3x100 m
active sections. The tail buoy was attached with a 50-100 m long line. Since a minimum of
two turns of lead-in cable have to remain on the winch only 250 m can be deployed at sea.
Hence, we obtain a maximum length of the system of ≈ 600 m, with active channels in the
range of 250 - 550 m. The following requirements and specifications can be summarized.

• The group interval of 3.125 m is sufficient small to provide adequate spatial sampling
to apply the wave field transform.

• The length of the active section of 300 m is just sufficient to resolve dispersive modes
in the range of interest.

• The length of the tow-leader (up to 250 m) is sufficient for towing at depth in the
NATLAB study area.

• An active depth control system can be used to monitor and control the depth position
of the streamer.

• The overall size and weight of the system can be handled by medium size research
vessels available.
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• The solid-compounds are no potential hazard to the marine environment in case of rigid
bottom contact.

• The streamer has uniform diameter from the beginning to the end of the active section.

8.4 Acquisition Tests

First acquisition tests with a newly acquired solid-state-streamer (delivered in Feb. 2001)
have been performed in the NATLAB study area in numerous research cruises in 2001 and
2002. The first deep-tow experiments could be conducted on cruise Alkor 188 in August
2001 and the following acquisition parameters were tested:

• the optimum towing depth of the streamer, as a function lead-in cable length, ship speed
and depth control system parameters,

• the offset range of active channels.

8.4.1 Towing Depth

The towing depth of the deep-towed streamer is determined by three main factors. The gravi-
tational force acting on the tow-leader to submerge the streamer, the length of the tow-leader
and the uplift of the towed system related to the speed of the vessel. This depends on the
natural buoyancy of the streamer as well as its cross section. The fine tuning and controlling
of the streamer depth is achieved by the application of active streamer birds chartered from
the University of Aarhus. These active depth controller units, denoted as “streamer birds”,
can operate their fin angle in the range of ±15 ◦, which can be operated remotely from the
laboratory of the research vessel. Furthermore they are programmable to automatically adjust
the fin angle in order to maintain a certain water depth. However, the uplift generated by the
fins is determined predominantly by the towing speed. Therefore numerous acquisition tests
had to be conducted, in order to determine the appropriate parameters to control the towing
depth.

The amount of lead-in cable deployed for the measurements therefore controls the towing
depth and the distance to the first channel of the active section of the streamer at the same
time. Hence, the offset range towing depth and ship speed have to be chosen in compromise
to obtain the acquisition geometry as close as possible to the requirements of the wave-field
transform.

The active sections were built to be neutrally buoyant in fresh water, while the lead-
in sections are heavier and act as a depressor. Therefore it was assumed, that the active
sections towards the end of the streamer would remain in the depth of the beginning of the
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active section since the gravitational forces are compensated by the buoyancy of the streamer
sections. The level should be determined by the length of the lead-in section and the towing
speed (Fig. 8.2a). The position of the streamer birds along the streamer is indicated in the
lower images b) and c). Fig. 8.3 shows the depth recorded at each of the four depth controllers
(top) and their fin angles (bottom) as a function of time. During the first test 200 m lead-in
cable was deployed, but the full length of 260 m was required to stabilize the streamer at 20
m depth. The first depth controller (red line) could not obtain the nominated towing depth of
25 m despite of the maximum downward fin angle. Furthermore the towing depth was not
very stable as seen in the periodic fluctuations as well in the depth of the controllers as for the
fin angles. With full lead-in length at 3 kn a stable condition could be achieved for a towing
depth of 20 m just after midday. The fin angles indicate that the middle of the streamer tends
to greater depth (green and blue lines) while the beginning and the end remained stable (red
and magenta lines). Hence, the tendency of the streamer to float in an U-shaped manner as
indicated in 8.2b was observed.

Due to malfunctioning of parts of the streamer, only two active sections and two lead-in
sections could be used for the rest of the cruise. The shortened configuration as indicated
in 8.2c was used. With this configuration a maximum towing depth of 15 -18 m could be
achieved. Therefore, the first data acquisition was performed at water depth of 25 m at the

20m

220m 300m 80m

a)

b)

"Streamer birds"

b)

"Streamer birds"

200m

300mc)

Depressor weight

Figure 8.2: The towing-depth of the streamer is determined from the forces acting on the
system as indicated by the arrows (a). The observed shape of the towed streamer (b) could
possibly be improved by the application of a depressor weight (c).
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Figure 8.3: Depth control of the deep-towed streamer was monitored with a) the depth of the
four streamer bird and b) the fin angle for each of the birds.
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south-eastern rim of the Arkona Basin.

8.4.2 Offset Range

Another limitation encountered with a streamer configuration in contrast to OBS recordings
is the limited offset range of the gather. The streamer has a maximum length of active sections
of 300m, corresponding to the discussion on limited spreads in section 3.3.1. Since the length
of the lead-in cable was used to determine the towing depth of the streamer, this parameter
could not be changed significantly during the acquisition tests. The initial offset range was
intended to be from 170 to 470 m. Due to the malperforming of the streamer sections only
the offset range from 120-350 m could be investigated in deep-tow experiments at the south-
eastern rim of the Arkona Basin. Further experiments on different offset ranges would require
to change the depressor weight of the lead in sections.

8.4.3 Data Sets

During the first data acquisition tests conducted on cruise Alkor 188 in August 2001, only 64
of the 96 channels were available within 200 m distance. Additionally, several channels and
preamplifiers stopped working, until in the end only 60% of the channels were operational.
Hence, the operation of the new streamer was not without complications, but nevertheless
some useful data sets could be acquired. For the deep tow experiment the maximum possible
lead-in length of 170 m was deployed. The towing depth of the streamer was varied between
15 and 22 m and the airgun source was deployed at 8 - 20 m about 50 m behind the vessel.
The offset range covered by this configuration was about 120 - 320 m.

Due to the shallow water environment, the arrival times for the direct wave and the sea-
surface ghost as well as the sea-floor reflection differ only by a few milliseconds. Addition-
ally, at offset exceeding 100 m, the refracted wave becomes the first arrival prior to the direct
arrival. Hence, while generally the direct arrival could be used to check the acquisition ge-
ometry and the floating depth of the streamer, the identification of the direct arrival may not
always be clear. The arrival times for the direct wave, surface ghost and sea floor reflection
have been calculated and indicated as solid lines in the shot-gather shown in figure 8.4. In
the time reduced section (the assumed velocity of water of 1450 m/s was used) to the right
(Fig. 8.4b) it can be seen, that the computed arrivals only differ by a few milliseconds, while
the wavelets are much longer. But it is obvious, that the direct arrival is not in a straight
line, but retarded signals occur at 250 m offset, hence just a few meters ahead of the position
of the second streamer bird. The cause for this delay is not clear, but it indicates that the
steamer was possibly not floating in a straight line. A suggestion to reduce the bending of the
streamer within the active section is to add a depressor weight at about 3/4 of the length of the
lead-in section, in order to obtain the bend in the lead-in section rather than the active section.
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Additionally removing the tail buoy and replacing it by a swim-line which will just float by
itself could straighten the active sections, since it would not cause any upward pull on the tail
of the active sections. Alternatively a small depressor weight about 1/4 of the length of the
tail line could straighten the active section, but very likely at the cost of additional noise.
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Figure 8.5: a) Deep-tow streamer gather and b) single-channel section of channel 33 (220 m
offset)

The common-shot and single-channel sections in figure 8.5 are data examples from profile
15 of the south-eastern rim of the Arkona Basin. The shot-gather was low-pass filtered in
order to enhance the dispersive interface wave, and numerous traces had to be eliminated
or manually edited due to malfunctioning of hydrophones or preamplifiers in the acquisition
system. The high amplitude and low frequency wave train beginning at 0.6 s at near offsets
and ranging to 1.6 seconds at far offsets is believed to relate to an interface wave.

The wave train in the frequency range from 6 to 12 Hz propagated with group velocity of
200-500 m/s, but the phases correlate to phase velocities of 400 - 800 m/s. These are very
high velocities and we believe that the dispersive seismic wave energy must be dominated
by the influence of sub surface boundaries of the glacial till or chalk layers. This dispersive
wave train was only observed in the range from shot 288 to shot 317 (Fig. 8.5b).

Further profiles in the south-eastern rim study area were acquired with different airgun
sizes as indicated in fig. 8.6. On the seismic lines acquired with the intermediate size airguns
of 0.3 and 0.6 l chamber volumes no dispersive waves wave been identified. Some dispersive
energy was observed along the profile P24 acquired with a 1.2 l airgun and along profiles P15-
P17 shot with the largest airgun available (2.5 l). The shot interval is reduced to 90 sec for
this airgun due to the high amount of compressed air required for shooting. The shot-to-shot
distance is 180 m, approximately one streamer length.
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8.5 Determining Sediment Stratigraphy and Velocity Mod-
els

The sediment stratigraphy of the two areas was compiled from the information of the pre-
vious studies by Moros, Lemke and Endler, combined with the analysis of high-resolution
seismic data and refraction analysis of the multi-channel seismic lines. Additional detailed
information is used from the results of the gravity coring, which have been provided by the
colleagues Olaf Thießen and Mark Schmidt from the NATLAB-INGGAS project. Here, the
main focus is on the gravity core SL07 from cruise Poseidon 266 (Po266-SL07) since we
have data from a successful OBS deployment from this location. Gravity coring was not pos-
sible in the south-eastern rim study area due to the hard surficial sediments. Sandy-silts were
found in a grab sample taken near the site of the OBS deployment. The core locations in the
central part of the Arkona Basin are marked as red stars in figure 8.1. I will continue with an
introduction of the high-resolution seismic lines acquired for the stratigraphic analysis. This
background information and refraction analysis results are then used to compile a starting
model of the sub-surface structure to be used for the inversion of the dispersive seismic data.

The classification of stratigraphic sequences of the Arkona Basin was discussed in de-
tail by Moros et.al. (1999), Lemke (1998) and Endler (1989). While Moros presented a
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Figure 8.6: Seismic lines of the deep-tow experiments in the south-eastern rim study area.
Airguns of 2.5 l and 1.2 l were used on profiles P15-17 and P24,25, respectively. The small
airgun (0.1 l) was used for surface towed streamer profiles P27-28. The location of OBS
54 is marked by the circle. The locations where interface wave energy was observed in the
streamer sections is marked by grey patches along the seismic lines. The numbered crosses
indicate the shot positions of the data examples from the deep-tow streamer experiments.
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lithostratigraphic classification based on the occurrence of dominant sandy layers, I followed
the seismostratigraphic classification of Endler and Lemke as presented in table 8.1 (Moros,
1999, cf. for comparison of previous classifications). The sequences E1 and E2 are glacial

Id Baltic Stages Sequence

E5 Littorina / recent post glacial mud
E4 Ancylus / Littorina grey clays with sandy-silt layers
E3 Baltic Ice Lake / Yoldia ’rosa’ varvy clays with sand layers
E2 Baltic Ice Lake glacial till
E1 Baltic Ice Lake glacial till
Ch chalk

Table 8.1: Stratigraphic sequences of the Baltic Sea classified according to Endler (1989) and
Lemke (1998).

tills relating to glacial material carried by the discharge of the melting ice sheets and deposited
in the Baltic Ice Lake. The sequence E3 includes the second phase of the Baltic Ice Lake and
the Yoldia stages of the first marine transgression. The reddish-brown “rosa” colored warved
clays of E3 are followed by post-glacial grey deposits of the Ancylus stage in sequence E4.
This older interpretation is opposed by the Moros, relating the stratigraphic boundary to a
distinct sand layer corresponding to the late Yoldia regression. The olive-grey soft muds of
the Litorina stage and most recent deposits compose sequence E5 (Lemke, 1998). The base
of the quaternary is marked by a dominant reflector relating to a chalk sequence. It is not
always present in the boomer seismic data, but it is a dominant reflector in most sections,
specially towards the shallower parts of the Arkona Basin.

Seismostratigraphic interpretation

These sequences have been identified in the high-resolution seismic lines of the various
cruises. The sub-bottom profiler lines 19 and 21 acquired on cruise Al201 are data exam-
ples of the central part of the Arkona Basin shown in figure 8.7. Line 19 was shot from east
to west direction while line 21 was crossing this line from north to south at the location of the
gravity core sample Po266-SL07 taken during the Poseidon 266 cruise. The line drawings in
fig. 8.8 are based on the above classification summarized in table 8.1 and interpret the seismic
lines mentioned above. The line drawings were used to estimate the layer thicknesses for 1D
start models at the OBS locations.

The stratigraphic situation of the second study area at the south-eastern rim of the Arkona
Basin is very similar, but the thickness of Holocene sequences is much less. The hard sed-
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(a) Seimic line in N-S direction coming into the gas zone
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(b) Seismic line crossing the core locations and seismometer station from east to west.

Figure 8.7: High resolution seismic section coming into the central basin area.
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Figure 8.8: Line drawings of high resolution seismic data sets in study area I.
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iment types of the glacial till and chalk layers are close to the surface as indicated in the
seismic section and line drawing of profile P34 and P28.
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Figure 8.9: The sub bottom profiler section from study area II shows the structure of the
dominant layers.

Seismic refraction analysis

Selected shot gathers from the multi-channel seismic (MCS) data sets have been used for
seismic refraction analysis to determine the compressional wave velocities for the start model.
Figure 8.11 shows an example from line P17. The calculated velocity of the surficial layer is
ignored since the formula of the analysis tool expects source and receiver to be at the surface.
Hence the low velocity in the surficial layer compensates the reduced travel times due to the
receiver position at depth. Refracted first arrivals with apparent velocities of 1550, 1740-
1900 and 2100-2400 m/s have been identified for the dominant layers on the MCS gathers
of profiles Al188-P17 and -P28. These velocities have been interpreted as velocities of the
sediments, the glacial till and the chalk layers in the stratigraphic model and are used for
the starting models for the analysis of the dispersive seismic data. These one-dimensional
models for the two OBS locations are shown in figure 8.12.
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Figure 8.10: Line drawings of high resolution seismic data sets in study area II.

Figure 8.11: Refraction analysis of shot gather from data set II.2



CHAPTER 8. DISPERSIVE WAVE STUDIES - ARKONA BASIN 144

8.6 Acquisition and Preprocessing of the OBS-Data

During cruise Alkor 201 several OBS deployments were used to obtain dispersive seismic
wave measurements comparable to the streamer measurements. Since the sediment physical
data and the deep-tow streamer investigations had to be conducted at different sites, the OBS
experiments were conducted in both study areas. The locations of the OBS stations in both
study areas are marked by the yellow circles on the location map in figure 8.1. The OBS was
deployed with a surface buoy. The seismic lines were shot with the 2.5 l airgun in order to ex-
cite dispersive interface waves. Additional profiles were acquired using the small airgun and
higher shot rates to obtain wide-angle reflection profiles for velocity analysis. From the re-
sults of the first case study we know that the sampling theorem is hard to fulfill in case of very
soft sediments with low shear wave velocities. Since the presence of low shear wave veloci-
ties in the central Arkona Basin is known from previous studies (Theilen et al., 1993), it was
doubtful, whether interface energy would be resolvable. However, the presence of Scholte
wave energy should be detectable from the particle motion of the geophone components of
the OBS.

The accurate position of the OBS stations and the source position had to be determined
using the Differential GPS measurements and travel time inversion of the first arrivals of
the seismic source. The influence of the accuracy of the navigation data was investigated

a) Central Arkona Basin b) South-eastern Rim

Figure 8.12: Start models for the two sites derived from the refraction analysis and interpre-
tation of the seismostratigrahpic sequences.
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with a synthetic data set as well as the interpretation of the measured seismic data with a
crude and more accurate navigation processing scheme. Both results indicated that the crude
geometry with accuracy of +- 30 m for the OBS position is sufficient, only if the near offset
traces up to 150 m offset are eliminated prior to the data processing. However, the data
of this offset range may enhance the resolution of the data set significantly if used with an
accurate geometry with errors less than +- 2 m. This is documented in the series of wave field
transforms of a synthetic data set with deliberately erroneous geometry settings presented in
the appendix A.2.
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Figure 8.13: Common-Receiver-Gather of Al201-P47 recorded on OBS 45 in the Central
Arkona Basin.

The common-receiver-gather of the OBS station 45 presented in figure 8.13 shows distinct
dispersive modes, which are more clearly visible in the time reduced zoom of the section in
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Figure 8.14: Time reduced zoom of the CRG in fig. 8.13.
The dispersive character of the acoustic wave train includes the nearly horizontal phases from
0.7 to 0.8 as well as the dispersive mode seen from 0.7 to 1 s along the offset range.
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figure 8.14. The mode propagating at group velocity of 1250 m/s and phase velocity of
1600 m/s is most dominant next to the mode with phase velocity of 1500 m/s which aligns
horizontally in the time reduced seismogram section. The velocity range suggests that these
dispersive modes correspond to acoustic guided waves. Low velocity and low frequency wave
energy corresponding to Scholte waves was not observed as visible in the low pass filtered
section in figure 8.15. The OBS station was passed at 100 m distance, hence it can not be
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Figure 8.15: Low pass filtered section of Al201-P47 recorded at OBS 45. The wiggle traces
are scaled depending on offset while the color image was AGC amplified. No Scholte wave
energy is observed below 20 Hz.

expected to identify Scholte wave energy traveling with a velocity of propagation of less than
50 m/s at this spatial sampling (10 m ) and distance.

In contrast to the section from OBS 45, the common-receiver-gather recorded at the OBS
station 54 in the south-eastern rim area exhibits Scholte wave energy in the unprocessed raw
data plotted with time and offset dependent gain in figure 8.16. The interface wave propagat-
ing with a group velocity of 160 m/s and phase velocity of 600 m/s is clearly visible and can
be enhanced by low-pass frequency filtering (Fig. 8.17). The acoustic wave does not exhibit
dispersive modes. Further analysis and identification of dispersive modes is investigated in
the wave-field transformed sections in the frequency-slowness domain.

8.7 Analysis of Dispersive Wavefields

The first dispersive seismic waves measured with the new deep-tow streamer have been ac-
quired on seismic lines P15 to P17 of cruise Al188 in August 2001. The on-board processing
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Figure 8.16: Common-receiver-gather of seismic line Al201-P59 recorded at OBS 54 in the
South-Eastern rim study area. The dispersive interface wave visible in both branches of the
split-spread recording has phase velocities of 400-800 m/s and a group velocity of approxi-
mately 250 m/s.
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Figure 8.17: The interface wave of Al201-P59 (Fig. 8.16) has been enhanced by low-pass
filtering and the application of time domain tapers.This is the input data set for the modified
Fourier-Bessel transform.
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to identify the dispersive wave types was performed using standard processing tools of the
Seismic-Unix package. Prior to the wave-field transform manual editing and amplitude nor-
malization had to be applied, since high amplitude electrical noise was contaminating the
shot gathers. Nevertheless the seismic wave field exhibits some dispersion in the frequency
range from 6 to 12 Hz with phase velocity ranging from 400 - 800 m/s ( Fig. 8.18, left).
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Figure 8.18: Slowness spectra of the deep-tow streamer shot 313 on seismic line Al188-P15
(left) and of line Al201-P59 recorded at OBS 54 in the south-eastern rim study area.
The spectral coefficients have been normalized for each frequency in both images.

These are very high velocities and we believe, that the dispersive seismic wave energy must
be dominated by the influence of sub surface boundaries of the glacial till or chalk layers,
hence could be classified as Stoneley waves according to Rauch (1980).

The comparison with the OBS data set of the same area confirms the dispersion char-
acteristics found by the streamer measurements (Fig. 8.18, right). The slowness-spectra in
figure 8.19 are obtained from the offset tapered common-receiver-gather (Fig. 8.17). The
spectral coefficients have been normalized for each frequency. Therefore the dispersion rela-
tion can be identified at an enlarged frequency range. An acoustic wave is also present in the
OBS data-set, but no low velocity Scholte wave energy can by identified in either of the two
data-sets. The Scholte wave energy would be expected at slowness values exceeding 5 s/km
for low frequencies. Very distinct Scholte waves have been observed in the Tromper Wiek
study area. However the image to the left indicates that no interface wave is present at this
frequency-slowness range at this site.

The streamer recordings along profiles P15, P16 and P17 show slight variations in the
position of the dispersive mode in terms of frequency and slowness values as well as their
amplitude. Furthermore is the dispersive wave energy only present if the strong reflector
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seen in the single channel section of figure 8.5 had strong amplitudes in the seismic sec-
tion. This coincides with the bathymetric high of the sea floor along this seismic line, which
also enhances the amplitudes of the dispersive waves since the relative distance between the
streamer and the sea floor is reduced. Two slowness-spectra of shot sections about 2 km apart
are shown in figure 8.20.

The dispersive guided waves of the seismic wave-field observed on the OBS in the cen-
tral Arkona Basin are clearly visible in the wave-field spectrum in figure 8.21. The amplitude
variation of the individual modes indicates interference and can contain important informa-
tion on the sub surface layers. While the fundamental mode as well as the first and third
higher modes have energy at all frequencies the second higher modes disappears at frequen-
cies above 65 Hz. From the modal pattern one would expect a mode starting at cut-off
frequency of 75-80 Hz and 0.4 s/km, but no dispersive mode is observed at this frequency.

The amplitude pattern below 0.4 s/km at the continuation of the third higher mode (at
about 45 Hz) indicates the presence of another wave guide. I denoted this pattern as feathering
in the figure caption, but in fact it resembles the pattern of the fundamental and higher modes
of the water waveguide just at lower p-values.

5 10 15
frequency [Hz]

10

20

ph
as

e 
sl

ow
ne

ss
 [s

/k
m

]

0

0.2

0.4

0.6

0.8

5 10 15
frequency [Hz]

10

20

ph
as

e 
sl

ow
ne

ss
 [s

/k
m

]

0

0.2

0.4

0.6

0.8

Figure 8.19: Slowness spectra of Al201-P59 recorded at the hydrophone component of OBS
54 from the south-eastern rim of the Arkona Basin (left) compared with the vertical compo-
nent recording of a planted seismometer in the Tromper Wiek from Al201-P23
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8.8 Inferring the Shear Wave Velocity by Inversion of the
Wavefield Spectra

The wave field transform using the modified Fourier-Bessel transform was performed on two
representative data sets of the study areas. The seismic gathers have been scaled and tapered
in offset and time domain prior to the application of the transform. For each inversion run
manual interactions after each set of 10 to 20 iterations ensures, that the model is still sensible
and the misfit function shows a significant gradient for the free parameters. The normal
approach is therefore to start with the inversion of the first arrival times with a set of free
parameters combined of all p-wave velocities and layer thickness. The balance factor between
the first arrival and spectral coefficient inversion is chosen in favor to the first arrivals. Once
the misfit function is stationary, the compressional wave velocities are kept constant, while
the shear wave velocity of the layers dominating the dispersion characteristics are selected as
free parameters and the balance factor is incremented in order to increase the weighting of
the spectral coefficient inversion. The free parameters used are selected from the rating of the
partial derivatives for each model parameter. The next set of iterations is always calculated
in two stages. Firstly the forward models of the next set of iterations are calculated and the
misfit function is plotted for each iteration. If the misfit could be reduced and the changes in
the model are sensible, the inversion changes are committed and the new model is accepted as
the new working model. Otherwise choice of free parameters or the damping factor is altered
for the set of iterations. Since the number of free parameters is restricted, the selection of
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Figure 8.20: The wave spectra for two shots of seismic line Al188-P16 about 2 km apart
indicates lateral variations of the dispersive mode which can be resolved with the towed
acquisition system.
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Figure 8.21: The slowness spectrum for the seismic line Al201-P47 (Fig. 8.13 and 8.14) was
recorded in the central Arkona Basin on OBS 45. The presence of 6 higher modes within the
frequency range from 20 to 120 Hz corresponds to the guiding influence of the water column.
Note the variation of amplitudes of the individual modes as well as the “feathering” below
slowness values 0.4 s/km for the second and third higher modes.
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free parameters must be checked several times in order to ensure, that the misfit function of
the final model is stationary with respect to all significant parameters of the model.

Figure 8.22: Final models of the inversion result

The inversion results for both data sets are presented in fig. 8.22 in form of the final
velocity-depth models. Both inversion results were obtained with a log-amplitude scaling
applied to both, the measured and synthetic spectra. The final model of the acoustic guided
wave data from the central Arkona Basin indicated that the sound speed in water is well
defined by the data set at 1425-1430 m/s. Variations of as little as 10m/s increased the misfit
by factors of 5-10. The synthetic wave spectra of both models shown in fig. 8.23 have been
accepted to sufficiently reproduce the measured spectra of figs. 8.21 and 8.18. The phase
information of the synthetic data is without compensation for the source/receiver effects,
hence here the phase remains constant within the amplitude maxima. The solid lines denote
the position of the amplitude maxima of the measured spectra and coincide with the amplitude
maxima of the synthetic data for demonstrating the quality of the fit of the final model.

The other model parameters not presented in fig. 8.22 have little impact on the inversion
result but are shown in fig. 8.24 (top row) of the working screen of the inversion. The syn-
thetic first arrival (bottom left) and spectral coefficients (bottom right) for the model are also
visible. The overall misfit function χ2 is a balanced combination of the spectral coefficient
misfit and the first arrival misfit according to the weighting between the two inversion results.
For both data sets the inversion was based on the spectral coefficients only, since traveltime
errors of the asymetric geometry remain uncorrected during the traveltime inversion.
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Figure 8.23: Final model and inversion result.
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Figure 8.24: Synthetic slowness spectrum of the final model with dispersion curve picks from
the measured data.
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The resolution analysis has been performed as described in section 5.3 for 10% misfit
variation. The density and quality factors were fixed, but the seismic velocities in all layers
as well as the layer thicknesses were selected as free parameters. In fig. 8.25 all models
for all parameter variations are summarized. Velocity gradients have been allowed in the
uppermost sedimentary layers. The 10% variation for the compressional wave velocity and
velocity gradient of the first layer indicates the requirement for a steep velocity gradient or
a large velocity change in this layer. The inversion result with constant homogeneous layers
in the uppermost layer lead to a compressional wave velocity of 1350 m/s for this layer
with a sudden increase to 1600 m/s and a low velocity layer at about 10 m below the sea
bed. The introduction of the velocity gradient into the model parameterization could reduce
the tendency towards a low velocity zone at greater depth. Hence, it was assumed that the
velocity gradient in the uppermost layer is more realistic and indicated by the measured data.

The shear wave velocity of the uppermost sediment layer is not as well determined. The
resolution analysis indicates that positive and negative velocity gradients would be supported
equally well. Therefore I conclude that the shear wave velocity in this layer is not well de-
termined, but is only restricted to be within 5 - 150 m/s. However, during several inversion
runs the tendency of velocity changes in the shear wave velocity of the uppermost 20 m was
towards very low shear wave velocities ( 3 - 20 m/s ) or to no change at all with values remain-
ing at the velocity of the starting model of 90 m/s. A start model with shear wave velocities
exceeding 150 m/s in the uppermost sedimentary layer yielded a shear wave velocity profile
with very high velocity at the sea bed (exceeding 400 m/s) but a strong negative velocity gra-
dient leading to velocities less than 10 m/s at 20 m depth below sea bed. While this model is
in contrast to the expectations as well as to the results of the sediment-physical investigations,
this indicates that the shear wave velocity is well constrained for the depth interval from 10

Figure 8.25: Resolution analysis results for all model velocities and layer thicknesses.
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- 30 m below sea bed, but it is ambiguous directly at the sea bed. The interpretation of the
resolution analysis also indicates that the shear wave velocity in the second sedimentary layer
is better resolved than the other layer velocities.

8.9 Conclusions

The potential of determining lateral variations of dispersive seismic waves with a deep-tow
streamer acquisition system is very much depending on the sub-surface structure of the study
area. The first acquisition tests indicated that the depth control can be improved with the
application of additional depressor weights to the system. Furthermore, this could enable to
alter the offset range towards closer offsets. The shot sections recorded with the 200 m long
active section indicated, that the near-offset range from 80 to 180 m would be of interest in
the south-eastern rim study area.

It was confirmed, that the presence of very soft sediments in the central Arkona Basin
hinder the measurement of dispersive interface waves. However, very distinct acoustic guided
modes have been observed in the OBS recording from this area. Constraints on the shear
wave velocity profile are in agreement to previous results from in-situ probing and sediment
coring. However, the resolution of the inversion with respect to shear wave velocities is
not satisfactory in terms of the determination of the shear modulus of the shallow marine
sediments.

Despite of the lack of absolute quantification, an indication on the strength of the sea
floor can be derived from acoustic guided waves, when no other wave types are present.
The lateral variability of sea floor stability of hard bottom sediments could potentially be
determined with a towed acquisition unit, if a priory knowledge of the site is available.
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Discussion of Results
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Chapter 9

Results, Discussion and Conclusions

9.1 Acquisition of dispersive waves

Two dispersive wave types, the Scholte wave and guided acoustic waves, have been ac-
quired and analysed. The proposed methods include the application of a full wave field
transform of the measured seismic data to visualize and analyse the seismic wavefield in the
frequency-slowness domain. This implies certain restrictions on the data acquisition.

The two types of seismic experiments, the stationary-receiver method as well as the
towed-acquisition method can be used to measure dispersive seismic waves in certain condi-
tions. These conditions relate to the sub-surface properties and the type of dispersive waves
to be observed and need to be individually checked for each survey area.

The investigations presented in the second part of my thesis show both, potentials as well
as limitations of the methods to infer information on seismic properties from dispersive seis-
mic waves for shallow marine sediments. An overview of the seismic wave types observed at
the various sites is summarized in table 9.1. The results from the experiments in the Kiel Bay

Location Observed Acquisition Sediment type Obtained shear
wave type wave velocity

Kiel Bay Scholte wave OBS glacial till 260 - 400 m/s
Tromper Wik Scholte wave OBS sand 70 - 450 m/s

Arkona Basin II Scholte wave OBS + glacial till/chalk 300-400 m/s
(or Stoneley ?) Streamer

Arkona Basin I Acoustic guided OBH soft mud 10-50 m/s
Laptev Sea Acoustic guided Streamer thawed permafrost ≈700 m/s

Table 9.1: Observed seismic wave types presented in the case studies in part II.
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study area demonstrate that dispersive Scholte waves yield information on the sub-surface
properties at site A of the study area. Furthermore the Baltic Sea experiments could show
the advantage of three component seismometer recordings in order to investigate the particle
motion as well as the superior data quality in case of good receiver coupling. Two other in-
vestigation sites in the Kiel Bay study area indicated the limitations of the simple method of
shear wave velocity inversion based on dispersion curve fitting due to the complex patterns
in the observed spectra.

The limitations encountered for complex wavefield spectra can be overcome by inversion
of the complex spectral coefficients of the wavefield. The limitations of acquiring dispersive
interface waves at sites with very soft surfical sediments remain problematic with the survey
configurations currently available due to the required dense sampling of the wavefield. How-
ever, the experiments in the central Arkona Basin indicated the possibility to obtain structural
information on sediment properties despite of the presence of very soft surface sediments.
These were obtained from dispersive acoustic guided waves observed in the OBH record-
ings. This wave type was also observed on the long offset streamer recordings of the Laptev
Sea data set. Information on the thickness of the thawn sedimments as well as on the shear
wave velocity of sediments and the permafrost was obtained. This gives rise to treat these
types of dispersive waves separately in terms of acquisition and inversion methods.

Examples from different marine environments have been investigated within the case
studies presented in the second part of the thesis. The variation in acquisition configuration
for the different marine sediment structures and the related properties are summarized in table
9.2 for both the interface waves as well as the acoustic guided waves. The acquisition pa-
rameters (offst range and spacing) given in brackets correspond to the parameters used in the
seismic experiments presented in the case studies. The required parameters derived therefrom
are based on the experience of the data analysis of these data sets. The seismic velocities and
frequency range refer to the inversion results and observations from the measured data.

Marine seismic interface waves of the Scholte wave type can be observed if the sub-
surface shear wave velocity is sufficiently high, e.g. exceeding 60 m/s as encountered in
the experiments in the Tromper Wik. The quantification of the limit depends on the spatial
and temporal sampling as well as the frequency range of observation. Here, the stationary-
receiver experiment faces limitations on the shot spacing related to the minimum ship speed
to maintain manouverability. This limitation implies that the measurement of Scholte waves
is not feasible if the shear wave velocity of the sea floor sediments is below a certain level,
which is determined by the frequency and velocity of the Scholte wave and the maximum
distance of observation (offset) (cf. Fig. 4.3).

The repitition of the profiles in several runs is one possible solution to enhance the spatial
sampling, but requires the very accurate absolute postition of the source to a few tens of
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centimeters which was not achievable at present.

Acoustic guided waves could be observed on long offset streamer and OBH recordings
in the shallow (< 50 m) water conditions of the Laptev Sea and the Arkona Basin. The
dispersion characteristic observed for this wave type is sensitive to the water depth and speed
of sound in water, the sediment density and the compressional as well as the shear wave
velocity of the sediment. From the inversion of acoustic guided waves information on the
shear wave velocity structure could be obtained at a site, where the measurement of marine
seismic interface waves could not be observed. The resolution of the inversion result with
respect to the shear wave velocity is best at a depth of 10-20 m below the sea floor for the
profile investigated.

The dispersion of Scholte waves, in contrast, is dominantly sensitive to shear wave ve-
locity variations. All other elastic parameters are one or several orders of magnitudes less
sensititve.

The navigation system used on the research vessel used to obtain positioning data deter-
mines the accuracy of the acquisition configuration in terms of the source-receiver distance
used in the data analysis. For the stationary-receiver methods this requires to measure the ab-
solute position of source and receiver. It could be shown that the analysis method is sensitive
to errors in the source receiver geometry, if the seismic wave field is determined from small
offset recordings below 100 m. The error in the receiver position of up to +-60 m in cross-line
direction could be compensated by amplitude scaling in favour to the far offset traces or by

Sediment type offset shot/receiver seismic velocities frequency
range [m] spacing [m] [m/s] [Hz]

submarine
permafrost

300+ ; 800+
(500 ; 3100)

< 12.5 ; 10-15
(12.4 m)

300 (thawed)
900-2400

3-40 ; 15-120

boulder clay
glacial till

200+ ; 800+
(800 ; -)

8 ; 10-15
( 5 - 8 m ; - )

200 - 500 4-25 ; 10-120

silty sands
sandy silts

200+ ; 800+
(800 ; - )

5 ; 10-15
( 5 m ; - )

150 - 400 2-20 ; 10-120

mud
soft clay

? ; 800+
( - ; 1600 )

0.1-0.5 ; 10-15
( 5 - 8 m ; 5 m )

10 - 50 0.1-3 ; 10-140

Table 9.2: Acquisition parameters required (used) for different sediment and wave types (in-
terface ; guided). The variation of acquisition parameters is much higher for the interface
waves than for guided waves. The required shot/receiver spacing render Scholte (interface)
wave measurements in soft clay or mud unfeasible.
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discarding seismograms recorded at distances less than 100 m. More important is the change
in relative position of the seismograms within one section. This must be determined within a
few meters.

The sound speed and depth of water were determined to an accuracy of 0.5 % and less
than 3 %, respectively, from the inversion of acoustic guided waves in the central Arkona
Basin, if the accuracy of the configuration geometry is acceptable. Unfortunately the sound
speed of water has not been measured independently since this additional data could be used
to cross check the accuracy of the navigational data and the resulting acquisition geometry.
In general it is easier to determine the water depth from echo sounder data and the sound
speed from CTD measurements, than to accurately determine the position of the OBS and
the towed source. Hence, the high sensitivity of the acoustic guided wave to water depth
and compressional wave velocity in water could be used as additional information for the
determination of the source-receiver geometry.

A towed acquisition system comprised of a deep-towed streamer of 200 m active length
and an airgun source was capable to measure interface wave energy likely to be related to
Stoneley wave propagation in the glacial till or chalk layers very close to the surface at the
south-east rim of the Arkona Basin. The lateral variation of the interface mode was observed
in the data. The frequency range of observation was not sufficient for a stand-alone inversion
of the measured wavefield spectra from the streamer data. Yet, this could be compensated by
using a starting model obtained from the inversion of a stationary-receiver experiment of the
same area.

9.2 Inversion of dispersive waves

Two inversion methods to infer sub-bottom properties from dispersive seismic waves have
been investigated. The first method is an inversion of dispersion curves to derive shear wave
velocity variations in a layered medium. A full wavefield forward algorithm is used to obtain
synthetic wave spectra for the given source and receiver configuration. Therefore the limi-
tation to and identification of the fundamental Scholte mode is not required. Separation and
identification of the fundamental mode is conventionally required in the SASW or equivalent
methods, this does not apply to the proposed method of dispersion curve inversion. Just the
requirement of the dispersion curves to be continuous and countable remains. The method
was successfully applied at one of three different geological sites in the Kiel Bay, Baltic
Sea. The inversion results are in good agreement with the expected values based on previous
investigations.

The limitations for more complex wave fields gave rise to the application of the second
inversion method investigated in this thesis. The inversion of the wavefield spectra was previ-
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ously applied to Rayleigh wave dispersion. The method was adapted to enable the inversion
of marine seismic data and applied to acoustic guided waves observed in the Laptev Sea and
the Arkona Basin of the Baltic Sea. A correction term related to near-field components of
the synthetic seismic wavefield was included in the inversion algorithm for the inversion of
shallow marine seismograms. The problems related to near-field components in the synthetic
seismograms calculated for the marine environment, but not observed in the measured data,
could be solved with this correction.

The source and receiver influence on the seismic wavefield is another issue of concern
for the inversion process and should be thought for in the choice of application of both the
acquisition and inversion method. The use of common-receiver-gathers to obtain the mea-
sured data has the advantage that no variation of receiver coupling has to be compensated,
if a stable source signature can be assumed. This is the case for the airgun source as used
in the Baltic Sea experiments. Then all source-receiver effects can be summarized in the
source function which is included as an inversion parameter and used for the computation of
synthetic wavefield spectra.

The amplitudes and phases of the complex spectral coefficients can be inverted using the
proposed inversion of full wavefield spectra, if the influence of the source and receiver is
either known or constant and determinable as a free inversion parameter. Here, also, it is
favorable to use either common-receiver gathers or receiver gathers with constant receiver
effects for all receivers. This assumption is valid for a hydrophone array towed in the water
column and the inversion of dispersive seismic waves of deep-tow streamer measurements
is feasible. This could be shown in the case of hard surfical sediments encountered in the
Siberian Laptev Sea as presented in the second case study. Unfortunately the evidence could
not be presented for the soft marine sediments of the central Arkona Basin. Possible causes
are the towing of the streamer at intermediate depth, about 15 m above the sea floor. It is
likely that the dispersive interface wave is decayed at this distance from the interface if it was
excited at all. At the south-eastern rim study area with comparably hard bottom sediments
the successful inversion from deep-tow streamer data was not possible without requiring the
a priori knowledge of OBS measurements and geological information. However, this could
be due to failures of the acquisition system the requirements of the acquisition parameters
in terms of offset range and spatial sampling could not be met. The lack of numerous traces
causes artifacts in the wavefield transform. The synthetic spectral coefficients are indepen-
dent of the lateral distribution of the receivers but assume that the seismic wavefield has been
adequately sampled. Hence, the artifacts in the spectral coefficients of the observed seis-
mic wavefield produced by the wavefield transform can not be treated adequately during the
inversion process and must cause unresolvable residues or mis-interpretation of the data.
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9.3 Conclusions

Scholte waves as well as acoustic guided waves can be excited in shallow marine environ-
ments using a surface towed airgun. The successful registration of Scholte waves depends
strongly on the sub-surface material properties. Data examples for sediments with shear wave
velocities exceeding 60 m/s could be obtained. Both the stationary-receiver method as well as
a towed acquisition system can be used to measure the lateral variation of the dispersion char-
acteristics of the Scholte wave. Limitations for the acquisition of Scholte waves remain for
very soft marine sediments with shear wave velocities lower than 50 m/s due to the required
dense spatial sampling and the low frequency range of interest for these conditions. Similar
restrictions in terms of the frequency range should be envisioned for the application in deeper
waters, since the frequency range of interest is affected by the water depth. However, for
shallow marine sediments exceeding shear wave velocities of 60 m/s sufficient Scholte wave
energy could be excited with a surface towed airgun and the shear wave velocity could be
successfully inverted from dispersive seismic wavefields recorded at or near the sea floor.

Acoustic guided waves recorded with a long streamer in the Laptev Sea and with a sta-
tionary receiver in the central Arkona Basin could be used to infer sub-surface properties
including the shear wave velocity by inversion of the full wavefield spectra. Since this wave
type is sensitive to compressional wave velocity and density as well as the shear wave veloc-
ity, the ambiguities have to be compensated by additional constraints. However, shear wave
velocity information was obtained from this wave type at the central Arkona Basin where no
seismic interface wave could be recorded. This wave type is generally known to require a
hard contrast at the sea floor, yet the acoustic guided wave could be observed and analyzed in
the central Arkona Basin despite of the presence of a 10 to 12 m thick layer of soft sediments
above stiffer materials. However, the sensitivity of the shear wave velocity information is low
for the soft sediment layer in this specific data set.

The advantage of using full wavefield solutions in the forward computations of the in-
version procedures was investigated for the inversion of dispersion curves as well as the full
wavefield spectra. The synthetic seismic wavefield accounts for the source and receiver ge-
ometry and therefore the information on the excitation of specific modes enables to extract
additional information on the sub-surface from the measured data. In case of the inversion of
the spectral coefficients of the full seismic wavefield even the full amplitude information can
be used to derive sub-bottom parameters.

While it was possible to use dispersion curve fitting for multi-modal seismic wavefields
this method is limited to dispersion curves of a countinous and countable nature. However,
even a simple structure can produce complex dispersion relations, which was demonstrated
by examples in the case studies in part two of the thesis. Algorithms based on dispersion
curve fitting will fail in these cases (e.g. site C in Kiel Bay).

A proposition is to use a hybrid method to derive weighted dispersion curves from the
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data, which are then compared with the synthetic amplitude spectra of seismic models. This
can overcome many of the problems of dispersion curve inversion methods, namely the re-
quirement on identification and separation of modes. The problems due to noise or source
and receiver specific influences on the measured data are reduced since the amplitudes of the
measured seismic wavefield are not inverted directly, but suitable weighting of the synthetic
and measured data is applied.

It is therefore possible to include relative amplitudes between modes without further re-
quirement on the knowledge of source spectrum or true amplitudes. This would also be an
achievable and useful extension of the much more simple dispersion curve inversion proce-
dures. Both of the presented inversion methods aim to simplify difficulties arising in full
wave form inversion, but still include the information of the amplitude and phase spectrum of
the seismic wavefield in order to obtain additional information on the properties of the marine
sediments.

9.4 Outlook

The general applicability to derive shear wave velocities from the measurement of disper-
sive seismic waves has to be considered with respect to several factors. The application of
a surveying method to determine shear wave velocities in shallow marine environments in
confined areas ( e.g. harbors) is of special interest for marine geotechnical applications. Due
to the required offset ranges to adequately determine the dispersive seismic wave field the
method doesn’t seem to be applicable in such confined study areas. Furthermore, the depen-
dence of the survey configuration on the target property itself (the shear wave velocity) is
problematic in cases when no a priori knowledge is available. This restricts the applicability
to open areas and to survey targets, which can be determined with a survey configuration
as summarized in table 9.2. However, this could be of interest if the target of investigation
is to find locations with shear resistance and shear wave velocities exceeding the level de-
terminable with a given acquisition configuration. In large areas of investigation this could
be achieved with a towed acquisition configuration, once a background model is determined
from a more detailed seismic experiment at one location. As presented in the Arkona Basin
case study the dispersive interface wave could be measured only in places, when a hard sub-
surface structure was present. From the dispersive seismic waves we could specify that the
shear wave velocity must exceed 400 m/s in this layer. Hence, we can determine areas, which
are characterized by hard sediments at shallow sub-surface depth.

Furthermore the future investigations should aim to conduct of combined surveys in order
to obtain a priori information required for the purpose of a joint data analysis. This should
include high-resolution seismic surveys, preferably with a multi-channel recording in order
to obtain velocity information from refraction and reflection seismic data analysis and to per-
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form amplitude versus offset investigations. These could provide additional constraints on
density and compressional velocity as well as shear wave velocity and depth of interfaces
at a certain extend (Riedel & Theilen, 2001). The calculation of reflection coefficients from
multiples in high-resolution seismic profiles and the penetration and reflection strength of
echo sounder data could also provide additional information (Mathys, 2003; Klein, 1998;
Riedel, 1998). The investigation of converted waves could be included in the inversion pro-
cess. The reflection coefficient of converted shear waves in combination with predicted travel
times could be used as additional constraints for the inversion. This would require to pick
reflection events which are likely to be related to converted waves. Bussat investigated the
potential to identify converted wave arrivals in shallow marine environments (Bussat, 2001).

This integrative approach to combine the information of several independent analysis
method has a high potential to reduce ambiguities and to stabilize the inversion with true
information on the sub-surface. This motivates to use the concept of Parker (1994) by devel-
oping an inversion with the target to find the most simple model of the sub-surface that is not
in disagreement with the observations. The additional constraints of this inversion should be,
that the model is not in contradiction to any of the data sets. A joint inversion algorithm with
modular components for several data sets would be favorable.
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Appendix A

Methods

A.1 Acquisition Restrictions of the Stationary-Receiver Ex-
periment

The derivation of the relation between the lowest resolvable shear wave velocity and the
offset, ship speed and lowest determinable frequency in an walk-away seismic experiment us
founded on the sampling theorem

cmin = 4π ∆x fmin ⇒ ∆x =
cmin

4πfmin

The following relations are used to express this relation of the lowest resolvable shear
wave velocity cmin in terms of the maximum distance from the receiver Xmax , the profiling
speed of the research vessel towing the seismic source Vship and the frequency of the interface
wave to be measured fmin. The shot spacing is determined by the minimum recording length,
i.e. the time of energy propagation of the Scholte wave to arrive at the maximum distance of
observation.

VshipTR = ∆x ⇒ TR = ∆x
Vship

= cmin

4πfminVship

VminTR = Xmax ⇒ Vmincmin = 4πfminXmaxVship

(A.1)

With an approximation of the Scholte wave velocity to be less than 0.8 times the lowest
shear wave velocity to be resolved this leads to the relation presented in the text.

Vmin ≥ 0.8cmin ⇒ c2
min = 5πfminXmaxVship
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A.2 Influence of Acquisition Geometry

The Influence of the acquisition geometry for a stationary-receiver experiment was investi-
gated with a synthetic seismic wavefield. First the wavefield transform in form of a frequency-
domain slant-stack was performed with the synthetic seismogram with the acuisition geome-
try according to the model. Then the OBS position was changed sucessivly at 5-10 m intervals
in cross-line direction. The source-receiver geometry was caclulated for this modified con-
figuration, hence the seismiograms are calculated for a different position than the analysis
performed. The error in terms of the offset corresponds to an absolute error in the OBS po-
sitioning for a real measurement, but is in the opposite direction. The sequence of wavefield
spectra obtained for variations of the cross-line distance are plotted in the range from 10 -
100 m (Fig. A.1). The subsequent elimination of near-field traces of the section to obtain
a limited offset spread of the far traces only can compensate for the systematical navigation
errors from above (Fig. A.2).
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Figure A.1: Offset variation in synthetic seismograms lead to an simulated error of the OBS
location from the navigation data.



APPENDIX A. METHODS 188

Figure A.2: Reducing the offset range used for the wavefield transform at the near-field side
demonstrates that the simulated navigation errors are not relevant for measurements at dis-
tances of about the double of the navigational error.



Appendix B

Data Acquisition

B.1 Research Cruises

B.1.1 List of research cruises
Cruise Area Dates No Research Vessel
Li199 Kiel B. 27.09. - 30.09.1999 FK Littorina & FB Polarfuchs
Al160 Arkona 17.05. - 22.05.2000 160 FS Alkor
Li200 Kiel B. 28.08. - 31.08.2000 FK Littorina & FB Polarfuchs
Po266 Arkona 08.01. - 12.01.2001 266 FS Poseidon
Al174 Kiel B. 05.02. - 09.02.2001 174 FS Alkor
Al181 Ark/K.B. 14.05. - 18.05.2001 181 FS Alkor
Al188 Arkona 18.08. - 24.08.2001 188 FS Alkor
Al196 Arkona 11.02. - 15.02.2002 196 FS Alkor
Al201 Arkona 10.05. - 19.05.2002 201 FS Alkor

B.1.2 List of stations and profiles of the cruises Po266, Al188 and Al201
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Figure B.1: Influence of temperature and salinity on sea water sound speed profiles

B.1.3 Corrections for Sound Speed in Water

Since the absolute position of the OBS stations deployed on cruise Al201 was obtained by
measuring the travel time of the direct p-wave, the sound speed of water had to be used. The
indication of very low sound speeds in the data gave rise to cross check the plausibility of
the inversion result in terms of physically sensible of sound speed in water for the Arkona
Basin. Therefore the hydro-chemical setting of the Arkona Basin as described by Matthäus
et. al. (Matthäus et al., 2001) was used to compute typical sound speed profiles for the water
column using the procedures proposed by UNESCO (Anonymous, 1985).

The speed of sound in water is a mere function of the density, or in terms of observables a
function of temperature, salinity and pressure. Both temperature and salinity variations within
the year 2000 have been studied and reported by (Matthäus et al., 2001) and we produced
sound speed profiles for February, May and End of July representing the cruises in winter
(Po266,Al196), spring (Al160,Al181,Al201) and summer (Al188).

B.1.4 Data conversion and preparation

All seismic data was converted to the SEG-Y derived Seismic Unix data format. The MCS
data was recorded in SEG-D Rev 8058 format, the SBP data in Microsoft-audio(.wav) format,
and the OBS data either in PASSCAL or SEDIS format. All conversions were performed on
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a Linux PC using factory supplied or at IFG developed conversion software. Some conver-
sion procedures to extract common receiver gathers from the OBS data had to be developed
for the new OBS system (Appendix B.1.4). Manual preprocessing usually included editing,
detrending with a constant average, offset dependent scaling, filtering and tapering and was
performed with standard or slightly modified versions of the Seismic Unix package. (Source
code of all modified modules is provided on the acompaning CD or the IFG website).

B.1.5 Navigation

The aim to link the navigation data with the seismic data is twofold. Dominantly it is im-
portant to reflect the acquisition geometry, i.e. the relative position between seismic source
and receivers. Secondly the absolute position is required in order to link the information of
the different profiles and also previous research work. This implies also, that the geometry
setting requires high accuracy of the relative positions between source and receivers, while
for interpretation of the data requirements on navigation accuracy are less. To accomplish
the latter, correction for the distance between the GPS antenna and the actual source position
have generally not been applied (e.g SBP data). However, the calculation of the survey ge-
ometry required to account for those corrections whenever the survey geometry was not fixed
in relation to the shipboard GPS antenna, e.g for the OBS measurements.

Generally the navigation data from the shipboard differential GPS system has been used
when available. Therefore the navigation data was linked to the seismic data by UTC time
keeping. The Meinberg time server was installed within the local network to keep all record-
ing units to UTC time during measurements when possible. The time keeping for the OBS
data was achieved, by synchronising the clock of the recorder at the beginning and measuring
the skew at the end of the recording.

OBS geometry For the geometry calculations for OBS configurations absolute position of
the source as well as the OBS stations had to be calculated. The source position projected to
the surface was calculated and the source and receiver depth treated in the further processing.
The position of the OBS was recorded at surface deployment. Since the water depth was less
than 30 m the drift of the OBS during sinking to the sea floor was neglected. The position of
selected stations was checked by picking the travel times from at least 4 shot positions and
inverting for the OBS location.

MCS geometry The geometry of the MCS-recordings have been calculated relative to the
source position. The airgun source was placed either 25 m or 50 m from the stern of the vessel
at various depth. While this was accounted for in calculating the source receiver geometry, the
absolute position of the source was usually assumed to be at the antenna position. Also, the



APPENDIX B. DATA ACQUISITION 192

-15

-10

-5

 0

 5

 10

 15

 8  9  10  11  12  13

de
pt

h 
[m

]

 local time [h]

Bird data 19.08.2001

(a) fin angles (negative is downwards) of the individual birds.

Figure B.2: Depth control system on day one of the deep-tow testing phase

distance between source and first receiver of the streamer was assumed to be in direction of
the profile only. Lateral distances of approximately 10 m have been neglected. The distance
between the source and the first recording channel has been adapted according to changes in
the acquisition, i.e. the length of the lead-in cable, towing depth of the streamer or the airgun
etc.. All other recording channels of the streamer have been assumed to be at fixed spacing
along the profile. Streamer feathering was not taken into account. More accurate geometry
settings were tested with two profiles, but showed no significant improvement to the data.
Therefore the crude geometry settings as mentioned above were assumed to be acceptable.

B.2 Deep-tow streamer data

B.2.1 Deep-tow acquisition tests

The depth control system of the streamer was used to monitor the streamer position as well
as the applied finn angles of the streamer birds to maintain the streamer at this position.
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Figure B.3: Single channel sections of channel 33 at 220 m offset from the 2.5 l airgun source.

B.2.2 Single channel sections of deep-tow seismic lines

In figures B.3 and B.4 the single-channel section of the seismic lines are presented where
Scholte/Stonley interface waves have been observed.

B.2.3 Selected shot-gathers of the deep-tow streamer lines
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Figure B.4: Single channel sections of channel 33 at 220 m offset.
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Figure B.5: Shots 19387 and 19397 of line Al188-P16. For practical reasons the first two
digits of the shot numbers were ommitted in the axis labels of the previous figures.
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Appendix C

Sensitivity of Inversion Parametes

C.1 Sesnsitivity of Acoutic Guided Wave Dispersion in Ma-
rine Permafrost Conditions

Parameter Variations

• Density

• Shear wave velocity

• Poisson ration

• Compressional velocity

• Layer thickness
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PERMAFROST CONDITIONS
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Appendix D

Used Tools and Software

The seismic equipment used for the various marine seismic experiments is mentioned with
the data acquisition procedures. This is a list of other tools and computer software used which
was either not mentioned thorughout the thesis or is here specified in more detail.

D.1 Forward Algorithm

D.1.1 Propagator Matrix Algorithm MSEIS and MSEISFK

The programs Mseis and MseisFK were provided by Wang, 1999 and 2001 in personal com-
munication.

D.1.2 Mode Summation Algorithm FLSPHER

The normal mode summation program FLSPHER was provided by W. Friederich in personal
communication. It is based on numerical itegration of the wave equation for a spherical earth
model. Next to the dispersion relation the eigenfunction of the displacement as well as the
sensitivity kernels have been used to study the variation of dispersion with model parameters.

D.2 Seismic Processing

D.2.1 Standared Processing

All standard seismic processing was performed with the Seismic Unix package from the Cen-
ter or Wave Phenomena of the Colorado School of Mines (http://www.cwp.mines.edu/cwpcodes/)
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D.2.2 Frequency Domain Slant-stacking Algorithm

The implementation of the frequency domain slant stacking method is based on the Seismic
Unix Tools.
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D.2.3 Dispersion Curve Inversion and Visulization

The dispersion curve inversion is performed in MATLAB with use of the Optimazation
Toolkit(Grace, 1994). Visulization of synthetic wavefield spectra presented in the sensitivity
study of Laptev Sea case study and in appendix C.1 was performed with MATLAB.

D.2.4 Inversion of full Wavefield Spectra

The preparation was performed using software STUFI, FIDASE and REFRACT of the Stuttgart-
FileFormat package. The inversion was performed with WGREMLIN, all programs provided
by Thomas Forbriger in personal communication.

D.2.5 Other Tools

The compilation of text, programs and data was performed on Linux based PCs and the SUN
Solaris 2 server CORE with frequent use of standard shell scripting with make,awk, sed,
and perl and other programs all under the GNU-Licence of the Free Software Foundation1.
Images were produced with SU, GMT, GLE, GnuPlot and further processed using GIMP,
ImageMagic and XFig programs. The typesetting was performed using Lyx and LATEX.

1http://www.gnu.de
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D.3 List of Abbrevations and Symbols

This list of abbrevations and symbols is a collection of terms and symbols frequently used
throughout the thesis. Other terms used just in single occasions are explained in the text.

Abbrevations

OBS Ocean Bottom Seismometer
OBH Ocean Bottom Hydrophone
OBC Ocean Bottom Cable
CRG Common-receiver-gather
MFT Multiple frequency technique

SASW Spectral Analysis of Surface Waves
AGC Automatic Gain Control amplitude scaling
TWT Two-Way-Traveltime

Symbols

x, r distance or offset variable in cartesian and spherical coordinates
t time

f, ω frequency and angular frequency, ω = 2πf
α, β compressional and shear wave velocity of a medium
c phase velocity
p phase slowness, 1/c
U group velocity

~u(x, t) displacement vector in the time-distance domain
u,w, v displacement components of ~u
~u(ω, p) displacement vector in frequency-slowness domain
G(ω p) spectral coefficient
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