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Abstract

The objective of this work is twofold. One of the objectives is to assess the viability of the
seismic refraction tomography method to delineate shallow subsurface information using first
arrival traveltimes from standard reflection data. In a standard seismic reflection method it is
difficult or impossible to obtain information in the very near surface depth range where surface
waves or refracted waves overlap seismic reflections. To fill this lack of information arrival times
of refracted waves — unwanted signals in the reflection survey — are analysed by the first arrival
refraction tomography method with the aim to complement the stacked seismic section by a

detailed velocity model for the near-surface area.

The second objective is using high resolution seismic reflection P- and S-wave data: to adapt the
P-wave survey parameters for high resolution information, to use shear waves instead of
compressional waves for near-surface study, and to demonstrate the significance of the V, to Vi
ratio to characterize the near-surface lithology. Even though high-resolution P- and S-wave
seismic reflection methods have been used for mapping the near-surface of the earth (e.g. Pugin
et al.,, 2004), there still remains need for further enrichment of these methods for accurate
lithological discrimination. This work tries to arrive at an increased understanding of these
methods with the aid of newly developed acquisition devices, consisting of a P- and S-wave
landstreamer unit and P- and S-wave vibrators (Polom et al., 2007). This research work is carried
out in the BurVal pilot project area Ellerbeker Rinne, Northern Germany (BURVAL Working
Group, 2006).

A near-surface P-wave velocity model down to a depth of 50 m, with velocity contrasts at ~10 m,
~30 m and ~50 m depths is obtained by a tomographic inversion of first arrivals from
conventional seismic reflection data. A total of ~81,000 first arrivals were picked for the velocity
calculation. The turning ray tomography inversion method described by Stefani (1995) is
employed to define the velocity model which is implemented in ProMAX software. The resultant
velocity model is found to be compatible with knowledge supplied by the borehole, shallow P-
wave reflection and AEM data. This model included a thin top layer of mixture of dry sand, till
and humus (velocities about 480 — 1020 m/s), a homogeneous layer of saturated sand (velocities

about 1480 — 1700 m/s) and a till layer (velocities about 1800 — 2400 m/s).

High resolution shallow P- and S-wave seismic reflection data were acquired along a coincident

profile line with the same acquisition parameters (1 m receiver spacing and 2 m shot spacing).
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The results of the survey indicate that the two methods have different depths of investigation. The
P-wave reflection data is only able to provide the shallowest strong reflection at 25 m depth but
the S-wave reflection data gives shallowest strong reflections at about 4 m depth. Conversely the
shallow P-wave reflection gives reflection as deep as 200 m but the shallow S-wave reflection is
only able to give the deepest strong reflection at about 50 m depth. On the other hand both P- and
S-wave reflection sections image comparable features at depths about 25 and 50 m from similar
interfaces. The outcome of this investigation as a whole demonstrates that the shallow S-wave
reflection has a better potential to image the very near-surface area than the shallow P-wave
reflection, and the combined P- and S-wave reflection information allowed the near-surface strata

to be imaged more effectively than using solely the P- or S-wave information.

A joint analysis of the P- and S-wave velocities via the velocity ratio in an effort to extract the
lithology component of the near-surface zone is also made. The interpretation of V/V; plots
derived from the shallow reflection data constrained by borehole information provided the
required details on the lithology of the near-surface sediments. It was found that the V, to V; ratio
(1.5 to 3.8) for the upper 5 m depth is low and is related to a mixture of sand, till and humus in
the borehole section. The V, to V, ratio has a higher value (7.6 to 8.7) between 10 and 20 m.
This increase is due to water saturation and correlates to the water saturated sand section. For
depths between 25 to 60 m the V,, to V, ratio is approximately within the range from 4.6 to 5.8
which corresponds the till layer. Values within the range of 5.2 to 6.2 for depths below 60 m may
be due to the emerging of the clay layer.

Another contribution of this work is some combined interpretation of different geophysical
methods - ground penetrating radar, airborne electromagnetics, spectral induced polarization,
refraction tomography, shallow P- and S-wave reflection methods. Integration of these different
geophysical methods verified the complementarity of the methods for the characterization of the
near-surface lithology. It also helped to improve the interpretation of the different seismic
methods (refraction tomography, shallow P- and S-wave reflection). In particular the combination
of these different geophysical methods together with the borehole information allows to construct

a geological model for the area.

Keywords: Near-surface seismics; seismic velocity; Reflection; Tomography, Lithological prediction

Stichworte: Oberflichennahen-Seismik; seismische Geschwindigkeit; Reflexion; Tomographie;

lithologische Vorhersage
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Zusammenfassung

Die Zielsetzung dieser Arbeit ist zweigeteilt: Zum einen geht es darum, die Methode der
seismischen Refraktionstomographie, angewendet auf Ersteinsitze reflexionsseismischer
Datensitze, auf ihre Brauchbarkeit beziiglich der Erkundung des oberflichennahen Untergrund-
bzw. Geschwindigkeitsmodells einzuschitzen. Konventionell erfasste, reflexionsseismische
Daten (z.B. Geophonabstand 5 m) liefern meist keine Informationen fiir den oberflichennéchsten
Tiefenbereich, da hier Oberflichenwellen oder refraktierte Wellen die reflektierten Einsitze
iberlagern. Diese Informationsliicke wird durch Analyse der refraktierten Wellen - also fiir die
Reflexionsseismik unerwiinschte Signale - mit der Methode der Refraktionstomographie
geschlossen. Hierbei ergibt sich ein detailliertes Geschwindigkeitsmodell fiir den
oberflachennahen Tiefenbereich mit dem die reflexionsseismische Sektion dann ergénzt werden

kann.

Zum anderen wird fiir die Erkundung des oberflichennahen Untergrundes hochauflosende
Reflexionsseismik mit P- und S-Wellen angewendet: die Akquisitionsparameter werden bei P-
Wellen dem oberflichennahen Erkundungsziel angepasst und es werden zusitzlich Scherwellen
eingesetzt. Das Verhiltnis der Geschwindigkeiten von Kompressions- und Scherwellen, also das
Verhiltnis von V, zu Vi, ergibt einen weiteren wichtigen Parameter zur Charakterisierung des
Untergrundes. Hochauflosende Reflexionsseismik mit P- und S-Wellen wurde zwar schon
hiufiger zur Erkundung des oberflichennahen Untergrundes eingesetzt (z.B. Pugin et al., 2004),
es besteht aber weiterhin Forschungsbedarf im Prozessing und insbesondere beziiglich der
lithologischen Interpretation der Daten. In dieser Arbeit wird versucht, ein erhohtes Verstindnis
fir diese Methoden zu bekommen, unter anderem auch durch den Einsatz neu entwickelter
seismischer P- und S- Wellen Quellen sowie P- und S-Wellen Landstreamer (Polom et al., 2007).
Die Untersuchungen finden statt in einem Testfeld des Projektes BURVAL und zwar im Gebiet
der Ellerbeker Rinne in Schleswig-Holstein (BURVAL Working Group, 2006).

Aus der tomographischen Inversion der Ersteinsidtze eines konventionellen seismischen
Datensatzes wird ein Geschwindigkeitsmodell fiir den Tiefenbereich bis 50 m ermittelt und es
werden Geschwindigkeitsdanderungen bei ca. 10 m, 30 m und 50 m Tiefe erkannt. Insgesamt
wurden 81.000 Ersteinsdtze fiir die Geschwindigkeitsberechnung gepickt. Fir die
Geschwindigkeitsberechnung wurde die ,turning ray tomography inversion Methode von
Stefani (1995) benutzt, die im Programmsystem ProMAX implementiert ist. Das resultierende

Geschwindigkeitsmodell zeigt Ubereinstimmung mit Bohrungsdaten, flacher P-Wellen
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Reflexionsseismik und AEM Daten. Das Modell beinhaltet eine diinne Verwitterungsschicht aus
trockenem Sand, Geschiebemergel und Humus (Geschwindigkeiten von 480 m/s bis 1020 m/s),
wassergesittigten Sand (Geschwindigkeiten von 1480 m/s bis 1700 m/s) sowie Geschiebemergel
(Geschwindigkeiten von 1800 m/s bis 2400 m/s).

Hochauflosende reflexionsseismische Daten mit P- und S-Wellen wurden entlang desselben
Profils und mit gleichen Messparametern aufgenommen (I m Geophonabstand, 2 m
Vibrationspunktabstand). Das Ergebnis zeigt die unterschiedlichen Erkundungstiefen der beiden
Verfahren. Die P-Wellen Reflexionsdaten ergeben eine erste kriftige Reflexion bei 25 m Tiefe;
die Scherwellendaten ergeben bereits bei 4 m Tiefe die erste kréftige Reflexion. Andererseits
werden mit den P-Wellen Reflexionen aus 200 m Tiefe ermdoglicht; die tiefste Reflexion der S-
Wellen kommt aus 50 m Tiefe. Im Tiefenbereich 25 m bis 50 m werden aber vergleichbare
Strukturen abgebildet. Als Ergebnis ist festzuhalten, dass die flachen S-Wellen Reflexionsdaten
ein hoheres Auflosungsvermogen im oberflichennahen Bereich haben als die P-Wellen. Und dass
die kombinierte Interpretation von P- und S-Wellen ein effizientere Abbildung des

oberflichennahen Untergrundes ergeben als die Messung mit nur einer Wellenart.

Fir die Beschreibung der Lithologie werden P- und S-Wellengeschwindigkeiten und das
Verhiltnis der Geschwindigkeiten (V,/V;) analysiert. Die Geschwindigkeiten wurden aus der
Reflexionsseismik ermittelt; die Interpretation der V,/V Daten ergab unter Zuhilfenahme von
Bohrlochinformationen detaillierten Aufschluss der Lithologie. Fiir die oberen 5 m ist das V,/V;
Verhiltnis gering (1,5 bis 3,8) und korreliert mit einem Gemisch aus Sand, Geschiebemergel und
Humus in einer naheliegenden Bohrung. Zwischen 10 m und 20 m ist das Verhiltnis hoher (7,6
bis 8,7); dieser Anstieg wird auf Wassersittigung zuriickgefiihrt und korreliert mit
wassergesittigtem Sand. Fiir Tiefen zwischen 25 m und 60 m liegt das V/V Verhiltnis zwischen
4,6 und 5,8 und korreliert mit Geschiebemergel. Werte im Bereich 5,2 bis 6,2 unterhalb 60 m

stimmen mit einer auftretenden Tonschicht iiberein.

Ein weiterer Punkt dieser Arbeit ist die kombinierte Interpretation verschiedener
geophysikalischer Methoden: Bodenradar (GPR), Hubschrauber Elektromagnetik (AEM),
spektrale induzierte Polarisation (SIP), seismische Refraktionstomographie und flache P- und S-
Wellen Reflexionsseismik. Durch die Vernetzung dieser unterschiedlichen Methoden ergibt sich
erginzende Information, die fiir die Charakterisierung der Lithologie des oberflichennahen
Untergrundmodells wertvoll ist. Die Interpretation der seismischen Daten wird dadurch ebenfalls
verbessert. Aus der Kombination der Ergebnisse der verschiedenen Methoden sowie

Bohrlochinformation wird ein geologisches Modell fiir das Untersuchungsgebiet erstellt.
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1. Introduction

The near-surface of the earth is diverse and a complex terrestrial environment that supports
human infrastructure, provides water and mineral resources, and is the region in which human
activities have considerable impact. Hence developing an understanding of the processes and
properties that occur here is essential for utilizing it efficiently and properly (e.g. Butler, 2005).
Therefore suitable geophysical methods (Steeples, 2005) must be used for exploring the
resources, for the characterization of contaminated sites, for groundwater quality evaluation,
cavity and tunnel detection, the assessment and design of built infrastructure, and to address
scientific questions in this dynamic part of the earth. As a result rapid, accurate and cost effective
mapping of the lithology, structure and physical properties of the near-surface of the earth is

crucial.

Lithology is a description of rocks (especially sedimentary rocks), which is identified by the
composition and microstructure of the rocks. As many measurable physical and other properties
of rocks vary strongly with lithology, being able to relate these properties of rocks as a function
of lithology is very important. Lithology of rocks is traditionally obtained on the basis of hand
specimens and outcrops (e.g. Jenn et al., 2007). An alternative is the use of boreholes, another is
the use of surface geophysical measurements. One example is the use of surface seismic data for
estimation of lithology. To interpret the lithologic information inherent in seismic wave velocities
requires an understanding of the relationship between geology and velocity. To this end, this

work is interested in studying the competence of seismic parameters to lithology predictions.

For correct prediction of the lithology from seismic data accurate near-surface velocity
information is mandatory. In this study, first arrival refraction tomography and high resolution P-
and S-wave reflection methods are applied for near-surface lithological classification based on

seismic velocity analysis in sedimentary environment.

First arrival refraction tomographic imaging technique is proposed for constructing a near-surface
P-wave velocity model from refraction events of standard reflection data. First arrival refraction
tomography, unlike conventional seismic refraction and seismic reflection method uses diving
waves. In this approach the medium was parameterized as a number of cells, diving rays were
traced through the model, and traveltime residuals were inverted for slowness perturbations in

every cell crossed by rays (Rawlinson & Sambridge, 2003). Since diving waves are expected to



fit the nonlinear moveout of first arrivals better than head waves, broader offset ranges needed to

be included for processing.

High resolution seismic reflection techniques measure the velocity and depth of different velocity
layers for acquiring a rather detailed picture of the very near-surface of the earth. They are used
for the delineation and mapping of small-scale features at shallow depths that cannot be imaged
by standard reflection methods. Imaging of such shallow depths demands generating and
transmitting of high frequency broad bandwidth signals and small receiver intervals (Steeples &

Miller, 1998). This in turn requires capable equipments.

The combined analysis of high resolution seismic P- and S-wave velocity information has
advantage for identifying near-surface lithologies over using solely the P- or S-wave information.
Since different modes of P- and S-waves travel at different speeds through the earth they respond
differently to various geological situations. In addition, S-waves have a potential to provide
improved resolution because of their shorter wavelengths. Most importantly the information from

P- and S- wave velocities allows predicting lithology also via analysis of V,to V; ratio.

This dissertation is separated into seven chapters. In Chapter 2 a brief description of the location

and geology of the study area is presented.

Chapter 3 recounts the propagation of seismic waves in poroelastic medium. The poroelasticity
theory, which considers the solid-to-fluid and fluid-to-solid coupling in porous material and their
governing equations are described. Next, the propagation velocities of P- and S-waves, the
diverse velocity definition in exploration seismology, the different ways to determine seismic

wave velocities and the factors controlling seismic wave velocities are dealt.

Chapter 4 gives an overview of the near-surface seismic methods. The basics of the shallow P-
and S-wave reflection method are described. This includes instrumentation, acquisition and
processing. Some basic concepts of first arrival refraction tomography followed by the
introduction of the two inversion methods: two-point ray tracing and a wavefront construction

method are given.

Chapter 5 focuses on the acquisition, processing and results of the P-wave refraction tomography
and the shallow P- and S-wave reflection data. In the refraction tomography processing a simple

synthetic test is demonstrated in order to show the effect of the acquisition geometry on the



resulting velocity field. Besides, a comparison between the P-wave refraction tomography versus

the shallow P-wave velocity model, and the shallow P- and S-wave seismic section are made.

Chapter 6 reviews the interpretation results in the study area. This chapter also describes Vp, Vi
and V, to V; ratio from the shallow P- and S-wave reflection and their correlation with the
borehole logs and the previously obtained VSP results. In the end the results from the seismic

methods are integrated into the available geophysical data and the lithologic log.

Finally I conclude the thesis in Chapter 7 with the summary of the findings of this work.



2. Regional Setting

2.1 Location

The study area is one of the BurVal (EU INTERREG project on buried valley aquifers) pilot
project areas called Ellerbeker Rinne (Scheer et al., 2006). It is situated some 10 km Northwest of
Hamburg (Figure 2.1) in a typical Quaternary environment with sand and till on the surface
(Ehlers, 1996). It extends from Tangstedt to Hasloh. The landscape form of the area is flat and
wavy. The elevation rises up to 20 m above sea level in the area. It belongs to the north European
sedimentation basin like other parts of Northern Germany. The subglacial valley (Ellerbeker

Rinne) is a significant feature in the area and a good groundwater reservoir.
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Figure 2.1: Location map of the study area.
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2.2 Geology

The geology of the area is characterized by a thick sequence of sedimentary deposits and
updoming salt structures. Mainly in the Permian age thick deposits of salt rocks had been formed
which were the source of numerous rising salt structures that strongly influenced the
sedimentation and stratification of the younger overlaying strata. These salt structures affect the
structure of the covering sediments: some penetrate the near-surface sediments and some of them
even reach the surface. The young Tertiary and the Quaternary sediments are area of concern for

this study in the near-surface area.

Quaternary sediments in northern Germany are mainly characterized by glacial activity during
the Pleistocene. The near-surface Quaternary sediments are formed mainly from glacial tills and
sandy material of outwash plains of the Saalian age. They have a heterogeneous distribution
because of rapidly varying conditions of sedimentation and erosion. Geological information from
wells indicates that the thickness of the Quaternary sequence (Figure 2.2) normally varies from
20 to 60 m. But may reach more than 400 m in buried valleys (Figure 2.2); this is confirmed by
geophysical investigations (e.g. Gabriel et al., 2003).
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Figure 2.2: The base of Quaternary deposits (Scheer et al., 2006).



The origin of most Tertiary sediments is the Scandinavian Shield, from where large river systems
transported huge amounts of material into the basin of the ancient North Sea. Several lateral
movements of the shore line caused cycles of sedimentation with an accumulation of fine grained
marine sediments. The deposits of the younger Tertiary include a fairly uniform series of

powerful clay and sand horizons (Figure 2.3).
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Figure 2.3: Geological cross section of the area. Black line represents base of

Quaternary deposits (Scheer, 2001).

The near-surface aquifer system in the area is built up by medium to coarse-grained
glaciofluviatile sands of mostly Saalian age. These near-surface aquifers are covered with
discontinuous glacial till and clay layers. The thickness of these aquifers as well as the covering
glacial tills and clay layers varies strongly. Thus, the potential for ground water extraction from
the near-surface aquifers is also strongly varying (Scheer et al., 2006). Since the covering clay
layers are discontinuous the aquifers can be exposed to contamination and pollution. A more
detailed description of the geology of the area can be found in the final report of the BurVal

working group 2006 (Scheer et al., 2006).

Three boreholes (Borehole 1 (B1), Borehole 2 (B2) and Tangstedt-3914) with qualitative
lithologic descriptions are available in the area. They mostly indicate a layered geology
composed of sedimentary material with mineral compositions varying between till, clay and sand

(Figure 2.4).

Borehole 1 was drilled to a depth of 119 meters. The first lithological unit encountered is
approximately 20 meters thick and is composed of a mixture of humus and fluvial sediments that
include fine, medium to coarse sand, silt, gravel and till. Beneath these heterogeneous units,
between 20 And 65 m a clean layer of sand is present. At depth approximately 65 m a dark brown
to black, silty and slightly calcareous 10 m thick Lauenburger clay is found. Below this unit

alternate layers of sand and clay material are deposited.
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Borehole 2 was drilled to a depth of 20 meters and three major lithological differences can be
identified. These include an around 3 m thick mixture of humus, sand, silt, gravel and till; a

complete sand unit and a gray till unit between 17-20 m.

Tangstedt 3914 was drilled to a depth of 252 m. A 10 m thick sandy and gravelly till layer is the
uppermost lithological unit for this borehole. Below this unit 14 m thick fine to medium sand is
present. The till below this interval is 46 m thick. A silt-clay layer is present between a depth of
70 and 113 m. Below this layer are fine, medium to coarse silty sand layers which contain a thin

clay layer between 63 to 76 m and layers of brown coal.
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3. Seismic Waves

A wave is a disturbance, usually periodic, that travels with finite velocity through a medium. All
wave motions have two important characteristics in common: First, energy is propagated to
distant points and, second, the disturbance travels through the medium without giving the
medium as a whole any permanent displacement. Waves travelling through rock governed by the
laws of linear elasticity are known as seismic waves. Seismic waves are generated at a source
which can be natural, such as an earthquake, or artificial, such as an explosion. The resulting
waves propagate through the medium, some portion of the earth, and may be recorded at a
receiver, which gives information about both the source of the waves and the material they pass
through. Seismic waves originating from earthquakes are used to locate earthquake foci and to
study the mechanism at the source (Aki & Richards, 1980). Seismic waves from man-made
sources are used to study the near-surface structure of the earth, to locate mineral deposits
(including hydrocarbons, ores, water, geothermal reservoirs, etc), archaeological sites, and to
obtain geological information for engineering (Sheriff & Geldart, 1995). In the following section

the propagation of seismic waves in natural rocks is discussed in detail.

3.1 Seismic Waves in Natural Rocks

For a wide range of fluid-filled porous solids the elastic theory is a crude approximation for
investigating wave propagation in such media. Due to the porosity of natural rocks and due to the
interaction of the skeleton and the pore content, a different theoretical approach, i.e., poroelastic
theory is necessary to explain various observed effects. The theory of poroelasticity that applies
to most rock materials can be constructed by the idealization of a rock as a connected mineral

phase permeated with voids; these voids may be interconnected (Figure 3.1).

| _— Rock Matrix

Pore Space

Figure 3.1: Schematic diagram showing a poroelastic medium




The Biot theory (Biot, 1956a,b, 1962) is used to describe the seismic wave propagation in such a
medium. According to this theory, a fluid-filled porous rock is regarded as an interacting two-
phase elastic system, one phase of which is the porous rock matrix and the other phase is a fluid
filling the voids. The interaction between the fluid phase and the bulk material during wave
propagation influences the amplitude and the phase of seismic waves significantly. Furthermore
these interactions cause energy dissipation, resulting in attenuation and velocity dispersion
(Mavko & Nur, 1995). A thorough discussion and definitions of poroelasticity theory can be
found in many books and publications such as Garg et al (1974), Antes & Wiebe (1996), Mavko
et al. (1998), Wang (2000), and Schanz (2001).

Wave propagation problems in linear elastic porous media can be described by the equation of
motion based on the constitutive law and of Biot’s theory. In poroelasticity theory, there are two
types of equations that are coupled. These are the equations for elastic behaviour of the solid rock
and the equations for elastic and fluid flow behaviour of the pore fluid. This behaviour of a linear
elastic, fluid saturated medium can be illustrated by the elastic Lamés constant A and p and two

special poroelastic constitutive coefficients R and Q (Biot, 1956a):

A= lz_vg‘v 3.1)
20-2v)(1+v,)?
R = ud’B? u 3.2
P 91-2v )V, —V) 3-2)
_ 2(0+v,)
Q=-R +,u<I>B—3(1_2VM) (3.3)

Herein, v, is the undrained Poisson’s ratio, and B is the Skempton pore pressure coefficient
(Skempton, 1954). The shear modulus y, the elastic Poisson’s ratio v (under drained conditions;

see e.g. Wang, 2000), and the porosity & are well known material constants in soil mechanics

and can be measured using conventional laboratory measurements.
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Using the above equations, the stress-strain relations for a linear elastic fluid saturated porous
medium can be given by
Q2

o) =2ue; +(A+ ?)a‘y.e,jk +Q0,¢]; (3.4)

o’ =Q¢} +Re] (3.5)
where O'lf; and o/ are the stresses, and elf]‘l , 8,5{ are the corresponding elastic strain and fluid
dilatation, which act on the elastic and fluid parts, respectively.

The total stress is defined as
o, =0,+6,0 . (3.6)
The fluid pore pressure P is related to the fluid stress o/ via the porosity @ :

f
o
P=——. (3.7)
P
Using the linear strain-displacement relation, the governing equations of motions for dynamic

poroelastic media are (from Antes & Wiebe, 1996)

do; ou’ du’ o%u’ o%u/

i —b i i +F~S — i + i 38
ox, (at atj P e 59
oo’ ou’ du’ o°u’ o°u/

+b i i +Ff — i + ! 3.9
ox, (ar o J PP T 39

They may be written with the constitutive equations (3.4) and (3.5) as

Q% ou; ou’ ou/ ou’ ou/ \ o’u’ o’u/
A+pu+=—)—-+ L+ b ———|+F' = —+ ’ 3.10
o, T, %%, e T )T T e Ty 10

ou’ ou’ ou’  ou/ ’u’ o’u’
+R—L+b ———— |+ F/ = L+ ’ 3.11
% M, (az o ) TP e e e GAD

In these equations, u, and u represent the solid and liquid displacements, respectively. The

internal viscous friction that is caused by the relative movement between fluid and solid is
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described by b. F'and F,” are the solid and fluid body force vectors. p, and p,, are the

effective mass densities of the solid and the fluid, and p,,= p,, is a dynamic coupling parameter.

In the absence of pore fluid the equation of poroelasticity (3.10) reduces to that of elasticity:

au;+ %-FFS_ —azu:
o Mo ThiTPhTaT

Ji Ji

A+ (3.12)

Despite the fact that the above reduction disregards the fluid effect, it is a logical approximation
and most seismic methods are satisfactorily based on the analysis of seismic wave propagation in

a linear elastic medium.

3.2 P- and S-wave Velocities

There are different kinds of waves generated for seismic exploration. The two main types of body
waves that travel through the interior of the earth are P-waves and S-waves. The propagation of
P-waves through a medium is primarily governed by compressibility and rigidity, that of S-wave
by rigidity, as well as by density and porosity in both cases. P-waves can travel through liquids,
gases, as well as solids because the energy propagates through the atomic structure mainly by a
series of compression and expansion (rarefaction) movements. S-waves, also called shear waves,
require a mechanically solid material for effective propagation and, therefore, do not propagate in
materials such as liquids or gases. Liquids and gases do not have any shear strength, i.e. there are
no bonds holding the liquid and gas molecules together that will resist a shear force. In P-waves,
the vibration of the rock is in the direction of propagation. In shear waves, particles oscillate

perpendicular to the direction of wave propagation.

The velocity of propagation of P- and S- waves in a homogeneous isotropic elastic medium can

be derived using the equation of motion and the relationship between stress and strain.

Equation (3.12) can be written in a vector form as (Tatham & McCormack, 1991)

2

p%t‘j’ =(A+2u)V(Vy)- u(VxVxy) (3.13)

The above equation is commonly referred to as elastic (seismic) wave equation. We can separate
the elastic wave equation into two wave equations, one for P-wave and one for S-wave, by taking

the divergence and curl, respectively.
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If we take the divergence, then

0°V. A+2
atz‘” =( ; ”jvz(v.y/) (3.14)

This is a wave equation for P-waves with a velocity

(mzﬂj%
VP =
P

(3.15)
The P-wave velocity can also be expressed in terms of the bulk modulus K, which is a measure of
the substance's resistance to uniform compression. The following equation, relates the bulk

modulus with the Lamé’s constants

K =§(3/1+2ﬂ)

(3.16)
Substituting in equation (3.15) V, has the form
b
K+4%, u
, [Er
Yo,
(3.17)

Equation (3.17) shows that the P-wave velocity is a function of three separate properties of the

material. It is primarily controlled by the bulk and the rigidity modulus of the material.

If we take the curl of equation (3.13), then

2
o Vf"’:(ﬁjvz(wy/) (3.18)
ot P
This is a wave equation for S-waves with a velocity
els)
o=
P (3.19)

Obviously, the S-wave velocity is determined by the shear modulus and the mass density of the

medium. Its propagation velocity increases with the shear stiffness of the material.
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3.3 Velocity Definitions

The different ways to quantify seismic velocities, e.g., direct measurements or indirect
measurements, result in diverse velocity definitions. The exploration seismologist deals with
interval, average, root-mean-square (rms), phase, group, normal moveout (NMO), stacking, or
migration velocities. To avoid confusion the different meanings shall be illustrated in the

following (after Hubral & Krey 1980, Yilmaz 2001, Sheriff 2002).

The interval velocity (V. ) is the average velocity over some interval of travel path corresponding
to ¢, or thickness z;. It is also often used for the average velocity calculated from sonic logs and

then calculated from well surveys for the intervals between measurements (e.g., interval between

geophones Gy and G; as in Figure 3.2). Then

vV, ==t (3.20)

"\,4 '/“ Vn

Figure 3.2: Travel paths for different velocity definitions: source Sy and red rays shall
demonstrate near vertical incidence (zero-offset) and recording in the borehole and thus defining
average velocity and interval velocity. Blue source and blue rays demonstrate CMP (common

midpoint) raypaths for horizontal layering and shall define stacking velocity and rms velocity.
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The term interval velocity (or Dix velocity) is also used for the velocity calculated for a vertical

travel path between horizontal reflectors by Dix formula

2 . ys2
V= \/V ut, =Vt 321)
Z‘n _tn—l

where V,, is the rms velocity (see below) and t, is the zero-offset arrival time of the n'" reflection.
This equation yields fictitious values if both reflectors are not horizontal, if there are lateral

velocity variations between or above them, or if the interval is large.

The average velocity (V ) is the ratio of the distance along a certain path to the time required for

a wave to traverse the path, 1.e.

jV(t)dt
=2 (3.22)

t

Idt

0

<

While it has meaning only with respect to a particular path, a vertical path is often implied, that
is, it is given by a depth divided by the seismic traveltime to that depth, usually assuming straight
raypath travel (e.g., rays from source Sy to geophones G; to G, in Figure 3.2). If the section is

made up of parallel horizontal layers of velocity V, and thickness z; so that the traveltime across

each layer is ¢, = z,/V, , then the average velocity V is

. z‘/iti Zzi
V= = ! (3.23)

Zti Z(Zilvi)

i i

The root-mean-square velocity (V,,s) down to a reflector (e.g., E in Figure 3.2) is defined as

(3.24)

The NMO velocity (Vnmo) is the velocity for the normal-moveout correction (normal moveout is
the difference between the two-way time at a given offset and the two-way zero-offset time). The

traveltime equation as a function of offset is

£ =t02 X (3.25)

Vv
where x is the distance (offset) between the source and the receiver positions (e.g., SG in Figure

3.2), V is the velocity of the medium above the reflecting interface, and t is twice the traveltime
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along the vertical path MD (in Figure 3.2). For a single constant velocity horizontal layer, the
reflection traveltime curve as a function of offset is a hyperbola. In the case of a dipping reflector
the traveltime equation becomes a function also of the reflector dip angle. It still represents a
hyperbola; however, the NMO velocity now is given by the medium velocity divided by the
cosine of the dip angle. This means that the proper stacking of a dipping event requires a velocity
that 1s greater than the velocity of the medium above the reflector.

For the multilayer case of a medium with horizontal iso-velocity layers the traveltime equation

results in
£ (x)=Cy+Cx° + Cox* + Cyx° +.. (3.26)

where Co=t¢?, Ci=1/vin?, and C,, Cs, ... are complicated functions that depend on layer
thicknesses and interval velocities; with interval velocities V; and vertical two-way time t; for the
i"™ layer. By making the small-spread approximation (offset small compared to depth), the series

in equation (3.26) can be truncated to obtain the familiar hyperbolic form

2

1=+ (3.27)

Comparing equation (3.25) and (3.27) we find that the velocity required for NMO correction for a
horizontally stratified medium is equal to the rms velocity, provided the small-spread

approximation is made.

The stacking velocity (V) is the velocity value determined by velocity analysis that is used for
common-midpoint stacking. In the limit as offset approaches zero, it approaches the NMO
velocity. The difference between stacking velocity and NMO velocity is sometimes called the
spread-length bias. It should be noted that the stacking velocity better should be called stacking
function because it is not really a velocity. It specifies the hyperbola which would describe the
moveout curve for a particular reflector if the velocity were constant from the surface to the
reflection. This is only the case in the very shallow beds. In most cases the stacking velocity
represents the best fit of a hyperbola to the non-hyperbolic normal moveout. It should also be

noted that the stacking velocity will vary with offset range.

It is given by the equation
=12+ (3.28)
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The migration velocity, conceptually, is similar to the stacking velocity. Whereas the stacking
velocity best characterizes the normal moveout of reflection times across a CMP gather of traces,
the migration velocity best characterizes the moveout of diffraction times both across different
CMP gathers and across traces within those gathers. Hence, the migration velocity should be the
appropriate parameter for migrating seismic data. Unlike the stacking velocity, the migration
velocity is insensitive to the dip of the reflector to which it pertains and hence is single valued in
space and is spatially more correct. For horizontally layered media, the two forms of velocity

coincide (Hubral & Krey 1980).

Figure 3.3 illustrates some velocity definitions. Based on an interval velocity model we see that

the rms velocity V_ resulting from equation (3.24) is larger than the corresponding average

velocity % (after equation (3.23)). We also see, if we recalculate the interval velocity V, from

rms or Average velocity using Dix formula equation (3.21), that in the case of the average
velocity the resulting interval velocity is too small. The average velocity is what we are looking
for, what we need for the time-to depth conversion or migration and what - for small intervals -

gives the lithological relevant velocity.

Velocity in m/s
B ~ i
B ‘7 VI’H‘IS%

W,
\
|

Depth inm

4 a
d 2
=] a
p————
E———

Figure 3.3: Velocity depth model and calculated rms and average velocity as well as recalculated
interval velocity by Dix formula (equation (3.21)). Black: given V interval, blue:

calculated V average, red: calculatedV, , blue dash dot: V, (calculated by Dix

rm.

formula from Vaverage) dot: V, (calculated by Dix formula from V_ ).

rms
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The average velocity is calculated for a straight line vertical path and is obtained from the

weighted average of 1/V,, the weights being the layer thicknesses. The NMO velocity V,,,, holds

for the one layer case (straight paths, hyperbolic form, the equation for a hyperbola is met only in

a situation of constant velocity). The rms velocity applies to horizontal velocity layering as the
offset goes to zero and Vrms2 is the weighted average of Viz, the weights being the one-way

vertical traveltimes through each bed and more weight is given to high-velocity beds. This is
consistent with the fact that the least-time path between two points involves changes in path

direction that increases travel in the high-velocity layers. Thus, using V_ _ somewhat

compensates for the failure of straight-line paths to account for ray bending at interfaces (e.g., the

difference of the paths SAE and SBE in Figure 3.2). The stacking velocity V_ even holds for

curved raypaths when the velocity varies by depth and thus generally is higher than the rms

velocity.

The refractor velocity is determined by the analysis of refracted waves. These waves travel along
the layer boundary and travel predominantly horizontally in the layer using the layer with the
higher velocity. The refractor velocity may be up to 20% higher than the vertical average velocity

due to fine bed layering.

Phase velocity means the velocity of any given phase (such as a trough or a peak) or a wave of
single frequency; it may differ from group velocity, the velocity with which the energy in a

wavetrain travels, because of dispersion (variation of velocity with frequency).

3.4 Different ways to Quantify Seismic Wave Velocities

The seismic velocity can be determined from laboratory measurements, sonic logs, and vertical
seismic profiles or from velocity analysis of seismic data. It varies as a function of how it is
derived from the data. For example, vertical seismic profiling (VSP) and sonic log measurements
are two different techniques providing the information about the structure surrounding a

particular well. The two techniques use significantly different frequencies of seismic signals.

VSP and sonic log velocities (or traveltimes) are often found to disagree. Recent field evidence
(Stewart et al., 1984) of these differences suggests that the VSP traveltimes are delayed with

respect to the integrated sonic times. More detailed analysis of seismic wave propagation in the
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VSP shows that short-path multiples and velocity dispersion can have a significant delaying
effect on the seismic traveltimes (Stewart et al., 1984).
3.4.1 Laboratory Measurements
In the laboratory velocities for shallow subsurface rocks are determined by measuring the travel-
time of a pulse transmitted through cylindrical rock specimens with high frequency i.e. about tens
to hundreds of kHz. Ultrasonic transducers are used to transmit the pulse through a sample of the
material in question. As the length of the specimen is known, a velocity can be calculated.
Laboratory measurements of velocity of unconsolidated sediments for shallow depths are usually
made at low confining pressures (~ 0.1MPa). The following equation from Aracne-Ruddle et al.
(1999) is often used to compute the ultrasonic wave velocities for P- and S- waves from
laboratory experiments.
10*1
t,. —t,

ar

V =

(3.29)

Herein, V denotes velocity (of P- or S-waves), m/s;
10* is a factor converting cm/ps to m/s;
[ is the distance travelled by the wave, cm
t,,, 1s the observed arrival time of the wave, ps; and

t,1s the system correction time (7, established by aluminium calibration experiments), ps.
Figure 3.4 shows the P- and S-wave velocities as a function of pressure. The measurements were

made with a frequency of about 100 kHz.
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Figure 3.4: Plot of laboratory measured P- and S-wave velocity V,, and V, versus pressure Pd
for two water-saturated sands with different grain sizes, open circle for fine grained

and solid circles for coarse grained (from Prasad & Meissner, 1992).
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3.4.2 Vertical Seismic Profiling (VSP)

Vertical Seismic Profiling (VSP) is a form of seismic surveying that utilizes boreholes. Shots are
normally fired at the surface, at the wellhead or offset laterally from it, and recorded at different

depths within the borehole using special detectors clamped to the borehole wall (Figure 3.5).

Through VSP seismic wave velocities are measured from direct and reflected waves propagating
through strata intersected by a borehole at frequencies from tenth to hundreds of Hertz and at
scales hundreds of meters. VSP data can be used as a near-surface imaging tool directly. Its
information can be applied for geotechnical purposes as well as ground water exploration. VSP
generally gives better data than the surface seismic method because the energy does not have to
travel as far and therefore undergoes less attenuation. It also investigates a target formation more

closely and measures depth accurately. Further description is given by Hardage (1991).

First breaks plus the upgoing and downgoing events that follow first breaks can be recorded in a
vertical seismic profile (Figure 3.5). VSP can supply information about both velocity and
subsurface interface locations. First break times provided by VSP data can be used to determine
travel time at any borehole depth. The interval velocity can also be extracted from the VSP data

(Figure 3.6).
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Figure 3.5: Schematic diagram of a VSP survey (from DiSiena et al., 1984).
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VSP surveys are rarely used alone. It is a means of obtaining improved information about the
subsurface. In a standard CMP survey, the velocity control provided by the VSP survey allows
enhanced accuracy in the conversion of time sections to depth sections; multiples and primary
reflections can easily be identified and deconvolution operators can be designed to eliminate the
multiples. VSP surveys have been shown to be a useful technique for near-surface investigations

(Skvortsov et al., 1992; Milligan et al., 1997).

Depth (m)
TN

Time(ms)

250 ca) 3 ] (k0

Figure 3.6: (a) P-wave VSP data (Z-component) with the first break picks from a vibroseis

source with a zero-phase wavelet. (b) The average and interval velocities are in m/s

(Rumpel et al., 2005a).

3.4.3 Sonic Logging

This method uses high frequency observations and is based on the study of the propagation of
sonic (50-5000 Hz) and ultrasonic (20-50 kHz) pulses in rock with short source-receiver
spacings. The method enables the geologic column to be sectioned into layers down to fractions
of a meter thick. The seismic properties of the formation (P-wave velocity, shear-wave velocity
and some times intrinsic attenuation) adjacent to the borehole can be measured with sonic
logging tools.
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Sonic logging makes use of one or two pulses and two or four receivers, all located in the tool,
which is lowered into the well (Figure 3.7). The tool measures the travel time of a P-wave
between two sensors to give the velocity. The travel time to the top of the sonic log and to other
depths are often determined by direct measurement from the surface to a borehole geophone. The
sonic log shows the results as the reciprocal of the P-wave velocity in the formation. A sonic log,
as opposed to seismics, measures velocity more directly. For more details on sonic logging see

e.g. Sheriff & Geldart (1995).
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Figure 3.7: Sonic logging, (a) Borehole-compensated sonde; (b) y-ray (left) and P-wave
velocity log (right).

3.4.4 Velocity Analysis of Surface Seismic Data

Surface seismic data provide an indirect measurement of velocity. In surface seismic
measurements, both the energy source and the receivers are positioned on the earth’s surface
(Figure 3.8a). The basic technique of the method consists of generating seismic waves and
measuring the time required for the waves to travel through the sub-surface. The waves may be
reflected and refracted back to the surface to a series of geophones. The elapsed time between the
source being triggered and the arrival of the various waves is then used to determine the velocity

of the waves (Figure 3.8b).
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Figure 3.8: Surface seismic technique; (a) raypaths for two layer medium; (b) traveltime curves;
(c) sample seismogram from the survey area with the direct, refracted and reflected

arrivals.

Figure 3.8c shows a seismogram with direct, refracted and reflected arrivals. From the
seismogram travel-time versus distance graphs can be constructed (Figure 3.8b) and velocities
can be calculated for the overburden and refractor layers through the analysis of this curve. In the
case of reflected arrivals the stacking and the interval velocity can be determined by applying a
number of processing steps. The surface seismic method is applied in this work and will be

presented in detail in the next chapter.

3. 5 Factors Affecting Seismic Velocities

Seismic velocity generally increases downward as one goes from the unlithified sediments and
soils near the surface into more consolidated rocks; it increases as well when the wave passes
from the unsaturated into the saturated zone. There are a number of factors responsible for these
velocity changes in the near-surface materials like lithology, porosity, cementation, pressure and

interstitial fluids (Figure 3.9).

The most obvious factor controlling seismic velocity is the lithology of the media. Yet, because
of much overlap between the ranges of seismic velocity for different earth materials the
lithological identification is not unique (Table 3.1). For example a high velocity of sedimentary

rocks generally indicates carbonates and a low velocity indicates sands or shales, whereas an
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intermediate velocity can indicate either. These overlappings hinder the differentiation between

carbonates and sandstone usingV, .

Rock Type v, (m/s) V. (m/s)
Vegetal Soil 300-700 100-300
Dry Sands 400-1200 100-500
Wet Sands 1500-2000 400-600
Clay 1100-2500 400-1000
Till 1500-2500 600-1000
Marls 2000-3000 750-1500
Saturated Shale/ Sand Section 1500-2200 500-750
Porous Saturated Sandstones 2000-3500 800-1800
Limestones 3500-6000 2000-3300

Table 3.1: A list of typical P-wave and S-wave velocities of various rock types
from (Jaeger et.al., 2007) and (Todd, 1980).

Thus P-wave velocity cannot be used to uniquely discriminate lithology contrasts; S-wave
velocity can reduce the ambiguity. Laboratory investigations from Milholland et al. (1980),
Domenico (1984) and Castagna et al. (1993) suggest that a relationship exists between the ratio

of seismic P-wave and S-wave velocities (V, / V. ) and sedimentary rock lithology. Therefore the
v, /Vs relation may be a better key to the determination of lithology from seismic data. The
v, / V., intervals in Table 3.2 represent 90 percent confidence intervals with the exception of the

velocity ratio for shale (Tatham & McCormack, 1991).

Rocks v, / v
Sandstone 1.59-1.76
Calcareous Sandstone 1.67-1.76
Dolomite 1.78-1.84
Limestone 1.84-1.99
Shale 1.70-3.00

Table 3.2: Typical V, / V. values for sedimentary rocks (Domenico, 1984).
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Porosity is another important factor in determining the elastic wave velocity of rocks. Generally,
increasing porosity leads to lower velocities for both P- and S-waves. Several studies have been
conducted in order to determine a relationship between P-wave velocity and porosity for a variety
of sedimentary rocks. One of the earliest and most widely used relations is the Wyllie time-

average equation of Wyllie et al. (1958),

(3.30)

where @ is the porosity, V, is the P-wave velocity of the saturated rock, V,_, the P-wave
velocity of the mineral rock and V,_, the P-wave velocity of the pore fluid. This relation is valid

when the rocks have relatively uniform mineralogy, when they are fluid saturated and at high
effective pressure. The Wyllie time-average equation can be used to estimate porosity values by
utilizing interval velocities extracted from seismic data. Assumptions and limitations for the
Wyllie time average equation and suggested improvements by others are discussed by Mavko et

al. (1998).

Pore fluids play another role in altering the bulk properties of porous rock, namely through pore
pressure. In fact V, is primarily affected by variations in pore fluid properties. For example, V,
of water saturated media is higher than V, for the same material when it is air saturated. V; is

only essentially dependent on changes in pore fluid density which is due to the lack of rigidity in

fluids (/lﬂuids = 0)-

Density is a basic property used to describe rock materials. The dependence of P- and S-wave
velocity on density is not immediately obvious but, in general, denser rocks have higher seismic
velocities, contrary to what one would expect from a first glance at equations (3.17) and (3.19).

This occurs because the elastic moduli K and g are also dependent on p and increase more

rapidly than p'°. A linear relationship, termed Birch’s law, between density and seismic velocity

is of the form

V=ap+b (3.31)
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where a and b are constants; it fits measurements from many natural rocks fairly reasonably
(Fowler et al., 2005). For porous rocks Gardner’s relation represents a useful empirical

relationship (Mavko et al., 1998):
o, = 17417 (3.32)

with P-wave velocity V, in km/s and bulk density p,in g/cm3.
ROCK PROPERTY

Lithology Porosity Pore Fluid Type
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Figure 3.9: Summary of the effect of different rock properties on the seismic P- and S-wave
velocities and the velocity ratio Vp/V,. Various rock properties are listed across the
top of the figure, while the velocities and the velocity ratio are on successive rows.

SS-Sandstone, LS-Limestone and DO-Dolomite (Tatham & McCormack, 1991).
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4. Near-Surface Seismic Methods

Near-surface seismic methods are geophysical techniques that involve the generation and
recording of seismic waves for the purpose of mapping the shallow subsurface. Its fundamental
principle is to accurately record ground motion caused by known sources in a known location.
The near-surface seismic method is targeting subsurface structure within a couple of hundred
meters. It is applied to a broad range of problems, such as locating the water table, mapping
shallow bedrock surface, delineating shallow faults, mapping geologic structure and stratigraphy

of materials. It is also applied in hazard assessment and aquifer contamination study.

Interest in the development and application of near-surface seismic techniques for investigating a
wide variety of geological, environmental and engineering problems has grown significantly over
the past two decades. It has been in the spotlight of several researches: Knodel et al. (2007),
Kirsch (2006), Butler (2005), Rubin & Hubbard (2005), Spitzer et al. (2000), Miller et al. (1995),
Pullan & Hunter (1990), Miller & Steeples (1990), Steeples & Knapp (1982), Doornenbal &
Helbig (1983), Steeples (1984) and several others have attempted to resolve small-scale

structures in the very shallow subsurface (<100 m depth).

In near-surface seismic techniques both the source and the receiver are deployed at the surface in
order to image the different layers of the ground. The source and the receiver are arranged in a
spread with a certain offset for that source-receiver pair. In this technique structural information
is derived principally from paths that fall into two main categories: headwave or refracted paths,
in which the principal portion of the path is along the interface between two rock layers and
hence is approximately horizontal, and reflected paths in which the wave travels downward

initially and at some point is reflected back to the surface, the overall path is essentially vertical.

For the detailed sub-surface characterization there are different options as near-surface reflection
seismic methods with P- and S-waves, first arrival analysis with refraction tomography or even
the analysis of surface waves. The next section includes the fundamentals of the aforementioned

techniques and applications.
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4.1 Near-Surface Seismic Reflection Method

In near-surface seismic reflection high frequency signals generated by a small seismic source are
transmitted into the ground, reflected at shallow subsurface boundaries where there is a change in
acoustic impedance I (the product of material density and seismic velocity, equation 4.1), and
recorded as a function of time by a series of receivers (geophones) on the ground surface (Figure
4.1). The amount of energy that is reflected by an interface is dependent upon the acoustic
impedance contrast, the greater the contrast the more energy is reflected. Contrasts in acoustic
impedance are generally associated with lithological boundaries, such as the overburden bedrock

interface.

I=pV (4.1)

Seismograph

Ll Eafiniinl Sl
N\ Geophone

Figure 4.1 Geometry of reflected wave paths for a horizontal interface

The strength of a reflection is defined by the reflection coefficient, R. It is the ratio of the
amplitude of the reflected wave to the amplitude of the incident wave. In the general case for an
interface between two solids when the incident angle is not zero, four waves are generated: the
reflected P-wave and S-wave and the transmitted P-wave and S-wave. The partition of energy is

expressed by Zoeppritz’s equations.

The reflection coefficient for normal incidence (or for angles of incidence on an interface close to

zero) is given by

R= pZVZ _plvl (42)
pZVZ +pl‘/l

where p,, V, are the density and velocity respectively of the medium of the incident ray, and p,,
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V, are the density and velocity of the other medium in contact with the incident ray medium. The
value of the reflection coefficient would, therefore, change its sign depending upon whether the
incidence is considered from above or from below the reflecting boundary. Incidence from a
medium with high impedance value to a medium with low impedance value gives a negative
reflection coefficient and incidence from the other side gives a positive reflection coefficient. The
energy recorded by the geophone depends on the value of R, which can vary theoretically from -1
to +1. Typical values of R are approximately -1 from water to air, meaning that nearly 100% of
the energy is reflected and none is transmitted; ~ 0.5 from water to rock; and ~ 0.2 for shale to
sand (Upadhyay, 2004). The transmission coefficient is defined in analogue way as the ratio of
the amplitude of the wave transmitted through an interface to that of the incident wave.

Reflection and transmission coefficient add up to 1.

4.1.1 Basic Principles

The theory and principles used in near-surface seismic reflection method is an adaptation of the
theory and procedure pioneered in the deeper seismic reflection surveying. In seismic reflection
surveys the travel-times of waves reflected from subsurface interfaces are measured to obtain
information about depths and geometrical shapes of the interfaces. The most important problem
in seismic reflection surveying is the translation of two-way travel time to depth. While travel
times are measured, the one parameter, that most affects the conversion to depth is seismic
velocity. In this section the basic relation between travel times and the location of the reflecting

interface is described.

For the simple case of a single horizontal reflector at a depth Z beneath a homogeneous top layer
of velocity V the equation for the travel time ¢ of the reflected ray from a shot point to a detector

at a horizontal offset X is given by the ratio of the travel time path length to the velocity:

t:(x2+4Z2)l/2/V (43)

Substituting x =0 in equation (4.3), the travel time for a geophone at the source is obtained:

27
v (4.4)
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In the case of a dipping reflector, the reflectors in reality are often not horizontal but dipping,

e.g., Figure 4.2, the travel times can be derived with the help of the cosines rule as follows:

Vi®  (x+2Zsin6)’ _
(2Z cos 6)* (2Z cos 6)*

4.5)

The equation has the form of hyperbola, where the symmetry axis does not lie on the zero offset

time axis (Figure 4.2).

V?t? =(2Zcos@)* + (x+2Zsin)* (4.6)

2 2 :
tZZ(ZZZ) 14X +4szs1n9 4.7
4z
Using the standard binomial expansion, the following expression is obtained:
2 .
x"+4xZsin@
t= to(l + ezt J (4.8)

Figure 4.2: Ray path and traveltime diagram for a dipping reflector.
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The normal moveout, that is the variation of reflection arrival with offset, for the horizontal layer

case 1S

2

X
At = 4.9
"2V, ()
and the additional dip moveout is
At, = %sin 6. (4.10)

4.1.2 Data Acquisition System (source, receiver, geometry)

Mapping of small-scale features in the near surface needs much higher resolution than it is
usually demanded in conventional seismic surveys. Improvement of horizontal resolution to the
limits defined by the first Fresnel zone (Figure 4.3) of the target reflectors may be achieved by
simply decreasing source and receiver intervals. In contrast, higher vertical resolution requires
broader bandwidth signals (Figure 4.4), which in turn suggests that special account for the
capabilities of the source and recording instrumentation is needed. Sources must be capable of
generating a wide band of high frequencies (>100 Hz), and receivers must be capable of
faithfully recording them. Early summaries of the instrumentation and special acquisition
strategies required for successful applications of shallow 2-D seismic techniques were given by

Knapp & Steeples (1986a, 1986b).

The field layout is done analogue to exploration seismology that means, that the common-
midpoint (CMP) method is commonly used. Subsurface reflection segments are covered by
several shot-receiver pairs at different offsets. This multi-fold coverage is realized by

continuously moving source points and geophone spreads along a seismic profile.
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The selection of seismic recording equipment, energy source, and data-acquisition parameters is
often critical to the success of a shallow-reflection project. In this study for near surface seismic
reflection a vibroseis source and a landstreamer are used. Below, the principle and purpose of the

vibroseis source and the landstreamer and the field acquisition technique are described.

Vibroseis is the most common non-explosive source used for reflection surveying and is now
widely used in acquisition. It is a non-destructive method with a controllable frequency range. It
often uses truck- mounted vibrators (Figure 4.5) to pass energy into the ground by an extended
vibration signal of low amplitude and continuously varying frequency known as sweep signal. A

typical sweep signal lasts from several seconds up to a few tens of seconds and varies

progressively in frequency.

1 hold down mass

mass

E i Piston

i || —— Insulating pad
i -
1 4——— Base plates

Figure 4.5: Vibrators (a) photo vibrator (LIAG Vibrator) (b) basic principles.

The field record is cross-correlated with the known sweep signal (Figure 4.6). The correlated
record has a similar appearance as the type of seismogram that would be obtained with a high-
energy impulsive source such as an explosion, but the seismic arrivals appear as symmetrical
(zero phase) wavelets known as Klauder wavelets. Telford et al.(1990) defines the Klauder

wavelet as the autocorrelation of a linear vibroseis sweep.

The basic seismic convolutional model for a vibroseis source is

x(t) = r(t) *s(1) 4.11)
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where x(t)is the recorded trace, r(t)is the geological reflectivity, s(¢)is the sweep and * is the

convolution operator. x(¢) has a recording length of r(z) + s(7).

To remove the sweep, the trace is crosscorrelated (®) with the sweep. The equation for the

deconvolved sweep cc(t) is

ce(t) = r(t) * s(t) ® s(1) (4.12)

This equation can be simplified to

ce(t) =r(t)* k(1) (4.13)

since the crosscorrelation of two identical sweeps is defined as a Klauder wavelet, k(t). The

recording length is now reduced to r(t).
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Figure 4.6: Steps in vibroseis sweep correlation (Kearey, 2002).

When the recorded data is crosscorrelated with the sweep, the remaining data will only contain
information that is common to both waveforms; therefore the method acts also as a filter for the

random noise eliminating the noise component outside the bandwidth (Figure 4.7).
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Figure 4.7: Sample of a shallow P-wave shot gather at the beginning of the profile

(a) uncorrelated vibroseis data (b) sweep signal (c) correlated data.

The planting and collecting of geophones in the field are time and labour consuming factors in
high resolution seismic surveying. To reduce this effort land-streamer systems have been
developed (e.g., Kruppenbach & Bedenbender (1975), van der Veen & Green (1998), Jensen et
al. (2002), Miller et al. (2003),). Land streamers appear to provide a fast and comparatively
economical method to collect the large volumes of data at close sensor spacings required to
resolve near-surface velocity structures and provide a seismic image of the subsurface. Their

usage reduces the costs of data acquisition.

The land streamer (Figure 4.8) used for this acquisition is constructed by LIAG institute (Polom
et al., 2007). This land streamer comprises 72 SM4 20 Hz vertical geophones attached to
segments of a standard seismic cable. The geophones are fastened by a rubber band on a metal
base plate and the cables are kept inside a plastic hose for protection (Figure 4.8a). The spacing
between receivers along a single cable segment is 1 m and thus the total streamer length is 72 m.
The three point edition spike base plate creates a fair geophone-to-ground coupling and helps
easy transportation. The other quality of this land streamer is that it is easy to replace the vertical

geophones with horizontal geophones.
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Figure 4.8: Landstreamer (a) Main parts of LIAG landstreamer (b) Photo of landstreamer.

Most modern seismic surveys widely use the common midpoint (CMP) technique of data
acquisition, which has become the standard method for two-dimensional multichannel seismic
surveying. In CMP technique shots are deployed at a number of different positions in relation to
the geophone array in order to obtain reflections from the same point on the interface at different
geophones in the array (Figure 4.9). The degree of redundancy at a particular point in the

subsurface is known as fold. The fold of a CMP, N,,,is determined by the receiver spread
length (= number of receivers N times receiver interval AX ;) and the shot interval AX :

_LAXG

Neyp = 4.14
o T AKX, (4.14)

Figure 4.9: Principle of the common midpoint over a horizontal interface.
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4.1.3 Reflection Data Processing Fundamentals

The main goal in processing reflection seismic data is to convert the data recorded in the field to
the final seismic section, preferably a depth section. One step in processing seismic data is
enhancing the signal with respect to the noise. This embraces improving of the temporal
resolution of the seismic data; i.e. to remove the character of the input seismic signal (source)
from the data and obtain the idealized impulse response of the earth model. And to improve the

lateral resolution of the seismic data.

For most basic shallow high-resolution seismic reflection data the processing steps (Figure 4.10)
employed routinely in conventional seismic surveying can be applied. However the processes are
not a simple scaling down but special processing strategies are vital. There are three principal
stages in seismic reflection data processing: deconvolution, stacking and migration (Yilmaz,
2000). Deconvolution is the most important process that aims to improve the vertical resolution
and recognition of events. Stacking combines all the traces in a CMP gather together to increase
the signal-to-noise ratio which improves the data quality. Migration is an inverse wave scattering
calculation that relocates seismic reflections to the location of their origin. In addition, there are

many auxiliary processes that are necessary to improve the primary processes.

bad trace
coherent
noise | ~
~ N
reflection |- - - L > - _
5 N AN
~ ~ ~N
N N N
field data editing Filtering and muting NMO correction sum

Figure 4.10: Simple schematic diagram of the main seismic reflection processing steps

for a CMP gather.

Once the field geometry is incorporated into the data, they can be edited to remove dead traces
(traces containing no information), traces that are dominated by noise or those monocyclic
waveforms caused by electronic interference (Figure 4.10). As a seismic wave travels away from
its source energy is lost by geometrical spreading or spherical divergence. As the rate of energy

loss can be calculated, it can be compensated by applying a gain function to the data.
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In near-surface seismic surveys various surface-related noises are superimposed on the shallow
reflections. These noises mainly include direct waves, ground roll, guided waves, refractions or
air waves (Figure 4.11). Either a combination of deconvolution, bandpass filtering and f-k
filtering or simple spectral balancing is the most effective means of enhancing the amplitude and
visibility of reflected signals relative to these noises (Baker et al., 1998), or application of
carefully selected mutes helps not to mis-process and mis-interpret the surface-related noises as
reflections. Figure 4.12 provides an example of scaled, filtered and muted shot gather acquired in

the study area.
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Figure 4.11: Shallow P-wave shot gather record from the study area. the raw data which

displays surface related noises (guided, refracted and air waves).
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Figure 4.12: Single shot gather. (a) Scaled raw data (automatic gain control (AGC), 100ms).

(b) After application of a band pass filter (40-60-400-440 Hz). (c) After mute applied.
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Two types of correction are needed to be applied to reflection times on individual seismic traces
in order that the resultant seismic sections give a true representation of geologic structure. These
are the static and dynamic corrections. Static corrections are made to seismic reflection data to
compensate for time shifts in the data caused by changes in topography and variations in near-
surface seismic wave velocity. Dynamic correction is applied to reflection times to remove the

effect of normal moveout.

Static corrections are an integral component in the processing of virtually all seismic reflection
data recorded on land. Elevation and refraction static corrections are time shifts applied to traces
to adjust for long-wavelength changes in elevation, or in thickness and propagation velocity of
the weathering zone at different sources and receivers. The standard method is to perform datum
statics, whereby each source and receiver is shifted in time to a flat datum. Refraction statics
build a model for the low-velocity subsurface and compensates the travel time variations caused

by the weathering zone velocities.

The proper handling of static corrections is an issue that is of critical importance to shallow
seismic reflection surveys because of the high frequencies used, and the significant velocity and
thickness variation that frequently exist in the very near surface range. Because of the high
frequency involved, static time-shifts of only a few milliseconds can be comparable to the period

of a seismic signal (Pugin and Pullan, 2000).

The purpose of the NMO correction is to subtract the additional time to a reflector due to
increasing source-to-receiver offset, and to flatten the hyperbolic reflection (Figure 4.10). The
NMO-correction depends on the offset and the velocity (equation 4.9). To obtain a flattening of
the reflections, the velocity must have the correct value. One of the methods to determine the
velocity is the analysis of velocity spectra for selected CMP gathers. The velocity spectrum is
obtained by calculating the normal moveout for a range of velocities and displays the semblance
as a measure of multichannel coherence (Figure 4.13). This can be plotted as traces or as iso-
amplitudes. This method is commonly used by interactive software to determine the velocities. A

detailed velocity analysis is an important and often time consuming step in the processing flow.
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Figure 4.13: Velocity analysis; CMP gather (left) and its velocity spectrum with the
picked velocities (middle), and the CMP gather after correction (right).

The final phase of seismic reflection processing involves stacking and migration. It is probably
the most important phase of the seismic processing chain because at this point the image is

constructed.

Migration is a central step in the seismic data processing flow. It is a wave-equation-based
process that removes distortions from reflection records by moving events to their correct spatial
locations (Figure 4.14), and by collapsing energy from diffractions back to their scattering points.
Migration techniques are categorized in a variety of ways, relating to algorithm implementation.
An algorithm which uses RMS velocities analytically and does not account for ray bending at
interfaces is characterized as a time migration. On the other hand, an algorithm which uses
interval velocities and accounts for ray bending at interfaces is characterized as a depth migration
(Yilmaz, 1987). The most apparent difference between time and depth migration occurs in the
final display of migrated traces. Time migration produces a time section, which interpreters can
compare relatively easily with unmigrated time sections. The goal of time migration is to produce
an image, not a geologically valid velocity field. On the other hand, depth migration is a more
powerful interpretive processing tool, and its results can give us greater confidence in both the

geologic structure and the velocity field than time migration can (Gray et al., 2001).
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Figure 4.14: Migration principle: the reflection segment AB moves to

segment A’B’ when migrated.

Migrations are further categorized on the basis of algorithm or technique by which the migration
correction is performed such as: Kirchhoff migration, Finite-difference migration, Reverse-time
migration and Frequency-wavenumber migration. The theory of these methods has been
presented in Yilmaz (1987) especially for poststack migration. Following discussions will expand
upon the major characteristics of the Finite-difference migration implementations, since this

migration method applied for the reflection data in this paper.

The tool Finite-difference migration in the ProMAX processing system encompasses those
techniques which employed finite difference methods to solve the appropriate differential wave
equation. The finite-difference migrations were based upon the approach outlined by Claerbout &
Doherty (1972). It is applied in two steps: wavefield extrapolation and imaging. The wavefield
extrapolation step consists of downward continuing the recorded data, using the scalar wave
equation, into a form corresponding to a repositioning of the recorded plane. The imaging step
consists of outputting a portion of migrated data corresponding to the zero traveltime of the
repositioned dataset. The data are recursively migrated by using the output of one wavefield

extrapolation as input for the next.
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According to the type of wave equation being solved finite-difference migration classified into
explicit and implicit finite-difference migration. Explicit finite-difference migration is based on
repeated application of a local convolution. Implicit finite-difference migration methods solve an
approximate “one-way”’ wave equation that supports only inherently stable solutions by design

(Yilmaz, 1987).

4.2 Refraction Tomography Method

In section 4.1.2 I have stated that direct waves and head waves (refractions) are noise for the
seismic reflection method. This is completely contrary in methods using refraction or diving
waves to characterize the near surface depth range. Conventional analyses of seismic refraction
data sets have been utilizing a number of methods for a very long time. The general Reciprocal
Method (GRM), delay-time, intercept-time or other similar techniques require simplifying
assumptions such as constant velocity layers or lateral homogeneity. Where this assumption is
not valid, these methods have limitations; one limitation is the inability to identify the existence
of hidden layers or blind zones because of insufficient velocity contrast or layer thickness.
Another limitation is incorrect depth calculations to layers where velocity reversals exist, i.e.,

where layer velocities do not increase with progressive depth (Rucker, 2000).

For example the GRM method (Palmer, 1981) calculates refractor depths using overlapping
refraction arrival times from both forward and reverse shots. It uses the assumption that seismic
velocities increase as a function of depth, i.e., the underlying strata to present a higher seismic
velocity than the overlaying layer. It is an iterative method that involves a set of XY-distance test
values in the search for optimum XY (geophone separation). It is most applicable to subsurface
layers dip less than approximately 20° and continuity of refractor surfaces across a profile

(Rucker, 2000).

Refraction tomography, a recent method of interpreting seismic refraction data (Hiltunen, et al.,
2007), is designed to resolve velocity gradients and lateral velocity changes; enabling it to be
applied in settings where conventional techniques fail. Instead of a refraction wave model a
diving wave model is used. The method uses only first arrival time data and profile geometry as
input. It uses a gridded, inversion technique to determine the velocity of individual 2-D blocks
(pixels) within a profile and computes a best-fit velocity model by minimizing the difference

between calculated and observed travel times. The method is easily applied and is well suited for
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investigation of areas dominated by complex shallow structure, significant velocity gradients and

variable topography.

4.2.1 Different Algorithms

During the past few years a number of refraction traveltime tomography algorithms has been
developed. These algorithms are based either on a two-point ray tracing or a wavefront

construction method (Zhang et al., 1998).

(1) Two-point ray tracing
One of the methods to compute the travel times of seismic waves propagating in 2-D layered
structures with smooth variations of velocity inside layers is based on numerical ray tracing.
Under numerical ray tracing we understand the numerical integration of ray tracing systems
inside layers. This method is based on turning rays and solves a damped least-squares problem

for both velocity and refractor depth.

The two point ray tracing algorithm (Cerveny, 1987; White, 1989; Stefani, 1995) is valid for
smooth velocity structures. It is used to compute raypaths and traveltimes by ray tracing, ray
bending or shooting rays. Respective programs are suitable for media characterized by relatively
smooth slowness variation without pronounced vertical velocity contrasts. In the following the

two-point ray tracing algorithm by White (1989) is described.

The linearized formulation of the travel time is presented as follows:

The travel time along a ray in a continuous medium whose velocity v, (x) is

dl

v, (x)

(v, ()=, (4.15)

where L, represents the ray path. If the velocity of the medium is perturbed by ov(x) such that
v(x) =v,(x)+ ov(x), then the perturbed travel time is

O (4.16)

where L is the new ray path. The time through the perturbed medium can be expressed as an

expression about v_(x) as
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o L S0+ 016 ()] 4.17)

ot
= —1 o —1
t(v(x)) =tv,(x)+ 3, b= (x)+ 5L g,

Using Fermat’s principle which states that the travel time for the ray path is stationary

(i.e. ot/dL1v =v, =0), and discarding the terms of O[§”v(x)] we obtain
ot
& = 1v(0) =100, () = =1V =v, B(x). (4.18)
v

Differentiating equation (4.15) and substituting the result in (4.18),

v(x)
or=- dl . 4.19
L Y2 (o) 4.19)

Here the problem is formulated in terms of velocity instead of slowness.

If the medium is discretized into a grid of N cells, each with an associated slowness

valuev,, j=1, ..., N then (4.19) can be approximated by

N
5= (4.20)
ERAT
For a set of M rays, a linear system of equations is formed from (4.20)
oa=Adv, (4.21)

where oOr is the vector of travel time residuals (¢ t ,)» A is the Jacobian matrix

observed calculate

ot /dv; , and dv is the velocity perturbation vector.

(i) Wavefront method

The wavefront methods include a finite difference approximation to the eikonal-equation solution
(e.g. Vidale, 1988; Qin et al., 1992; Hole and Zelt, 1995), analytical method (e.g. Vinje et al.,
1993) and the shortest path ray tracing methods (e.g. Moser, 1989, 1991; Saito, 1989, 1990).
Wavefront methods can simulate wave propagation in the entire model and find diffracted ray
paths, head waves and ray-paths to the shadow zone. The method allows to calculate travel times

and ray-paths on a large number of grids rapidly and accurately.
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The finite difference calculation of traveltimes (Vidale, 1988) has been proved to be an accurate
and efficient way to compute, on a regular grid, the traveltimes of first-arrival seismic waves

through virtually any velocity structure.

Vidale (1988) presented a method that solves for first arrival traveltimes by a finite-difference

solution to the eikonal equation
orY (orYy
— | +| =1 =5*(x,2), 4.22
(axj ( % j (x,2) (4.22)
where T(x,z) is the first arrival time for a seismic energy propagating from a point source

through a medium with a slowness distribution of s(x,z). Rather than solving for traveltimes

along a raypath, the eikonal equation solution gives the travel times throughout the model.

In Vidale’s method, the solution region is developed along an expanding square. He proposed the
following scheme to solve equation (4.22):

For a source located at point A (Figure 4.15) the arrival times at the four points B,, B,, B, and
B, can be computed by taking the product of the distance 4 and the average slowness between

points A and B, .

(sp +5,)
y =h——"" : . (4.23)

Then the arrival times 7. at the four corner points can be computed with the following formulas:

T =T, +2(h5,)— (T, ~T;) (4.24)

when i =4, TBM = TBl ,

_ 1 o .
and where 5, =—(s, +s. +s, +s, ), T, =0, since it is the origin time of the source.
4 i i i+l

The grid points in Figure 4.15a are timed and now the ring of the field circle shown in Figure
4.15b is about to be timed. The open circles indicate points where the traveltimes were

calculated.
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Figure 4.15: (a) Finite-difference mesh centred about source point A, where B; and C, fori =

1,2,3,4 are to be timed. (b) The expanding square method (Vidale, 1988). Point A
is the source point and the point shown as filled circles are about to be timed.

The traveltimes at open circles are known (from Qin et al., 1992).

4.2.2 Basic Computational Steps

Implementing a refraction tomographic inversion method requires several steps. These steps
include first arrival traveltime picking, image plane parameterization, ray tracing and

segmentation, residual time computation and velocity updating to minimize the error.

Picking of the first arrival times of certain seismic events recorded by receivers is the first step in
the processing scheme. Picking these traveltimes of the events accurately plays an important role
in the inversion. The next phase of the inversion is to image plane parameterization which
involves discretizing the medium to be imaged into a grid of rectangular elements or cells. And
defining a starting velocity model from first break picks and from prior geological and

geophysical information.

The raytracing and segmentation phase involve ray tracing through an initial estimate of the

velocity model, computing travel times and ray paths between the source and receiver location as
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well as obtaining a ray segment in each cell crossed by a ray. After the determination of the
predicted traveltimes and raypaths the residuals (the differences between observed (picked) and
calculated (predicted) travel times) for each ray will be computed. Then the initial velocity model
is adjusted in order to minimize the traveltime residuals. Figure 4.16 shows the main steps in the

tomography inversion process.
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Figure 4.16: Typical computational steps in seismic refraction tomography: (a) Observational
basis: Refraction travel time curves Tq,s for overlapping spreads and a dense sequence of source
points, (b) computation of simplified average travel time-distance curve Tpyean, (¢) derivation of a

one-dimensional starting model v(0) based on b), (d) computation of simulated travel-time curves
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Tim for the actual model, (¢) computation of rays for the actual model, (f) determination of
traveltime residuals At=To-Tsm (and checking of data fit), (g) application of an inversion
technique to convert travel-time residuals At into corrections ov of the actual velocity model, (h)
updating of the actual velocity model v(1)= v(0)+0v, or more generally, v(n+1)= v(n)+06v for the

next iteration starting again with d) (Rabbel, 2006).
4.3 S-wave Method

A shear wave is a body wave in which the particle motion is perpendicular to the direction of
propagation. Those waves having energy polarized to particle motion in the vertical plane (in
relation to the propagation direction) are called vertically polarized shear waves (SV-wave) and
those having energy polarized to particle motion in the horizontal plane (in relation to the
direction of propagation) are called horizontally polarized shear waves (SH-wave). SH-waves
have no vertical component and therefore travel the entire path from source to receiver as shear
waves, but recorded SV-waves commonly start as P-waves at the source and are converted to SV-
waves by reflection along the way. The SH-wave data are simplified in that SH waves convert
only to SH upon reflection and transmission unlike SV propagation which is coupled with P.
Because of this property of the SH-wave most of S-wave surveys have concentrated on the

generation and recording of SH-waves.
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Figure 4.17: A diagram showing P-, SV-, and SH-waves in the X, Y, Z coordinates.

Nearly all seismic exploration is carried out with P-waves. But recently, interest has been
growing in near-surface applications of shear-waves (especially SH-waves). Their use in shallow
reflection studies shows good promise to make a contribution to near-surface studies. S-waves

carry different information than P-waves, because they depend on different elastic properties (see
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equations 3.15 and 3.19). The shear modulus p is most important in engineering studies; it can
provide useful information on subsurface formation rigidity. If both P- and S-wave velocities can
be measured then we have a source of additional information about the physical parameters of the
layers and consequently about their lithological characteristics such as porosity, pore filling and
facies (see section 3.5).

S-waves have increased resolution because of their lower velocities and consequently shorter
wavelengths compared with P waves. For example S-wave velocities in sediments are often a
factor of 4 to 6 lower than P-wave velocities. This means the S-wave length is 4 to 6 times
shorter than the P-wave length which results in a much higher resolution for subsurface layering.
This remarkable velocity difference (Table 3.1) provides an important advantage of S-wave

reflection surveys in characterizing near-surface structures.

Near-surface reflection surveying using S-waves contributes valuable information to engineering
and environmental studies. It is a powerful tool for delineating near-surface geological structures,
can provide accurate soil stratigraphy, near-surface faulting, void detection, bedrock topography,
channel identification and estimation of geotechnical properties of sediments. The use of shallow
S-wave reflections has not yet been widespread, but a few examples can be found in the
literature: Pullan et al. (1990), Hasbrouck (1991), Woolery et al. (1996), Carr et al. (1998),
Inazaki (2000), Pugin et al. (2004), and Polom et al. (2008).

4.3.1 S-wave Generation and Recording

An S-wave survey requires a reliable energy source with sufficiently high seismic efficiency. S-
waves can be generated using different sources like explosion, horizontal hammering and an S-
wave vibrator. For example in horizontal hammering a plate is pressed hard into the ground and
one edge is struck by a horizontal blow; this horizontal force equals the shearing stress. In the
case of an S-wave vibrator unlike with a P-wave vibrator (section 4.1.2) the reaction mass moves
horizontally and not vertically; the force is transferred to the ground in the form of horizontally

shearing stress.

In this work a small S-wave vibrator, the Electro-dynamic S-wave vibrator (ELViS 4), was used
as S-wave seismic source. This S-wave vibrator is developed by LIAG Institute (Polom, 2005). A
photograph of the S-wave vibrator is shown in Figure 4.18a. This device works in a frequency
range of 20 — 500 Hz. The main parts of this vibrator are displayed in Figure 4.18b. It consists of

strong permanent magnets (preferably Neo-Delta magnets) and transformer units. The
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transformer units are inverted to create an alternating magnetic field. Due to the changing

magnetic field the mass moves back and forth; that generates a shearing stress to the ground.

Coil
Permanent magnet
Suspension unit

Tin package

- |—_ Bottom plate
with relief

Figure 4.18: S-wave Vibrator. (a) Photo of electro-dynamic S-wave vibrator (ELViS 4).
(b) The main parts of LIAG S-wave vibrator.

For S-wave data recording a horizontal geophone which detects the horizontal movements is
required. For such kind of geophone the coil is horizontally oriented. Conventional fieldwork for
near-surface application is time consuming and costly because it requires a dense planting of
geophones. To increase the speed and efficiency of shallow seismic S-wave data recording and
decrease the acquisition costs S-wave land streamer is developed (Inazaki, 1992, 1999). The S-
wave land streamer used for this survey was built by LIAG Institute (Polom et al., 2007). The
main features of the land streamer are similar to those of the P-wave land streamer (see section

4.1.2) except that the vertical geophones are replaced by horizontal geophones (Figure 4.8).

It is very difficult to generate S-waves without simultaneously generating P-waves. A simple
method is developed for separating the two wave types, CMP stacking (Helbig, 1987; Hasbrouck,
1991). SH-wave records require two shots, striking the source in opposite directions (180°)
perpendicular to the seismic line; which generates both P- and SH-waves. If we subtract the two
records P-wave components cancel out and the sum of the two SH-components remains. Figure
4.18 shows S-wave traces from a single shotpoint one from the right and one from the left and the

sum of the two shots from the survey area.
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Figure 4.19: S-wave traces, (a) right shot, (b) left shot, (c) subtraction of the two shots.
4.3.2 S-wave Data Processing

S-wave data processing is similar to P-wave processing (section 4.1.2) in many regards, but there
are some important differences. For noise attenuation and therefore improvement of the signal to

noise ratio the same measures are available as for P-wave seismics.

The S-wave frequencies are generally a little lower than the P-wave frequencies and consequently
differ less from the noise frequencies; this makes filtering more difficult. The noise wavelengths
and the apparent wavelengths of the signals are very similar in many parts of the seismogram
which makes the choice of an effective wavelength filtering difficult. Deconvolution and (f, k)
filtering can be applied to compensate the above mentioned short-comings. Deconvolution
restores the impaired parts of the spectrum to their original form and reproduces the output
amplitudes and also attenuates noises such as multiples, surface waves and interspersed technical

frequencies. (f, k) filtering helps to clear the noises (the Love waves ) from the seismogram.

S-wave static correction calculation is not simple like that for P-wave. The picking of S-wave
first arrivals is impeded by the earlier weak P-wave arrivals. The increase of velocity occurring in
comparatively moderate jumps makes the choice of an appropriate correction refractor velocity

problematic. Steps such as eliminating uncertain first arrivals, determining lateral refractor
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velocity variations and calculating the intercept time require more sophistication and time. These
all make refraction-based static corrections not applicable for S-wave data. Besides the lateral
velocity variations are much less important for S-waves than for P-waves. Consequently, static

corrections become a minor issue for processing S-wave data.

Due to the lower velocities, S-wave reflections exhibit considerably larger normal moveout times
than P-wave reflections and require correspondingly larger dynamic corrections for the stacking

procedure.

For the NMO time from equation 4.9, we have

2
X

At=—.
W,

Assuming a V, /V, ratio of 2 (V, =2V,) and keeping the interval x between the source and the

geophone position constant, then for an S- and P-wave reflected from the same horizon we have

( see Figure 4.20)

Aty =2At, (4.25)

tor

tos

Ald

Figure 4.20: Two-way travel times (7,) and NMO-times (Afr) of a P- and S-wave

reflection from the same horizon, where V, =2V .

In the general case the P-wave processing method (NMO correction, CMP stacking, migration)

discussed in section 4.1.2 is applied also for the processing of S-wave seismograms.
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4.4 Surface Wave Method

The surface wave is a seismic wave which travels near the surface of the earth. It includes Love
and Rayleigh waves. Surface waves, especially Rayleigh waves are very useful for estimating the
S-wave velocity of near-surface materials. Rayleigh waves travel along a free surface, such as the
earth-air interface. They are the result of interfering P- and SV-waves. The particle motion of
Rayleigh waves moving from left to right is elliptical in a counterclockwise (retrograde)
direction. The motion is constrained to the vertical plane consistent with the direction of wave

propagation (Babuska and Cara, 1991).

The Rayleigh wave velocity is determined by the material properties, primarily by the shear wave
velocity but also to a lesser degree by the compression wave velocity and by the material density
of the subsurface. It is representative of the material stiffness over depths where there is
significant particle motion. For the case of a solid homogenous half-space (and a Poisson ratio of
L4), the Rayleigh wave travels with a velocity of approximately 0.9194V, where V is the S-wave
velocity in the half space (Sheriff and Geldart, 1982).

Surface wave methods are non-destructive and non-intrusive methods and provide ways to obtain
shallow subsurface details. There are two primary surface wave techniques. These are the spectral
analysis of surface waves (SASW) and multi-channel array surface wave (MASW) methods. The
basis of these techniques is the dispersive characteristic of Rayleigh waves when travelling

through a layered medium.

The SASW method is a seismic method that uses the dispersive characteristics of Rayleigh waves
to determine the variation of the S-wave velocity of layered systems with depth (Stokoe et al.,
1994). Dispersion refers to the variation of Rayleigh wave phase velocity with frequency or
wavelength. The method is based on the principal that surface seismic waves of high frequency
propagate only in near-surface layers, and surface waves of low frequency propagate at different

velocities if stiffness varies with depth.

An SASW field procedure consists of two (or four) geophones close together and any mechanical
source of high-frequency energy. An expanding receiver spread is used to avoid near field effects

associated with Rayleigh waves and the source-receiver geometry is optimized to minimize the
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body wave signal. The receiver spread is used to make field measurements of surface wave phase
velocity at numerous wavelengths and using these measurements to calculate a dispersion curve.
A dispersion curve displays the variation in surface wave velocity with wavelength (frequency).
After a dispersion curve is calculated from the field data, forward modelling is used in the

laboratory to evaluate the shear wave velocity profile.

The MASW method was first introduced by Park et al. (1999) to investigate the near-surface
materials for their elastic properties. It uses a multi-channel array, which makes it possible to
distinguish the fundamental-mode Rayleigh wave from higher modes and body waves. The
fundamental framework of the method is based on the multichannel recording and analysis
approach long used in seismic exploration surveys. Unlike the conventional SASW method,
multi-station recording permits a single survey of a broad depth range and high levels of
redundancy with a single field configuration. The acquired data are first analyzed for dispersion

characteristics and, from these the shear-wave velocity is estimated using an inversion technique.
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5. Field Data Description and Analysis

Seismic reflection data for this study were acquired in two separate campaigns in the Ellerbeker
Rinne area (Figure 2.1). The two campaigns took place in the year 2005 and the year 2006. In the
first campaign standard reflection data was collected (profile 1). In the second campaign sets of
shallow P- and S-wave reflection data (profile 2) were acquired for obtaining detailed
information of the near surface area. The line parameters and the corresponding CMP points are

summarized in Table 5.1.
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Figure 5.1: Profile map and CMP location of the survey area, profile 1 from the 2005
campaign and profile 2 from the 2006 campaign (for details of profile 2 see
also Figure 5.15).
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Profile Acquisition time Profile geophone Vibration points CMP points | Profile Corresponding

(PG) (VP) length (m) CMP’s

first last first last first | last first last
Tangstedt P-wave 2005 | 30/05-07/06/2005 684 685 2| 1369 3415 1152 881
Tangstedt P-wave 2006 | 29/06/2006 720 648 25 | 1368 684 25 1368
Tangstedt S-wave 2006 | 26-28/06/2006 720 720 1] 1440 720 25 1368

Table 5.1: Acquisition Parameters for 2005 and 2006 data. The sum of geophone number (PG) and the vibration point number (VP) gives
the CMP point number. The location of PG or VP is at CMP/2.
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5.1 P-wave Seismic Reflection Data of 2005

During the first campaign in the year 2005 P-wave reflection data were collected along a
profile between Tangstedt and Hasloh called profile 1 (Figure 5.1). The profile was originally
planned for standard seismic reflection survey (~500m target depth) for locating a buried
valley and to define an aquifer (BurVal Working Group 2006). Here the data are used for the

refraction tomography method in a near-surface application.

The profile is 3,415 m long and runs in west east direction. For the seismic source a small
vibrator MHV2.7 of LIAG-Institute was used (Bram 1997). The signal is generated with a
sweep frequency of 50-200 Hz. The field sampling interval was 1 ms and the field recording
length was 1.5 s. Four shots were vertically stacked per each shot point to improve the signal-
to-noise ratio. For comparing the signal form to an impulse source a hammer blow was done

for every 48" point.

The data were acquired using a fixed spread with single 20 Hz geophones. A spacing of 5 m
was employed for both the sources and receivers, thus yielding a common depth point (CMP)
spacing of 2.5 m. The survey was set up with split-spread mode with 120 active geophones.
There were a total of 683 shots and a nominal fold of 96. Maximum source-receiver offsets
are 600 m. The P-wave data was recorded with a seismic measuring apparatus Geometrics

Geode. For the parameters see also Table 5.2.

Seismic source Vibrator (MHV 2.7 P-wave vibrator)
Geometrics Geode (Geometrics Inc.,

Recording instrument Tulsa OK, USA), 24-channel each

Receiver SM 4/7 (20 Hz)

Number of geophones 120

Geophone spacing Sm

Shot spacing Sm

CMP spacing 2.5m

Maximum offset 600 m

Maximum fold 96

Sweep frequency 50-200 Hz, 10 s length

Recording length 1.5s

Sample interval 1 ms

Polarisation SEG standard

Data format SEG-2

Table 5.2: Acquisition Parameters profile Tangstedt P-wave 2005 (Rumpel et al., 2005b).
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The data is processed with commercial seismic processing software called ProMAX
(Landmark Corp., Version 1998.6). The reflection-processing flow is presented in Table 5.3.
The stacked section after migration and a time-to-depth conversion performed is shown in
Figure 5.2. This depth section lacks information at the near surface range (~<50 m). To fill
this lack of information arrival times of refracted waves — unwanted signals in the reflection
survey — are analysed in the following section by the refraction tomography method with the
aim to complement the stacked seismic section by a detailed velocity model for the near-

surface area.

Processing Steps

Prestack Processing | pata reformat (SEG-2 to ProMAX format)

Assignment of field geometry

Quality control (elimination of bad traces)

Spherical divergence correction (1/ (t* v 2)

Mute (elimination of surface waves)

Trace equalization

Zero phase spiking deconvolution

Automatic gain control (400 ms)

Air blast attenuation

Static correction to floating datum

Dynamical correction (NMO-correction)

Residual static correction

CMP-Stack

Poststack-Processing | gyatic correction to final datum (0 m NN, 1600 m/s)

Trace equalization

FX Deconvolution (50-250 Hz)

Steep dip FD time migration (single velocity function)

Time/depth conversion

Table 5.3: Processing flow profile Tangstedt P-wave 2005 (Rumpel et al., 2005b).
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Figure 5.2: Stacked depth section profile Tangstedt P-wave 2005(Rumpel et al., 2005b).

5.1.1 Refraction Tomography Result from the Field Data

In an attempt to define the near-surface velocity model the refraction tomography method is
employed on the first arrivals records from the seismic reflection data of 2005 (section 5.1). A
manual picking was performed to determine the initial estimates of first arrival times for
~81,000 traces. Time picking was made at the positive peak of the first arrivals because the
source wavelet is at zero phase as the source is of type vibroseis. A total of 46,198 picks from
683 shots were made; the remaining 30% of the shots were not pickable because of noise and
lack of accuracy. The energy of most of the shots was sufficient to observe the refracted P-
wave arrivals over the observation distance (offset) of maximum ~300 m. Figure 5.3 shows a

typical example of a shot gather with the picked first arrivals.

All operations, from the first-break picking to the reconstruction results, were realized using
ProMax (Landmark Corp., Version 1998.6) seismic processing software. The software applies
the turning ray tomography (TRT) algorithm (section 4.2.1). TRT employs first arrival turning
rays (continuously refracted direct rays) from a conventional acquisition geometry to
iteratively solve for velocity in the near surface between sources and receivers (Stefani, 1995).
Because ray coverage decreases with increasing depth, the reliability of velocity models
obtained with TRT also decreases with depth (Stefani, 1995). Generally, the velocity
distribution may be considered reliable for depths of 1/5 of the maximum source-receiver

offset.
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Figure 5.3: Shot gather with the picked first arrivals (red line).

To start the inversion process an initial velocity model is needed which is used to trace the
rays. The starting interval velocity model (Figure 5.4) is defined by averaging and smoothing
the first break picks using the flat layer assumption of refracted arrivals. In the starting
interval velocity model the velocity is increasing with depth and has no lateral velocity
variation. The velocity increases from 1372 m/s at the top layer to 1868 m/s at the bottom
layer for the depth of the first 100 m.

1000 1100 1200 1300 1500 P50

Figure 5.4: Starting interval velocity model.

Rays are traced through the starting interval velocity model in a shooting approach from the
source to the receiver. The starting model produces the predicted travel times. It is also used
to produce the ray paths which are used for tomography inversion. The inversion method is
based on an iterative solution of the linearized problem, and allows for determination of

continuous velocity variations as well as geometry of sub-horizontal interfaces.
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The turning ray tomography discretizes the starting interval velocity field into a grid of small
constant gradient cells. The differences between picked and predicted travel times, the
residual travel times, for each ray are then computed. The initial velocity model is adjusted in
order to minimize the travel-time residuals. After adjustment of the velocity model, a new
travel-time is calculated. Figure 5.5 shows partly the picked travel times and the predicted

travel times along the profile.
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Figure 5.5: The picked (blue) and the predicted (red) travel times.
The inversion software calculates the interval velocity using the travel time deviations
between picked travel times and those predicted for a starting model (the residual travel
times). After some tests the tomographic inversion is performed with a horizontal cell size of
3 m and a vertical cell size of 2 m. The inversion is rerun three times in order to minimize the
residual travel time and there were 8 iterations for each inversion over the range of
eigenvalues from 1 to 0.2. The criterion used for estimating the reliability of the tomogram is

the RMS value of travel-time residuals. The RMS residual between calculated and all

observed first-arrival times is ~8 ms.

The interval velocity model obtained by tomographic inversion (Figure 5.6) has interval
velocities that vary both laterally and vertically. Although it is difficult to see sharp, high
contrast boundaries the velocity field can be approximated into three layers. In the upper ~10
m of the velocity field, velocities are low, mostly ranging from ~450 m/s to ~1000 m/s and
there are some larger gradient (anomalies) to the east. The velocities vary from ~1300 m/s to
~1600 m/s at a depth of about 12-30 m. From ~30 m up to ~50 m the velocity variation is in
the range of ~1800 to ~2400 m/s and there is also a strong lateral variation within this depth.
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As it can be seen from the ray coverage density (Figure 5.7) no information is offered below
~50 m depth. One can also observe some features (vertical structures) in the interval velocity
field along the profile. In order to understand these structures whether they are artefacts or

real geologic features synthetic data sets are tested in the following section.
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Figure 5.6: Velocity field obtained from the tomography inversion. Pink line is the elevation.
Figure (a) shows the 4 m misfit between elevation and the tomography result.
The reason for this discrepancy is unclear; may be it is due to the mathematical
calculation in the software. Figure (b) shows the situation after the shift was

made to the tomography result in order to correct this 4 m difference.
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Figure 5.7: Ray density from the tomographic inversion.
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5.1.2 Checking the Method with Synthetic Data

In order to test the effect of the acquisition geometry on the resulting velocity field synthetic
data sets were generated using a finite difference modelling. The input velocity model (Figure
5.7), for producing the synthetic data, is derived based on the Vertical Seismic Profiling
(VPS) data from the study area (Rumpel et al. 2005a). The model includes a velocity of 350
m/s for the weathering layer, a velocity ranging from 700 m/s-1400 m/s for the second layer,
1400 m/s-2200 m/s for the third layer and a constant velocity of 2200 m/s for the bottom layer
with a total depth of 100 m. The model has no lateral velocity variation.

CMP No.
52 .

Vin m/s

16 28 40

76 96 3501000 2000

0

\

N

(41
o
w u yideg

o
o

Figure 5.8: The input velocity model for producing a synthetic seismogram.

The source wavelet used for synthetic trace generation consisted of a maximum frequency at
200 Hz with a peak amplitude at 80 Hz. The data were calculated with a sampling rate of 1 ms
for 350 ms. To avoid the reflections from the limits of the model, absorbing boundary
conditions were chosen. With these parameters two acquisition geometries were designed: a
first data set with 48 receivers and 24 shots and a second data set with 48 receivers and 48

shots.

For the first data set the geometry has 48 receivers with 5 m spacing and 24 shots, i.e., shot
points for every second geophone. From the above input velocity model (Figure 5.8) and the
geometry, the synthetic seismic traces are generated using finite difference modelling. A total
number of 1152 traces with 24 shot gathers were obtained. Figure 5.9 shows one sample shot

with the first break picks.
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Figure 5.9: Sample of synthetic traces with the first break picks (minimum phase wavelet).

The travel times of the first arrivals of the synthetic data were picked and from these picks the

starting interval velocity model (Figure 5.10) for the inversion is created. The interval velocity

ranges from 850 m/s on the top layer to 2387 m/s to the bottom layer for the depth of the first
100 m.
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After inverting data set one an interval velocity model is obtained (Figure 5.11).
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Figure 5.10: Starting interval velocity model for first test data set.

In the

interval velocity field the velocity is increasing with depth and there is also a slight lateral

velocity variation. The velocity ranges on average from 640 m/s to 2060 m/s for the first 40 m

depth. The results obtained from the inversion are influenced by the initial model but they are

not smooth having some holes in regular intervals laterally. The ray-tracing coverage diagram

(Figure 5.12) also reveals the holes or areas with low ray density which is most likely due to

the source-receiver geometry.
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Figure 5.11: Velocity field from tomographic inversion of data set one.
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Figure 5.12: Ray density from the tomographic inversion of data set one.

For the second data set the geometry has 48 receivers with 5 m spacing and 48 shots i.e. shot
points at every geophone. From the input velocity model (Figure 5.8) and the new geometry,
2304 synthetic traces from 48 shot gathers were generated. From these synthetic travel time
picks the starting velocity model (Figure 5.13) for the tomographic inversion is created. The

velocity ranges from 881 m/s on the top layer to 2367 m/s to the bottom layer for the depth of
the first 100 m.

CMP No. .
4 16 28 40 52 Vin m/s

‘. 76 88 96100020003000

0

()]
o
w u yideq

-
o
o

Figure 5.13: Starting model from turning ray velocity for the second test data set.

The velocity model (Figure 5.14) obtained by inverting the second data set shows the velocity
ranging on average from 725 m/s to 2075 m/s for the first 40 m in depth. It has only very
slight lateral velocity variation and reveals a smooth velocity field; some slight velocity
variation only occurs at the edge where data coverage is poor. The ray-tracing coverage

diagram (Figure 5.15) also reveals a smooth ray density distribution which is the result of the

relatively dense source-receiver geometry.
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Figure 5.14: Velocity field from tomographic inversion of data set two.

o CMP No.

Figure 5.15: Ray density from the tomographic inversion of data set two.

The results obtained by both acquisition geometries are qualitatively equivalent although they
have some essential difference. After inverting both data sets the interval velocity models
(Figure 5.10 & 5.13) generally match to the input velocity model (Figure 5.8). On the other
hand, the velocity field from the first data set has some unsmoothed structures or holes which
is the result of the acquisition geometry whereas in the second data set such effects are not
observed. This points out that the vertical structures or holes in tomographic inversion may
result from the field data layout (section 5.1.1) along the profile, i.e. may be artefacts due to

the acquisition geometry.
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5.2 Shallow P and S-wave Seismic Reflection Data of 2006

Data collection during the May 2006 (Figure 5.16) focused on very shallow subsurface P- and

S-wave seismic reflection with high resolution. The specific objective of this investigation is

firstly to image the very near surface structures and to compare P- and S-wave reflection data

in order to show their potential for delineating near surface lithology. Secondly to constrain

and presumably verify the first arrival travel time tomography results (see section 5.1) from

the 2005 conventional P-wave reflection data.
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Figure 5.16: Profile map and CMP location of the 2006 survey area (profile 2) and the

corresponding CMP from profile 1 (profile Tangstedt 2005).

Both P- and S-wave data were acquired using a 72 m length landstreamer. Vibrator sources

were used in both cases (P- and S-wave vibrator). All data were processed in CMP technique

on a workstation with Landmark’s ProMAX seismic processing package (Landmark Corp.,

Version 2003.12.1).
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5.2.1 P-wave Seismic Reflection Data of 2006

The survey was conducted along the eastern part of the 2005 Tangstedt line (Figure 5.1 &
5.16), in Ellerbeker Rinne. The survey started at the eastern end of the line. A streamer
(Figure 4.8) was used for recording the signal with 72, 14 Hz Geophones for every shot, with
a geophone spacing of 1 m. For the seismic source a vibrator (Figure 4.13) was used with a
sweep frequency of 40-440 Hz and a total recording length of 13 s and sampling interval of
0.5 ms. There were 353 shots of shot point spacing 2 m and total profile length of 720 m.

PP end Steamer

*Source Locations

Figure 5.17: Field survey layouts for the acquisition of the data. A land streamer consisting of
72 geophones with 1 m separation was used for recording the data with offset-

shots.

The survey was set up with offset-shots (Figure 5.17). The design of the acquisition used is:
the receiver line is not moved all at once as the source location moves (from E to W) along
the profile, but rather the streamer is pulled 24 m after the twelfth movement of the source.
The closest geophone to the source is always at 25 m at the beginning of the shot for each
session while the source moves towards the geophone. Uncorrelated vibroseis P-wave data
was recorded with Geometrics Geoden. Data quality is typically good in the upper 700 ms and
decreases significantly beyond this time. Table 5.4 summarizes the basic acquisition

parameters.

The P-wave data processing procedure intends to derive a detailed velocity-depth model for
the shallow subsurface (~50 m). The first 700 ms two way travel time data was processed.
The processing routine (Table 5.5) consisted of: killing dead/noisy traces; automatic gain
control (AGC); prestack band pass filtering; muting ground roll, air wave and refracted wave;
CMP sorting; velocity analyses; normal move-out corrections, static corrections; CMP

stacking; migration and depth conversion.
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Seismic source

Vibrator (MHV 2.7 P-wave vibrator)

Recording instrument

Geometrics Geode (Geometrics Inc., Tulsa OK,
USA), 24-channel each

Land streamer (SM4 14 Hz geophone) orientation

Receiver vertical (Z-component)
Number of geophones 72

Geophone spacing I m

Shot spacing 2 m

CMP spacing 0.5m

Minimum offset I m

Maximum offset 97 m

Maximum fold 25

Sweep frequency 40-440 Hz, 10 s length
Recording length 13 s

Sample interval 0.5 ms

Polarisation SEG standard

Data format SEG-2

Table 5.4: Shallow P-wave acquisition parameter, profile Tangstedt 2006.

Processing Steps

Raw data preparation

Assignment of field geometry

Trace editing

First break picking

Signal-to-noise enhancement

AGC scaling (100 ms)

True amplitude recovery (Power raised function)

Spiking predictive deconvolution (50 ms length)

Bandpass filter (40-60-400-440) Hz

Static correction (refraction static), 20 m NN

Bottom mute (15 ms taper)

Velocity Analysis Sorting to CMP gather
Interactive velocity analysis
NMO correction
Stretch mute (15%)
Stacking Stack

F-X deconvolution

AGC scaling (150 ms)

Migration

Depth conversion

Table 5.5: Data processing sequences, profile Tangstedt 2006.
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The data were scaled using an automatic gain control (AGC) function before and after
prestack processing with 100 ms and 150 ms window length, respectively. The decay of
amplitudes with distance is compensated with time-raised power correction function of power
constant 1.5 using true amplitude recovery tools. Deconvolution was performed to improve
the resolution by suppressing multiples and collapsing the effective wavelet. In this
processing, a zero phase spiking predictive deconvolution with a 50 ms operator length was

applied to the data followed by a bandpass frequency filter.

The field data was spectrum analysed to determine the dominant frequency band. The
frequency spectra (Figure 5.18) shows that the shot gather reflects the frequency spectrum of
the sweep, but the low frequencies (50-100 Hz) dominate and the spectral power decreases
with increasing frequency. Frequency spectra of different portions of the shot gathers were
also inspected (Figure 5.19). Besides, a number of band pass filter tests was applied. This is
usually done by trying several bandpasses and picking the best one. 40-60-400-440 Hz was

chosen to attenuate noise outside the sweep frequencies.
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Figure 5.18: Frequency content of a reflection shot gather.
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Figure 5.19: Raw shot gathers and amplitude spectra for the marked region. (a) Reflection
between 50 and 100 ms, the dominant frequency is 50 to 300 Hz. (b) Reflection
between 150 and 200 ms, the dominant frequency is 80 to 300 Hz.

Static corrections are made to move the apparent position of the sources and receivers to the
high datum. Source and receiver static shifts are calculated from time picks of the first
arriving refractions. A replacement velocity of 1800 m/s and a datum of 20 m NN was used
for the refraction statics calculations which locate the datum at the top of the highest location
in the profiles (Figure 5.20b) in order to image the shallowest reflections on the eastern
margin where the elevation rose to this height. Bottom mute with 15 ms taper have been used
to remove source-generated noises (air, guided and surface waves) from the shot gather
( Figure 5.20d).
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Figure 5.20: A single shot gather offset from 22.96 to 94.75 m, (a) scaled (AGC, 100ms),
(b) after static correction, (c) after deconvolution and application of a band
pass filter, (d) after mute applied (depth scale changed).
The prestack processing steps suppressed successfully most of the noises and other low-

frequency events, revealing some clearly distinguishable reflection events in the shot gathers

(Figure 5.20d).
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Detailed velocity analysis proved to be the most important and time-consuming step in the
processing flow. For the calculation of the velocity function for performing NMO correction
the traces are sorted to form a CMP gather. The velocity analysis is performed on these
selected CMP gathers. The rms velocity function was developed through detailed analysis of
semblance plots (Figure 5.21), constant velocity stacks and NMO corrected gathers. These
velocity functions then are spatially interpolated between the analysis points across the entire
profile. The velocity scanning was performed on each CMP gather during a velocity panel
analysis that ranged from 1000 to 2500 m/s. Subsequently a range of stretch-mutes were
tested. A maximum 15% stretch mute is applied to remove the effect of NMO stretching. A
velocity of ~1800 m/s at ~20 ms, ~1865 m/s at 80 ms, ~1915 m/s at 120 ms and ~2075 m/s
provided the best alignment of normal move out (NMO) corrected seismic signals for the

example given in Figure 4.13 (corresponding to the left analysis in Figure 5.21).
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Figure 5.21: Velocity spectrum with the picked velocities at different CMP points.

Subsequently the stacking velocities are determined for selected CMP gathers. In the mean
there was a velocity analysis every 100 CMP. The stacking velocities ranged from about 1500

m/s at 20 ms to about 2500 m/s at 200 ms. Figure 5.22 shows the lateral variations of stacking
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Time in ms

velocities along the profile. The velocity field shows lower velocities in the east and an

increase of velocities to the west down to 80 ms, and a higher velocity in between 80 to 200

ms in the east.

W CMP No.
0 1300 1200 1000 800 600 400 200
N D
Figure 5.22: Stacking velocity field from the velocity analysis of CMP gather.
The stacked section of the profile shows a sequence of reflected events. These reflected events
seem to be uninterrupted and dip to the west (Figure 5.23) and consist of five major reflection
boundaries. The shallowest dipping reflection at ~25 ms, the second reflection ~50 ms, the
third reflection ~70 ms, the fourth set of reflections from ~80 ms to ~140 ms and the fifth set
of reflection starting at ~160 ms two-way travel time. The stacked seismic section also clearly
shows depression like structure between CMP 60 and 400 (30 to 200 m).
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Figure 5.23: CMP time stacked section to reference elevation (20 m NN).The
arrows point to major reflectors.
The stacking velocities (Figure 5.22) are used as input to generate the interval velocities. The
Velocity Field Manipulation was employed to analyze the stacking velocities and convert
them to an appropriate set of interval velocity functions. Applying a 100 CMP horizontal

smoother and converting the stacking velocity model via a smoothed gradient function (i.e.
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interval velocity functions having a smooth variation in slope) a single interval velocity
function is estimated for migration. The interval velocity ranges from ~1800 to ~2340 m/s for
the first 200 ms two-way travel time. Once the interval velocity is computed, a poststack
Implicit FD time migration is carried out to produce the migrated section (Figure 5.24a). All
the migration process was performed on the final datum (20 m NN). The migration procedure

produces only minor changes for the reflectors.

For the time-to-depth conversion, the single interval velocity function in time was converted
to depth interval velocities. Besides, the resulting interval velocity (~1800 m/s) from the
surface to 5 m depth is replaced by the weathering layer velocity (~540 m/s). Finally the
interval velocity field ranged from about 540 m/s at the surface to 2340 m/s at 200 m depth.
Figure 5.24b displays the depth section. In this depth section we find the five above defined
reflectors at ~25 m depth, ~50 m depth, ~70 m depth, ~ 100 m to ~145 m depth and ~165 m to
~200 m depth.

Distance in m
600 500 400 300 200 100

CMP No.
1200 1000 800 600 400 200

Figure 5.24: Stacked (a) migrated time section, (b) depth section (reference elevation

(20m NN)). The arrows point to major reflectors.
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5.2.2 S-wave Seismic Reflection Data of 2006

S-wave reflection data were acquired between June 26 and 28, 2006 along the same profile
and overlapping the P-wave profile (Figure 5.16). A combination of end on and split-spread

geometry with 2 m shotpoint spacing and 1 m source offset was used (Figure 5.25).

ol o | o | 2

[EPTPL] Land-Streamer
[J Source Locations

Figure 5.25: Field survey layouts for the acquisition of the data. A land streamer consisting of
72 geophones with 1 m separation used for recording the data with a

combination of end-on and split-spread shot.

The active spread consisted of a land-streamer containing 72 SM6-H 10 Hz horizontal
geophones. Seismic energy was generated by an S-wave vibrator (EIVis-4) and a sweep
frequency of 20-200 Hz. In each case two shots are recorded at the same location with the
source motion direction of the two records 180° apart. The reflection data were collected in
SH mode (sensitive to horizontally polarized shear waves) on Geometrics Geoden with a 12 s
record length, and a one-millisecond sampling interval. Table 5.5 summarizes the basic

acquisition parameters.

After the data is stored in ProMAX format in the ProMAX system (Landmark Corp., Version
2003.12.1) it is correlated with an external sweep. The correlated data from a given shot point
is summed together in order to enhance the S-wave signal and to reduce the coherent P-
waves. The summing improves the quality of the data. Figure 5.26 shows correlated and
summed data for a single shot point in the middle of the profile with AGC applied (with 300
ms window length). The data has a good quality for the upper 500 ms, but decreases

significantly beyond this time.
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Seismic source

SH-Vibrator(ElVis-4), Electrodynamic vibrator system

Recording instrument

Geometrics Geode (Geometrics Inc., Tulsa OK, USA),
24-channel each

Land streamer (SM6-H 10 Hz geophone) orientation
horizontal and perpendicular to streamer (SH-

Receiver component)
Number of geophones | 72

Geophone spacing I m

Shot spacing 2 m

CMP spacing 1.5m
Maximum fold 36

Sweep frequency 20-200 Hz, 10 s length
Recording length 12's

Sample interval 1 ms
Polarisation SEG standard
Data format SEG-2

Table 5.6: Shallow S-wave acquisition parameters, profile Tangstedt 2006.

The data processing of the S-wave survey was conducted using a sequence of steps listed in
Table 5.7. After trace editing a trace-to-trace amplitude-balancing function (trace
equalization) was applied. This function minimizes differences in sample amplitudes resulting
from differences in acquisition equipment performance or source and receiver coupling with
location. This has been done using a single time window gate for each trace. In order to
suppress as much noise as possible without degrading the reflection signal quality, a zero-
phase Ormsby band-pass filter in the frequency domain was applied to the shot gathers. A
number of band pass filter tests (Figure 5.27) was made for specifying the four corners of the

frequency band pass; 40-50-180-195 Hz has given the best result (Figure 5.27c¢).

77



Offsetinm
-13.04 4.00 21.98 40.04 58.12
Channel No.
1 18 36 54

=

,. .«s ._ {((-re-,« 4‘-‘5: _;,;,g. ' J4 =3 “a, 3’2 e, iig :

. ?2%%%233333]1?333’*” G e
B ‘fs,; "f!jj!Siil!l!ii%iiiiiiialiﬁiﬁii{iZ&}! <

o0 sssssmte e TP R LT
it T T )
et %313?551:311;”%9"“551
ORI B sl I e T
i i

ms

Time in

w0 D B s B
S e et
D S I U i
00006 S oy 1S T gy et

ano e o T
ﬁ??%%siéﬁiﬁﬁ%‘%&%ﬁﬁﬁS*ii@ligééiééééééé%{‘f%{iééﬁi!S!iili<<<s

T

700

Figure 5.26: One sample shot gather, summed and correlated

data with AGC (300 ms).

Processing Steps

Raw data preparation Correlation and Summing of traces

Assignment of field geometry

Trace editing

Signal-to-noise enhancement | AGC scaling (300 ms)

Bandpass filter (40-50-180-195)

AGC scaling (120 ms)

Trace equalization

Velocity Analysis Sorting to CMP gather

Interactive velocity analysis

NMO correction

Stretch mute (500%)

Bandpass filter (30-40-180-195)

Stacking Stack

Bandpass filter (20-30-180-195)

F-X deconvolution

AGC scaling (150 ms)

Migration

Depth conversion

Table 5.7: S-wave data processing sequences, profile Tangstedt 2006.
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Figure 5.27: Shot gather with zero-phase Ormsby band-pass filter, trace equalization (50 ms
time gate) and AGC (300 ms) applied. (a) 60-70-180-195 bandpass, (b) 20-30-
180-195 bandpass and (c) 40-50-180-195 bandpass.

Estimates of velocity and velocity variations obtained from shot gather and constant velocity
stack analysis are used to define optimal input parameters for semblance analysis. Figure 5.28
shows velocity spectra and picks for a CMP gather (left) at CMP 1225 and the same CMP
gather after applying NMO correction and 500% stretch mute (right). The velocity scanning
was performed on each CMP gather during velocity panel analysis that ranged from 100 to

800 m/s. A velocity of ~420 m/s at ~10 ms, ~310 m/s at ~50 ms, ~230 m/s at ~100 ms and
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~200 ms, ~340 m/s at ~300 ms and ~500 ms provided the best alignment of normal move out

(NMO) corrected seismic signals for the example in Figure 5.28.
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Figure 5.28: Velocity spectra, velocity picks and CMP gather before (left) and
after (right) NMO correction.

The stacking velocity field (Figure 5.29) indicates that the optimum stacking velocity mostly
ranges from about 240 to 400 m/s. And it comprises relatively higher velocities for the first
~50 ms, low velocities for the next 400 ms (~50 - ~450 ms) and a slight increase of velocities
to the bottom part of the field. The lateral velocity variation is minor except for the part of the

seismic line between ~400 ms to ~600 ms.
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Figure 5.29: Stacking velocity field from the velocity analysis of several CMP gathers.

Stacking of the CMP-sorted data followed by bandpass filtering (30-40-180-195 Hz) and F-X
deconvolution (20-200 Hz) results in the section displayed in Figure 5.30. The shallowest
reflection appears at ~25 ms, this reflection can also be observed as distinct hyperbolic-
shaped event in the raw and prestack processed data (Figure 5.26 & 5.27c) and could be
confidentially recognized as true reflection. The most prominent reflectors of the S-wave
section are observed at approximately 200 ms and 350 ms. For longer times it is hard to see

any coherent features (reflections).
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Figure 5.30: Stacked time section, the arrows point to major reflectors.

The single function interval velocity is generated from the stacking velocities through smooth
gradient conversion. The interval velocities range from ~190 to ~530 m/s for the first 500 ms
two-way travel time. These interval velocities were used to perform migration and time-to-
depth conversion. A poststack implicit FD time migration is performed to produce the final
migrated image. Since the interval velocity over-migrated the data and introduced some
distortion the interval velocity was reduced to 80%. Figure 5.31a shows the fully migrated
image of this line. In general, the migration improves the stacked section, scattering is

reduced, and dipping reflectors are positioned better. The depth converted section is shown in
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Figure 5.31b. The rough estimates of the depth range of the reflected events appearing on the
sections were made on the basis of the interval velocities derived from the rms velocities of
the seismic data. According to this depth section the shallowest S-wave reflection appearing
at a time of about 25 ms is about 4 m deep, whereas the other reflectors that appear at a time
of about 200 ms and 350 ms is about 25 m and 50 m deep respectively. As there were no
static correction applied to the data the zero time or depth line refers to the surface and not to

a certain reference datum.
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Figure 5.31: Stacked (a) migrated time section, (b) depth section (the arrows point to

depth of the reflectors as discussed in the text).
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5.3 Shallow P- and S-wave Seismic Section Correlation

Combining P- and S-wave wavefields provide independent measurements of rock and fluid
properties. To identify those properties a comparison of P- and S-wave reflection at the same
depth level is crucial. Miscorrelation of key strata surfaces will lead to mistaken seismic-
based attributes (V,/V; ratio, Poisson’s ratio, shear modulus, and bulk modulus) and make
accurate interpretation impossible. In this section we look at correlations in shallow P- and S-
wave reflection data which was acquired in the same line (section 5.2). The survey utilized
higher frequencies (40-400 Hz) for P-wave and lower frequencies (20-220 Hz) for the S-
wave. Figure 5.32 presents a typical example of P- and S-wave AGC scaled raw field data
records. The acquired reflection data were of good quality; both shot records show
recognizable reflections. The coherence of the S-wave data looks better than that of the P-
wave data, probably because of lower frequency, less scattering and, last but not least absence
of surface waves. The reverse stacking method (summing left and right shot) also removes

much noise on the S-wave.
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Figure 5.32: Raw shot gathers. (a) P-wave with AGC (100 ms), (b) S-wave with AGC
(300 ms).

The prestack processed P-wave and S-wave shot records (Figure 5.33) show good quality and
fine hyperbolic arrivals representing reflections. The P-wave prestack processed data has
observable reflections from about 40 ms to 200 ms. Static correction is performed on this data
with a datum of 20 m NN; this may create a shift on the position of the P-wave reflectors. In

the case of the S-wave data no static correction is made. On the S-wave prestack processed
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data (Figure 5.32b) hyperbolic reflections are observed just below the surface until about 500

ms.
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Figure 5.33: Example of P-wave (a) and S-wave (b) prestack processed shot gathers. The
P-wave records are filtered with a 40-60-400-440 Hz frequency bandpass filter
and the S-wave records with a 30-40-180-195 Hz bandpass frequency filter.

For establishing a P-wave to S-wave event correlation a common first intuition is to try to
compare events between the two data sets in section view. Figure 5.34 and 5.35 show the P-
wave and S-wave depth section (CMP 100 to 1360) and stacked time section (CMP 1200 to
1300) along the profile, respectively. When a visual comparison is made between the two
stacked sections the S-wave shows a reverse of polarity; because of this a polarity reversion is
made in the S-wave section. The S-wave seismic section along the line shows a sequence of
reflected events within the ~25 ms (~4 m) - ~350 ms (~50 m) depth range, while the P-wave
section shows clear reflected events from about 25 ms (25 m) to about 180 ms (200 m). In the
P-wave profile there is hardly any reflection recognized in the shallowest part of the section
(<25 ms or 25 m). On the other hand the deeper reflections from the P-wave section have no

corresponding expression in the S-wave section.
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Figure 5.34: Depth section for 100 m depth. (a) S-wave section, (b) P-wave section.

In order to make the time correlation first a search of the P- and S-wave depth section was
made to locate reflections that should be expected on both data sets and thus provide a
correlation basis. Estimates obtained from this initial depth equalization attempt revealed the
most definitive correlation on the intermediate section. Two “depth equivalent” horizons were
picked on the P- and S-wave depth sections (Figure 5.34). Based on these horizons, Figure
5.35 correlates P-wave time of 25 ms to S-wave time of 200 ms and P-wave time of 50 ms to
S-wave time of 350 ms. The ratio of correlated time intervals (t/t,) range from 4 to 5 across
the analysis window. This time interval ratios have a relationship with V,/V; ratio (for details

see section 6.2).
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Figure 5.35: Part of P-wave (left) and S-wave (right) time section from CMP 1200 to 1300.

The coloured lines indicate reflections from the same horizons.

5.4 P-wave Velocity Field: Conventional P-wave Refraction Tomography vs.

Shallow P-wave Reflection

The seismic refraction tomography approach in the conventional seismic reflection data was
applied in section 5.1.1 to obtain detailed information in the shallow sub-surface (~ <50 m).
The interval velocity field from the tomographic inversion for the whole profile (3415 m) is
displayed in Figure 5.6b. Into this section, in order to compare the tomography inversion
result, the shallow P-wave reflection data from section 5.2.1 is incorporated. Figure 5.36 is a
rescaled version of the tomography velocity field at the same surface location and scale as the

shallow reflection image in Figures 5.37.

On the basis of information presented in Figures 5.36 and 5.37 a comparison of the refraction
tomography velocity field to boundaries or interval velocities of the shallow seismic reflection
was made. There is some correspondence between the reflection image and the velocity
interface on the tomographic model (Figure 5:38). As mentioned in section 5.1.1 it is difficult

to get a sharp boundary in the refraction tomography field. By taking approximately the high
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contrast velocity junction as boundaries for the tomographic velocity field the comparison can
be done. The velocity boundary at ~10 m depth does not match in the shallow reflection
section since it is hard to see a reflector within this depth range. The reflector at ~25 m depth
can be approximated to the velocity boundary at ~30 m depth of the tomographic velocity
field, and the reflector at ~50 m can be approximated to the velocity boundary at ~50m of the
tomographic velocity field. Below ~50 m the refraction tomography velocity field is not

reliable.

On the other hand the interval velocities have also some correspondence. For example the
interval velocity ranges from about 540 m/s to 1900 m/s in the case of the shallow reflection
section from the surface to a depth of 50 m; for the same depth the velocity varies from about
519 m/s to 2300 m/s for the tomography field. But for the high velocity gradient (anomalies)
between 225 m and 350m for the tomography field along the profile there is no expression in
the shallow reflection section. In Figure 5.36 and 5.37 the zero depth refers for both lines to

20 m NN.
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Figure 5.36: P-wave refraction tomographic velocity field rescaled for the same surface

locations as the shallow P-wave reflection depth section in Figure 5.37.
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Figure 5.37: Shallow P-wave depth section with the interval velocity field.
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Figure 5.38: Shallow P-wave depth section with the refraction tomography
velocity field.
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6. Interpretation, Combination and Integration

In this section, the geological interpretation of the seismic velocity models, i.e. P-wave
refraction tomography, and the shallow P- and S-wave reflection are presented. This
interpretation involves the incorporation of borehole data as well as some well-known
geologic and geophysical characteristics of the area from previous studies. The three nearby
boreholes: Tangstedt 3914, Borehole B1 and B2 (see section 2.2) are used for the
interpretation. The geophysical methods that have been used here include ground penetrating
radar (GPR), airborne electromagnetic (AEM) and spectral induced polarization (SIP). The
combination and integration of these different geophysical methods can provide solid
constraints for the interpretation of the seismic results. Moreover this section presents how
these different geophysical techniques provide complementary information concerning the

near-surface lithology.

6.1 Interpretation of Refraction Tomography Result

Refraction tomography allows exploring near-surface information down to 50 meters below
the ground surface. The interval velocity model (Figure 6.1) from the refraction tomography
inversion shows a velocity gradient at about 10(12) m depth; this velocity gradient coincides
approximately to a mixture of dry sand and till, and saturated sand interfaces in boreholes
Tangstedt-3914 and B1, but not in borehole B2. In part of the model, from ~10 to ~25 m,
minimal change in the velocity indicates more uniform and undisturbed lithology and this
may correspond to the saturated sand layer in the borehole log. The velocity model also
reveals two other velocity contrasts, i.e. at depth of about 25 and 50 m. The velocity gradient
at about 25 m might be related to saturated sand and till interface in borehole log (Tangstedt-
3914). The high-velocity zone between ~25 to ~50 m presents the till layer. The velocity
gradient at about 50 m may be related to flakes of brown coal at 47 m in the borehole log

borehole B1.

Distance in m.
250 500 1000 1500 2000 2500 3000 3250

Figure 6.1: P-wave interval velocity model from the tomography inversion and the available
boreholes (B1 (at 600 m), B2 (at 2800 m) and Tangstedt 3914 (at 2200 m)).

89



One can generalize that the resulting interval velocity model incorporated all important units
observed in the boreholes and velocities in the expected ranges. These include: a surface layer
with a mixture of dry sand, till and humus (~480 — ~1020 m/s); a uniform layer of saturated

sand (~1480 — ~1700 m/s) and a till layer (~1800 — ~2400 m/s).

6.2 Combining V,, V;and V,/V, with Borehole Logs and Previous VSP Results

Jointly using P-wave and S-wave velocities can provide information about the lithology of the
medium. Varying sensitivities for P-wave and S-wave velocities to the different properties of
the medium allow the velocities to be utilized to image more effectively the sub-surface
sequences. The ratio of V,, and Vy is known to be particularly sensitive to lithology, porosity
and pore-fluid content, making it a useful parameter for evaluating and independently
measuring those properties of rocks (see section 3.5). This section describes and evaluates the
seismic attributes Vp, Vi, V), to Vg velocity ratios for characterizing the shallow sub-surface. I
try to correlate the available borehole data (section 2.2) to the results. I also seek the possible
relations between the velocity models and the velocity ratios to the vertical seismic profile

(VSP) results from previous studies in the area.

6.2.1 V,, Viand V,/V, versus Lithology

A detailed V, and V; interval velocity model (Figure 6.2a & b) is determined using the rms
velocities from the shallow P- and S-wave reflection data (section 5.2). The rms velocities are
manually adjusted by defining a polygon based on the dominant reflection boundaries. The
interval velocity model is calculated with a velocity function defined at every 50th CMP.
From the obtained V, and Vj interval velocity models, V, to V; ratios (Figure 6.2 c) are

calculated.

The P-wave interval velocity model (Figure 6.2a) indicates, in average, the velocities vary
from low velocities (540 m/s) at the shallow depths to velocities 1700 m/s - 2250 m/s from 6
m to about 65 m depth. There are some patches of low velocities at ~ 20m depth but no
significant lateral velocity variation in general.The S-wave interval velocity model (Figure
6.2b) reveals high and low velocity values (150 — 500 m/s). The low S-wave velocity
anomalies are seen around 20 m and extend laterally with increase of thickness from small to
higher CMP number. The V,/V; ratio varies in depth more distinctly than laterally (Figure
6.2c). The value generally ranges from 1.5 in the very near surface to almost 11 around 15 m

depth with intermediate values elsewhere.
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Figure 6.2: (a) P-wave interval velocity, V,, (b) S-wave interval velocity, V,, (c) P- to
S-wave velocity ratio, V,/V, for depth down to 65 m, respectively.

The calculated V,/V; ratios for the whole profile are shown in Table 6.1 for every 100 CMP
and a depth interval of 5 m. The first obvious observation made from the table is that the
V,/V; ratios increase until a depth of about 20 m and then decrease until 60 m with slight
increases again below this depth. The V,/V, data has also been plotted (Figure 6.3) for the
profile for depths between 1 and 65 m and interpreted in conjunction with the available
borehole information. Even though the existing boreholes (Tangstedt-B2 and Tangstedt-3914)
are not located exactly on the profile, it is observed that the result agrees well with the
borehole data with some small depth variation in all the above depth ranges. The estimated
average V,/V; ratios for the entire profile are 1.5-3.8 for the first 5 m depth section which
corresponds to the mixture of sand and till; 7.6-8.7 between 10 and 20 m depth which
correlates to the saturated sand column; 4.6-5.8 corresponding to the till layer and 5.2-6.2 to

the clay section.
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Depth CMP’s
(m) 100 200 300 400 500 600 700
Vo | Vs [V | Vp | Vs | Ve | Vp | Vs | VY| Y Vs [Vl | Vp | Vs [V | Vp Vs |V | Vp | Vs | VY
Vi Vi Vi Vs Vi Vi Vi
1 543.0 | 391.2 | 1.4 | 543.0 | 3883 1.4 | 543.0 3835 | 14 543.0 | 380.6 | 14 543.0 | 376.5 1.4 543.0 | 3723 1.5 543.0 | 366.0 1.5
5 1160.0 | 3523 | 3.3 | 11359 | 353.6 | 3.2 | 11773 | 3523 | 3.3 | 1191.8 | 3404 | 3.5 | 11783 | 353.2 33| 1132.1 | 3324 34 | 11427 | 3262 | 3.5
10 1766.0 | 316.7 | 5.6 | 1718.1 | 312.6 | 5.5 | 1801.1 | 312.0 | 5.8 | 1825.1 | 2525 | 7.2 | 1803.7 | 260.6 6.9 | 1714.1 | 207.0 8.3 | 1713.3 | 220.9 7.8
15 17729 | 2323 | 7.6 | 1720.6 | 2644 | 6.5 | 1805.6 | 2740 | 6.6 | 17842 | 184.5 | 9.7 | 1901.3 | 1749 | 109 | 1718.2 | 176.1 9.8 | 1835.2 | 1754 | 10.5
20 1559.1 | 2074 | 7.5 | 1871.1 | 2284 | 8.2 | 1486.7 | 223.0 | 6.7 | 1780.0 | 1953 | 9.1 | 1775.5 | 208.4 8.5 | 18634 | 286.3 6.5 | 1785.7 | 2560 | 7.0
25 1768.3 | 308.0 | 5.7 | 17732 | 300.5 | 5.9 | 17757 | 3652 | 49| 17852 | 2758 | 6.5 | 1793.2 | 302.3 59| 1803.8 | 3129 5.8 | 18055 | 316.8 | 5.7
30 1829.7 | 3214 | 5.7 | 1818.8 | 3304 | 5.5 | 1807.2 | 333.4 | 54 | 18022 | 430.6 | 4.2 | 18104 | 380.1 4.8 | 1816.2 | 3559 5.1 | 1813.1 | 352.8 | 5.1
35 1851.7 | 3258 | 5.7 | 1821.5 | 329.8 | 5.5 | 1808.1 | 341.7 | 5.3 | 1805.0 | 341.9 | 5.3 | 1814.1 | 347.3 5.2 | 1859.1 | 352.6 5.3 | 18325 | 383.6 | 4.8
40 17955 | 3614 | 5.0 | 1797.1 | 3704 | 4.9 | 1809.7 | 379.3 | 4.8 | 1959.0 | 371.0 | 5.3 | 18252 | 385.3 4.7 | 18564 | 3515 5.3 | 18514 | 367.0 5.0
45 1877.8 | 4209 | 4.5 | 18504 | 4222 | 4.4 | 1847.0 | 4346 | 4.3 | 18639 | 311.1 | 6.0 | 1884.3 | 352.4 5.3 | 18904 | 386.6 4.9 | 1882.6 | 436.8 4.3
50 1934.1 | 479.8 | 4.0 | 1921.7 | 475.7 | 4.0 | 18964 | 465.4 | 4.1 | 19019 | 467.0 | 4.1 | 1910.8 | 447.8 43| 19139 | 455.0 4.2 | 1908.1 | 4224 | 45
55 2164.5 | 5105 | 4.2 | 1891.2 | 504.6 | 3.7 | 1928.4 | 489.2 | 3.9 | 19357 | 496.6 | 3.9 | 1936.5 | 472.3 4.1 | 1938.5 | 486.5 4.0 | 19348 | 4449 | 43
60 1888.4 | 417.1 | 4.5 | 1854.8 | 449.2 | 4.1 | 1942.8 | 4544 | 4.3 | 19479 | 4963 | 3.9 | 1961.3 | 468.5 42| 19634 | 478.8 4.1 | 1961.3 | 4124 | 4.8
65 1980.6 | 3182 | 6.2 | 1934.2 | 321.6 | 6.0 | 1870.6 | 325.7 | 5.7 | 2203.3 | 331.8 | 6.6 | 1938.6 | 331.3 59 | 19752 | 324.1 6.1 | 1987.0 | 319.0 | 6.2
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Depth CMP’s
(m) 800 900 1000 1100 1200 1300 Average
vV, Ve | VY vV, Ve | VY vV, Ve |V vV, Ve | VY vV, Ve | Vy/ vV, Ve |V | VJ/V
V. V. V. V. V. V.

1 543.0 | 358.0 | 1.5 | 543.0 | 3486 | 1.6 | 543.0 | 3399 | 1.6 | 543.0| 3372 | 1.6 543.0 | 3374 | 1.6 | 543.0 | 339.8 1.6 1.5

5 1163.9 | 267.2 | 44 | 12053 | 2652 | 45| 11783 | 2645 | 4.5 | 1200.5 | 282.0 | 43 | 12159 | 290.7 | 42 | 1213.0 | 3047 | 4.0 3.8
10 1761.3 | 207.0 | 8.5 | 1851.3 | 2062 | 9.0 | 1800.1 | 2099 | 8.6 | 1744.1 | 2025 | 86 | 1877.7 | 2141 | 88 | 18719 | 2247 | 83 7.6
15 1725.1 | 181.5 | 9.5 | 1777.1 | 201.3 | 8.8 | 1794.8 | 208.6 | 8.6 | 1761.8 | 231.2 | 7.6 | 18652 | 213.8 | 8.7 | 18729 | 207.0 | 9.0 8.7
20 20644 | 223.6 | 9.2 | 1784.6 | 293.7 | 6.1 | 1820.8 | 255.7 | 7.1 | 17753 | 246.5 | 6.8 | 18583 | 220.9 | 8.4 | 1873.6 | 2092 | 9.0 7.1
25 1801.9 | 3225 | 5.6 | 18094 | 323.8 | 5.6 | 18229 | 3132 | 58 | 1838.1 | 3103 | 59 | 18289 | 299.6 | 6.1 | 1801.6 | 2835 | 6.4 5.8
30 1822.0 | 344.1 | 53 | 18227 | 3494 | 52 | 18322 | 3350 | 55| 1843.6 | 3404 | 54 | 18540 | 3425 | 54 | 18599 | 326.1 | 5.7 52
35 1949.8 | 4789 | 4.1 | 19135 | 4163 | 4.6 | 1832.1 | 360.8 | 5.1 | 18483 | 380.4 | 49 | 1861.0 | 3863 | 4.8 | 18643 | 359.4 | 52 5.1
40 1836.6 | 380.2 | 4.8 | 1830.7 | 359.0 | 5.1 | 1833.8 | 387.0 | 4.7 | 1918.7 | 496.7 | 3.9 | 1859.6 | 4059 | 4.6 | 1868.5 | 4206 | 4.4 4.8
45 1866.6 | 459.4 | 4.1 | 1854.0 | 369.0 | 5.0 | 18482 | 3743 | 49 | 1850.7 | 372.0 | 5.0 | 1864.6 | 387.7 | 48 | 1868.1 | 3769 | 5.0 4.8
50 1892.5 | 391.1 | 4.8 | 18782 | 365.1 | 5.1 | 1868.2 | 346.0 | 5.4 | 1863.8 | 316.8 | 59 | 1866.1 | 3473 | 54 | 18659 | 3799 | 49 4.7
55 1921.8 | 408.6 | 4.7 | 19084 | 380.5 | 5.0 | 18954 | 3599 | 53 | 18857 | 3372 | 56 | 1884.0 | 3224 | 58 | 1876.0 | 3182 | 59 4.6
60 1949.7 | 3474 | 56 | 1937.1 | 3143 | 62 | 19232 | 304.0 | 6.3 | 19124 | 3135 | 6.1 | 1909.4 | 300.5 | 6.4 | 1897.6 | 312.1 | 6.1 5.1
65 1979.1 | 312.8 | 6.3 | 19669 | 307.1 | 6.4 | 1950.6 | 303.1 | 6.4 | 19372 | 301.4 | 6.4 | 1933.6 | 3069 | 6.3 | 1924.6 | 300.3 6.4 6.2

Table 6.1: V,,, V, and V,, to V, ratio along the shallow P- and S-wave reflection profile (Figure 5.16) for the depth range 0 to 65 m, every 100 CMPs.

93



Vp to V; ratio
0 2 3 4 5 6 7 8 9 Tangstedt-3914 ~ Tangstedt-B2

. o
<] =los8 [ =] Corse Sand

= 2.80

5 [ = [] sand & Til

1000 e
10 Al B i
o i 211200 H Fine Sand

15 :-{': © s I:I il

© 1-24.00

Depthinm

45

50

55

60

65 [—Vyp/Vs

s -70.00

e e'E' ' e's

Figure 6.3: Plots of average P- to S-wave velocity ratio, V,/V, for the entire profile
taken every 100 CMPs for a depth down to 65 m with lithology
profiles from the nearest borehole logs: Tangstedt-B2 (depth 20 m) and
Tangstedt-3914 (only 80 m depth displayed).

To assess the relevance of the velocities with regard to the lithology and to verify further the
V,/V; result, a comparison between these values at particular CMPs has been made. The
nearest CMPs to the boreholes Tangstedt-B2 and Tangstedt-3419 are CMP 150 and 1300,
respectively. The P- and S-wave interval velocities and P- to S-wave velocity ratios at those
CMPs (CMP 150 and 1300) are shown in Table 6.2 and the corresponding plots in Figure 6.4
and 6.5. From visual inspection the V,, Vi and V/V; plots (Figures 6.4 and 6.5) correlate well
with significant lithologic boundaries noted in the borehole log at depths of 15 (Tangstedt-
B2), 10 and 24 m (Tangstedt-3419).
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The result indicates the S-wave velocity and the P- to S-wave velocity ratio exhibit more
variation compared to the P-wave velocity. The V plots show a pattern of decrease/increase/
decrease and the opposite increase/decrease/increase effect on V,/V, for the whole depth
range. The saturated sandy layer between 10 to 24 m (Figure 6.4 & 6.5) seems to be related to
high P-wave velocity, low S-wave velocity, and high V,/V; ratio anomalies. The observed
high values in V,/V; ratio are due to low S-wave velocities which can be explained by water
saturation of the rocks (the water table is located at about 2 to 3 m below the surface). When a
rock is saturated by a fluid, the fluid may either soften or harden the matrix (Wang, 2000).
The softening/hardening occurs only for the shear modulus, as a result the dependence of S-
wave velocity on pore fluid. This coupling of pore fluid to the S-wave velocity is interpreted

as a manifestation of the effect of fluid interaction on the solid matrix (see section 3.1).

The thin layer with P-wave velocity of about 2000 m/s, S-wave velocity of about 500 m/s and
P- to S-wave velocity ratio of 4.3 at 35 to 45 m depth at CMP 150 (Figure 6.4) or with P-wave
velocity of about 1980 m/s, S-wave velocity of about 470 m/s and P- to S-wave velocity ratio
of 4.2 at 50 to 60 m depth at CMP 1300 (Figure 6.5) are not observed in the borehole data. In
general the depth interval between 25 to 60 m with high P- and S-wave velocity and low P- to
S-wave velocity ratio may represent the till layer, whereas the increase of V,, to V; ratio above
60 m depth may show the till clay interface in the borehole log. The result as a whole signifies
that the P- and S-wave interval velocity model together with the velocity ratio can be

considered to be reliable without knowledge of the borehole data.

Depth (m) | Vv, (m/s) | Vg (m/s) | Vy/Vs Depth (m) | Vv, (m/s) | Vg (m/s) | Vy/Vs
1 543.0 390.0 1.4 1 543.0 339.8 1.6
5 1160.0 353.5 33 5 1213.0 304.7 4.0
10 1766.0 319.7 55 10 1871.9 224.7 8.3
15 1772.9 284.8 6.2 15 1872.9 209.2 8.9
20 1559.1 220.1 7.1 20 1873.6 207.0 9.1
25 1768.3 305.2 5.8 25 1801.6 283.5 6.4
30 1829.7 329.2 5.6 30 1859.9 326.1 5.7
35 1851.7 333.1 5.6 35 1864.3 359.4 5.2
40 1795.5 373.9 4.8 40 1868.5 420.6 4.4
45 1877.8 436.8 43 45 1868.1 376.9 5.0
50 1934.1 476.6 4.1 50 1865.9 379.9 4.9
55 2164.5 504.4 43 55 1876.0 348.2 53
60 1888.4 409.7 4.6 60 1897.6 312.1 6.1
65 1980.6 319.8 6.2 65 1921.9 300.3 6.4
(a) (b)

Table 6.2: V,, Vi and V/V; values (a) at CMP 150, (b) at CMP 1300.
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Figure 6.4: Plots of (a) P-wave velocity, (b) S-wave velocity, (¢) P- to S-wave velocity ratio

versus depth at CMP 150 and lithology log for the nearest borehole to CMP 150.
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Figure 6.5: Plots of (a) P-wave velocity, (b) S-wave velocity, (c) P- to S-wave velocity ratio

versus depth at CMP 1300 and lithology log for the nearest borehole to CMP 1300.
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6.2.2 Comparing with Previous VSP Results

The available data, in particular the V,, and V velocity depth functions and the V,, to V; ratios
derived from the VSP measurement in the borehole Tangstedt-3914 (Rumpel et al., 2005) is
compared with the above V, and Vj velocities and the V, to V; ratios determined . The
interval velocities and the velocity ratio from both data set show analogous results. As shown
in Figure 6.6 there are some strong similarities in the two velocity functions. For example, the
V, and Vj interval velocities functions for the two methods within the range of depths 30 to
60 m are following a similar trend and tracking each other. In both cases the velocities vary
from about 1800 to 2000 m/s (V) and 300 to 500 m/s (V) in the above depth ranges. Besides
the higher velocity (V, ~2000 m/s, V, ~500 m/s) at about 40 m depth in the shallow reflection
data was also detected in the VSP method.

The interval P- and S-wave velocities for the very near-surface (above ~30 m depth) are also
compared and no agreement was found. The prominent difference between the two results is
the presence of an S-wave velocity inversion at about 10 to 25 m depth in the shallow
reflection data that was not observed in the VSP result. For V; to V; ratio the values for the
two methods agree below ~ 30 m depth and disagree above this depth. Generally the results
from the two methods are in good agreement except for the very near-surface area which is
possibly because of a lack in good resolution of the VSP data in this depth range (this may be
due to the poor first break picks for the first 20 m in the VSP data) .
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from VSP results in borehole Tangstedt-3914 (b, d & f) (Rumpel et al., 2005a).
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6.3 Description of other Geophysical Results in the Study Area
Ground penetrating radar (GPR), airborne electromagnetics (AEM) and spectral induced
polarisation (SIP) data were acquired in the same location where the shallow P- and S-wave

data were collected (Figure 6.7). Short descriptions of these data are presented in the

following.
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Figure 6.7: Profile map of seismic, GPR, SIP, VES and AEM lines and location

of Borehole-2 in the survey area Tangstedt.
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Ground penetrating radar (GPR)

The GPR data were acquired along four profiles by the Geological Survey of Denmark and
Greenland (Mgller, 2006) in October 2005. The lengths of the lines are about 400 m and are
orientated roughly E-W parallel to each other (Figure 6.7). A number of common mid point,
CMP, gathers were collected with a spacing of 0.5 m between the adjacent CMP’s. The

survey was carried out with nominal center frequency of 100 MHz.
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Figure 6.8: The GPR profiles LO1-L04 collected with 100 Hz. The cyan lines mark a
dipping reflection that can be recognized in all GPR profiles (Mgller, 2006).
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A standard processing is applied to the data and the velocities are evaluated through a simple
curve matching of reflection hyperbolas for selected CMPs. The rms velocities are varying
between 0.07 m/ns to 0.09 m/ns, with the majority of the CMP’s having rms velocities of
about 0.09 m/ns. The GPR profiles (LO1- L04) have dominating penetration depth about 175
ns (~ 7.9 m) (Figure 6.8). In most of the GPR profiles continuous westward dipping
reflections are seen. For example clear reflections are seen down to nearly 200 ns reflection

time (or depths of about 8 m) in the sandy part (Mgller, 2006).

Airborne Electromagnetic (AEM )

A helicopter-borne survey was conducted in the Ellerbeker Rinne survey area by the airborne
group of the German Federal Institute for Geosciences and Natural Resources (BGR) in April
2005 and in May 2006 (Siemon et al., 2006). The airborne survey comprises an 8-12 km by
28 km wide area. There were 7 flights with 99 ENE-WSW profile lines of flight-line spacing
400/600 m and total length 893 km. The mean flight altitude of the electromagnet sensor
above ground was 50 m. The AEM results are presented on maps and as vertical resistivity

sections (VRS). From these results the resistivity distribution of the upper 70 m is obtained.

Figure 6.7 shows part of the flightline (profile number 258.1) close to the seismic profile
Tangstedt. The resistivity cross-section along this flightline is displayed in Figure 6.9. The
colour code red to orange (resistivity of more than 70 Qm) indicates dry and saturated sand,
yellow to green (30 — 70 Qm) indicates till, and blue (resistivity below 30 Qm) indicates clay
or saltwater saturated sediment. At a depth of O m bsl (Figure 6.9) the lateral resistivity
distribution indicates mostly till and sand (Scheer et al., 2006 ).
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Figure 6.9: AEM resistivity cross-section along the flightline (profile number 258.1) close
to the seismic profile Tangstedt (Siemon et al., 2006), blue box corresponds to
Tangstedt P-wave profile 2005 and red box corresponds to Tangstedt shallow
P- and S-wave profile 2006.

Spectral induced polarisation (SIP)

SIP measurements were carried out in November 2007 by TU Braunschweig (Hoerdt et al.,
2007). The overall SIP profile has a length of 84 m with an electrode spacing of 3 m. Spectral
measurements were carried out using a frequency range typically between 0.1 Hz and 1 kHz.
The data were inverted separately for each frequency with a 2-D finite element code using a
particular regularization that supports sharp boundaries. Figure 6.10 shows the inversion
result from Hoerdt et al. (2007). The aquifer between 5 and 12 m is characterized by
resistivities of several 100 Qm and phase values between -15 and -20 mrad. The aquifer
consists of intermediate sand; glacial till forms the base at about 12 m depth (Hoerdt et al.,

2007).
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Figure 6.10: Inversion result along a profile at the Hasloh test site (Figure 6.7) for frequency of
1.25 Hz. Left panel: Resistivity magnitude, right panel: resistivity phase shift
(Hoerdt et al., 2007).

6.4 An Integrated Interpretation of the Geophysical Results

The uses of more than one geophysical method have resulted in a more accurate definition and
representation of the subsurface than a single method can provide. Here a combined interpretation
of different geophysical results - refraction tomography, shallow P- and S- wave reflection, GPR,
AEM and SIP - are performed to demonstrate how they complement each other to characterize
the near-surface lithology. The comparison was made in two groups because of the different
resolution of the methods. First between the GPR, shallow S-wave reflection (SSR) and SIP data
and then between the refraction tomography, shallow P-wave reflection (SPR) and AEM data.
The profiles investigated using these geophysical methods are shown in Figure 6.7 GPR (blue),
shallow P- and S-wave reflection (green), SIP (red), and AEM (purple).

The SSR profile (Figure 6.11a) shows a slightly dipping shallow reflection at about 4 m. There is
also a sharp change in velocity (velocity inversion) where the water saturated sandy layer
appears. Below this at about 25 m there is a dipping reflection which is interpreted as the sand till
interface according to the lithologic log of borehole Tangstedt-3914. There is also another
reflection at about 50 m depth which has no corresponding stratum in the available boreholes

near the profile, B1 and Tangstedt-3914.

The SIP profiles supply information of the subsurface until about 30 m depth (Hoerdt et al.,
2007). In Figure 6.11c two formations can be observed: An upper, high resistive layer (100 — 200

Qm; logarithmic resistivity, in Qm, equal to 2.0 — 2.3) and a lower, less resistive layer (40 — 80
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Qm; logarithmic resistivity equal to 1.6 — 1.9) correspond to the fine sand and glacial till layers,

respectively. In addition the model depicts the ground water table at about 2 m.

Figure 6.11b shows the 100 MHz GPR profile, where a strong reflector around 8 m of depth
dipping towards the West, can be observed. This reflector is probably related with the top of the
saturated sandy layer (Mgller, 2006).
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Figure 6.11: (a) Shallow S-wave reflection (720 m long) (b) GPR section (400 m long) with
interpretation (Mgller, 2006) (c) SIP (84 m long) interpreted result
(Hoerdt et al., 2007).

The SSR, GPR and SIP inversion results are merged into a single section (Figure 6.12), which
provide a more complete image of the near-surface (~30 m). Since the SIP profile has a length of
84 m, only the parts of the SSR and GPR profile matching to the SIP profile are combined. As
Figure 6.12 depicts the three geophysical methods image successfully the top of the saturated
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sand zone. It can also be observed that there is a good agreement between the SSR section and
the SIP model with minor depth deviations. The high resistivity layer (100 — 200 QQm) between 5
and 12 m, which is interpreted as sand layer, agrees with the low S-wave velocity strata (150 —
200 m/s). The till layer of resistivity between 40 — 80 Qm coincides with the S-wave velocity
layer of velocity 350 — 400 m/s.
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Figure 6.12: The GPR profile (the cyan line indicates the reflection) (Mgller, 2006), the SIP
resistivity section (Hoerdt et al., 2007) and the nearby borehole B2 superimposed

on part of the S-wave reflection depth section.

A combined interpretation of the second group of geophysical methods - shallow P-wave seismic
reflection (SPR), refraction tomography and airborne electromagnetic (AEM) - are presented as

follows.

The SPR seismic section, shown in Figure 6.13a, displays a sequence of reflected events down to
a depth of 100 m. The shallowest reflection at about 25 m is produced at the interface between
the saturated sand and the till layers as it can be seen in the lithologic log (borehole Tangstedt-
3914). The next strong reflection is revealed at about 50 m depth, but with no corresponding
interface from the borehole log. The other prominent reflections are from depths of 60 to 70 m
and 100 m generally correlate with significant lithologic boundaries noted in the borehole at

depths of 70 (till/clay boundary) and 113 m (clay/sand boundary), respectively.

The results of the shallow P-wave seismic reflection can also be interpreted from the interval
velocity shown in Figure 6.13a. Accordingly three seismic layers have been delineated and
correlated with the borehole log. This included a saturated sand layer of velocities 1450 —1700
m/s, a 45 m thick layer of till (1800 — 2000 m/s) and a clay layer (2000 —2500 m/s).
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As it has been discussed in section 5.1.1 the tomography refraction method shows three velocity
zones (Figure 6.13b). From the surface to an approximate depth of 10 m the velocity increases
from 450 to 1020 m/s and can be interpreted as a mixture of sand and till. The velocity in the
second layer (~10 — 30 m) ranges from about 1480 to 1700 m/s, which is commonly found in
water-saturated sand. The velocity layer between 30 and 50 m depth with a velocity of 1800 to
2400 m/s seems to be related to the till layer in the borehole section.

Even though the AEM resistivity cross-section has considerable lateral variation, it can be
grouped into two environments. The first environment extends from 0 to 400 m and the second
from 400 to 720 m along the profile. The first environment reveals three resistivity zones with
high (70 — 100 Qm), medium (20 — 40 Qm) and low resistivity (3 — 10 Qm) down to a depth of
70 m. These resistivities indicate sand, a mixture of clay\till and a clay layer respectively,
according to the colour code explanation in BurVal working group report (Scheer et al., 2006). In
the second environment also three zones can be noticed. In the near surface, at depths down to 25
m, a resistivity of 20 to 40 Qm (till) is observed. The second zone extends in a depth range of 25
to 50 m, with resistivities from 45 to 70 Qm (sand). The third zone extends between 50 and 70 m,
and is characterised by low resistivities, namely 3 — 20 Qm (clay). The two environments are in
agreement with the borehole section for the first 10 m depth and at 70 m but they are inconsistent

for the other depths.

Figures 6.13 and 6.14 give a complete view of the combined cross-section established from
refraction tomography, SPR and AEM. The three methods are in good agreement especially in
the western side of the profile among one another and also with the borehole section. At an
average depth of 10 m the layer boundary between till and sand is clearly marked by the
refraction tomography and AEM methods. The next layer boundary at ~ 25 m is noticed with the
three methods and the borehole section as well. The boundary at ~50 m is recognized by
refraction tomography, SPR and AEM, and at ~70 m by SPR, AEM and the borehole Tangstedt-
3914.
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Figure 6.13: (a) Shallow P-wave reflection depth section with the interval velocities.
(b) Refraction tomography velocity model. (¢) AEM resistivity cross-section
(Siemon et al., 2006). Part of the AEM and refraction tomography profile that
overlap the SPR profile is displayed here as well as the nearby lithology logs from
borehole B1 (at 75 m) and Tangstedt-3914 (at 600 m).
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Figure 6.14: The shallowest refraction tomography boundary (~10 m, red dotted line), AEM
resistivity cross-section and the lithologic log from borehole B2 (at 75 m) and

Tangstedt-3914 (at 600 m) are inserted in the P-wave reflections depth section.

The results obtained show a good agreement among the methods, and they allow the near-surface
lithological characterization of the area. The major lithological boundaries and sequences are
recognized in the combined geophysical data sets (Figures 6.12 and 6.14). One can generalize
that with the integrated interpretations three horizons are delineated: a heterogeneous mixture of
near surface material mainly sand and till, a saturated sand column and till layer. In addition the
stratigraphy boundaries between the above layers are outlined by most of the methods. Above all
the accuracy of the seismic methods (refraction tomography, SSR and SPR) are well verified by

combining the lithological information derived from the other geophysical methods.
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corresponding value of the measured physical properties.

Table 6.3 summarizes the obtained interpreted results for each of the above methods and the

Geophysical methods | Resulting Measured Interpretation
depth (m) physical value
The top of the
GPR 4/8 0.07 - 0.09 m/ns | saturated sandy layer
0-4/12 250 - 350 m/s | Mixture sand and till
4/12-17/30 | 150 -250 m/s | Saturated sand
SSR 17/30 - 60 300 - 500 m/s | Till
2 ~90 Qm Ground water table
SIP 5-12 100 — 200 Qm | Fine sand
12-30 40 — 80 Qm Till
5-25 1400 — 1700 m/s | Saturated sand
SPR 55-70 1800 — 2000 m/s | Till
70 -100 | 2000 — 2500 m/s | Clay
0-10 450 — 1020 m/s | Mixture sand and till
Refraction 10-30 | 1480 — 1700 m/s | Saturated sand
tomography
30-50 1800 — 2400 m/s | Till
0-10 70 -100 Qm | Sand
10-50 20 -40 Qm Mixture till and clay
AEM 0—-400 m 50-170 3-10Qm Clay
0-25 20 -40 Qm Till
25-50 45 - 70 Qm Sand
400 — 720 m 50-70 3-20Qm Clay

Table 6.3: Summary of the interpreted results from GPR, SSR, SIP, SPR, AEM and
refraction tomography. For all methods except for AEM the interpretation is based
on the two nearby boreholes: B2 and Tangstedt-3914. AEM interpretation is based

on the colour code definition from the BurVal working group report (Scheer et al.,

2006).
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Figure 6.15: Near-surface geologic model of the study area based on the seismic data, other
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(Vpref), shallow S-wave interval velocities (V) and resistivities from AEM are
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7. Conclusion

Seismic reflection data (conventional/shallow) are contaminated by source-generated coherent
noise - air wave, ground roll, guided waves, direct waves, refracted waves - especially in the
near-surface depth range. The possibility to obtain reflections in the near-surface depth range
depends on the separation of these coherent noises from reflected signals. However, most of the
digital processing schemes are not sophisticated enough to fully enhance the reflected signals
relative to these noises. Hence, these coherent noises limit the identification and interpretation of
near-surface reflections. The other option is to use these noises to complement the near-surface
zone in seismic reflection survey. Here I analysed the refracted waves (noise for reflection
survey) from conventional reflection data by using the refraction tomography method and a
promising result is found. And, the use of this unwanted signal (the refracted wave) allows for
exploiting the information inherent in the reflection data to overcome the limitations of the

conventional reflection method to improve the near-surface resolution.

In this regard, I examined the feasibility of processing conventional seismic reflection data using
first arrival refraction tomography method to augment the near-surface stacked seismic section by
a detailed velocity model. The P-wave reflection section (Figure 5.4) shows an observable
shallowest reflection around 50 m. Even with the adaptation of high resolution P-wave reflection
method in the same area it is only possible to get a shallow P-wave reflection as deep as 25 m
(Figure 5.24). On the other hand, by inverting tomographically the refraction data from the
conventional reflection data I succeed in determining a velocity contrasting boundary at around
10 m depth (Figure 5.6). It is confirmed from the borehole data that this velocity boundary is

caused by lithological changes i.e. a mixture of till and sand and water saturated sand interface.

In general, the refraction tomographic approach was reliable and effective for defining the near-
surface velocity model in the study area. The tomographic result gives a detailed velocity model
(Figure 5.6), consisting of three contrasting velocity boundaries at ~10 m, ~30 m and ~50 m
depth. The resultant velocity model is found to be compatible with knowledge supplied by the
borehole, shallow P- and S-wave reflections and AEM data. This model includes a thin top layer
of a mixture of dry sand, till and humus (velocities about 450 — 1020 m/s), a homogeneous layer
of saturated sand (velocities about 1480 — 1700 m/s) and a till layer (velocities about 1800 —
2400 m/s).
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High resolution P- and S-wave seismic reflection data were acquired along a coincident profile.
The survey was carried out with the same acquisition parameter, 1 m geophone spacing and 2 m
shot spacing. The resolution achieved with the P- and S-waves reflection data is depicted on
Figures 5.24b and 5.31b, respectively. The P-wave reflection data permitted to get the uppermost
reflection at about 25 m and the deepest reflection at about 200 m whereas the S-wave reflection
data enabled the detection of a very near-surface reflection at about 4 m and the deepest
reflecting interfaces at about 50 m. When a direct comparison is made between the P-wave and
S-wave depth sections, two common reflections from the same interface are observed; at 25 m
from the saturated sand and till interface and at 50 m (not observed in the nearby borehole data).
The results demonstrate that the use of S-wave offers a better resolution for very shallow targets
than the use of P-waves under commonly encountered subsurface conditions. Even if the
combined application of both methods is costly the above result also shows that jointly using the

two methods enable the derivation of more complete lithological information.

To better understand the relationship between seismic velocities and lithology in the near-surface
zone a joint analysis of the P- and S-wave velocities via the velocity ratio is made. The P-wave
velocity was found to be in the range of 550 to 2250 m/s (Figure 6.2a) and the S-wave velocity
ranges between about 150 and 500 m/s (Figure 6.2b) for a depth down to 65 m. The average
Vp/Viratio is 1.5 to 3.8 in the sand\till layer; 7.6 to 8.7 in the saturated sand column; 4.6 to 5.8 in
the till layer and 5.2 to 6.2 to the clay section. The P-wave velocity has some ambiguity for the
till-clay interface i.e. the velocity is expected to decrease while entering into the clay layer but
this 1s not the case in most parts of the profile. This ambiguity could be first the large overlap of
P-wave velocities in till and clay, second the accuracy of the estimated interval velocity from the
reflection data. However, an increase of the velocity ratio is observed at the two layer interfaces

which is as expected i.e. the V,/V ratio increases with clay content.

To be reliable, the seismic methods (refraction tomography, shallow P- and S- wave reflection) are
combined with the other geophysical methods - GPR, AEM and SIP - available in the area. Integration
of the seismic data with these surface geophysical methods and borehole information reduces
uncertainty in the interpretation of the seismic data for near-surface lithological characterization.
The results obtained show a good agreement between the methods. The major lithological
boundaries and sequences are recognized in the combined geophysical datasets (Figures 6.12 and

6.14). On the basis of the results from the seismic methods, the other geophysical methods and
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from the knowledge of the boreholes it is also possible to construct a near-surface geological
model of the study area. This geologic model consists of three horizons: a heterogeneous mixture

of near surface material mainly sand and till, a saturated sand column and a till layer (Figure 6.15).
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