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ABSTRACT

The Ellerbek Valley represents an important groustegwaquifer for water supply in Southern
Schleswig-Holstein, Northern Germany. Geophysicathods including high resolution
shallow seismic reflection surveys (P- and SH-wpnediling), Vertical Seismic Profiles (VSP),
and airborne electromagnetics were applied on anolsa the valley, aimed at mapping and
characterizing the groundwater aquifers in thideyabnd investigating the potential of these
geophysical methods for analyzing such structuBEssmic data acquisition parameters of
source and receiver set-ups resulted in high fblwbeerage. Different imaging techniques were
carried out in the seismic processing in ordergttingize the imaging of the shallow subsurface
structures. Common offset F-K DMO processing antegrated velocity analysis have
improved the quality of the seismic sections. Stdgp FD time migration has imaged the
seismic data better than the Kirchhoff time migmatiprocess. FK filtering has been used
successfully to filter out Love waves that contaabinthe SH-wave data. Vertical seismic
profiling (VSP) provided ties to the surface seisméflection profiling. Well logs are used to
calibrate the seismic sections and to estimateopleysical parameters of Pleistocene and

Tertiary sediments.

The methods used successfully imaged (1) Tertiadyngents near the bottom of the fill of the
buried valley; (2) Pleistocene sediment fill in tredley; and (3) Holocene sediments that cover
the valley. Based on in-line borehole data for ggal control, the seismic profiles show
distinctive seismic unconformities that correspavith identifiable lithological boundaries of
Tertiary sediments. On the other hand, Pleistosed@éments fill the valley are characterized by
complex reflection patterns or rather chaotic tmgparent seismic facies. Secondary channels
or cut-and-fill structures on meter to hundredsnefter scale were observed within the buried
valley indicating a re-use of the existing burieglley during subsequent ice advances and
retreats. Since erosion surfaces within the Plegste sediments are generally boundaries with
some density and velocity contrasts, they are lglesgen with these acoustic methods even

when they are not clearly indicated in boreholeslog

Setting up successful hydrogeological models reguiletailed high quality 1-D, 2-D and/or 3-
D observations. In the past, major progress has aeleieved in this effort using borehole data

integrated with geophysical measurements. To sirdptgct the presence of an approximately



2500-m wide buried valley, boreholes would neetiéspaced a few meters apart and a much
closer spacing would be necessary to obtain a gonade of the valley shape. By contrast, the
shallow high resolution seismic reflection methaithv2.5-m horizontal trace spacing provides
a powerful tool for mapping individual structureghin Quaternary sediments. Although 2-D
high-resolution seismic profiling techniques haimitations in imaging 3-D structures and
environments, they offer, in the present study,oopmities for mapping the architecture of the
glacial sediments and determining the distribubbporous sandy material down to some 500m

depth, and imaging complex faults.

The subsurface geometry and structure of the HElelmalley are well imaged on the seismic
depth sections. Major subsurface stratigraphicsuoduld be interpreted by correlating the
seismic sections with the geophysical and lithaablogs from wells. Moreover, the P- and S-
wave velocities derived from surface and boreh@smsic data are used to calculate the
physical, petrophysical, and hydrogeological patanse of the Quaternary and Tertiary

sediments.

The correlation of the key surface and borehole demonstrates the effectiveness of these

techniques for buried valley aquifer character@ati

Keywords: Buried Valley, Geophysical Methods, Groundwater.



ZUSAMMENFASSUNG

Die Ellerbeker Rinner stellt einen wichtigen Aquifélir die Trinkwasserversorgung im
sudlichen Schleswig-Holstein, Norddeutschlandemnpbgsikalische Methoden einschliesslich
der hochauf-losendern flachen Reflexionsseissmikun@® SH-Wellen-Profile), vertikale
seismische Profile (VSP) und Hubschrauber- Elekagmetik Methoden wurden Uber die Rinne
angewandt, um die Grundwasserreservoire in dieseneRzu charakterisieren und zu
kartografieren und um das Potenzial dieser geokalschen Methoden zur Analyse solcher
Strukturen zu untersuchen. Verschiedene bildgeb®eafahren wurden bei der Verarbeitung
der seismischen Daten durchgefuhrt, um die Davstglber flachen Strukturen zu optimieren.
Gemeinsame Offset-FK-DMO-Verarbeitung und integeier Geschwindigkeitsanalyse
verbessern die Qualitat der seismischen Abschritte. steil abfallende FD-Zeit-Migration
bildet die seismischen Daten besser ab als dieKZmhhoff-Migration. FK-Filter wurden
erfolgreich verwendet, um Love-Wellen zu filterne dlie Daten der SH-Wellen verféalschen.
Die vertikale seismische Profilierung (VSP) scha¥ferknipfungen mit der Oberflachen-
Reflexionsseismik. Brunnen-protokolle werden verdgin um die Interpretation der
seismischen Abschnitte zu unterstiitzen und umopleysikalische Parameter der Quartér- und

Tertiar-Sedimente einzuschatzen.

Die verwendeten Methoden zeigten: 1) Tertiare Sedim unterhalb der verfillten Rinne, 2)
Pleistozéane Sedimente flllen die Rinne, und 3) kfole Sedimente oberhalb der Rinne.
Basierend auf den Daten von in-line-Bohrungen zaolagischen Kontrolle zeigen die
seismischen Profile sehr unterschiedliche seisrmidtinheiten und Geometrien, die tertiaren
Sedimenten entsprechen. Auf der anderen Seitest@®éne Sedimente innerhalb der angenom-
menen quartaren Rinne sind durch komplexe Reflexmster oder eher chaotisch als
transparente seismische Fazies charakterisiersidastrukturen in der Rinne wurden beoba-
chtet. Da Erosionsoberflachen in den quartarenn@sdien im allgemeinen Begrenzungen mit
deutlichen Dichte und Geschwindigkeitskontrasterfiwaisen, sind diese mit akustischen
Methoden klar nachweisbar, auch wenn sie nicht eziig in den Bohrloch-protokollen
angegeben werden. In den beiden untersuchten Bereidiuhrt die schicht tertiare
Ablagerungen zu starken und kontinuierlichen Reédlegn, wohingegen die quartiren

Sedimente kann lange koharente Reflexionen aufweise

Vi



Das Erstellen hydrogeologischer Modelle erfordetiadlierte hochwertige 1-D, 2-D und 3-D
Abbildungen. In der Vergangenheit wurden grossesEbritte erzielt, indem Bohrlochdaten
und geophysikalische Messungen integriert wurden. dihe etwa 2500 m breite verschittete
Rinnenflllung zu lokalisieren, brauchte man Bohnkic die nur wenige Meter voneinander
entfernt sind, und um ein besseres Bild der Riroremfzu bekommen, missten die Abstande
zwischen den Bohrléchern noch kleiner sein. Dagedgjetet die flache und hochauflésende
seismische Reflexionsmethode mit 2,5 m horizontaldastand ein leistungsfahiges Werkzeug
zur Abbildung einzelner Strukturen innerhalb der aren Sedimente. Obwohl
zweidimensionale hochauflésende seismische Prefiigstechniken bei der Abbildung von
dreidimensionalen Strukturen nur begrenzt einsetzina, bieten sie in der vorliegenden Studie
die Moglichkeit zur Darstellung der Architektur gialer Sediment, zur Bestimmung der
Verteilung des sandigen Materials in 500 m Tiefed wur Abbildung von Stérungen im

oberflachennahen Untergrund.

Die Lage und die Geometrie des Untergrundes derliglker Rinne sind gut auf den seismisch
tiefen Abschnitten dargestellt. Bedeutende stratigghe Einheiten kdnnten durch Korrelation
der seismischen Abschnitte und der Bohrdaten ireégot werden. Dartber hinaus werden die
P- und S-Wellen-Geschwindigkeiten, die von seish@ésc Oberflachen und Bohrlochdaten
abgeleitet wurden, erfolgreich bei der Berechnueigphysikalischen, petrophysikalischen und
hydrogeologischen Parameter der Grundwasserreserder Rinnen und tertiaren Sedimente

eingesetzt werden.

Die Korrelation der verschiedenen Oberflachen uadri®chdaten zeigt die Wirksamkeit dieser

Methoden zur Ckarakterisierung der Grundwasseneserin der Rinne.

Schlagworte Rinne, Geophsikalischer Methoden, Grundwasser.
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Chapter 1: Introduction

1.1 Background

Buried valleys are geological structures that ateeresively used as groundwater aquifers in
Northern Germany (Gabriel et al. 2003, Gabriel 20Bckebrandt 2009). This is due to the
fact that their infill is dominated by sandy ma&érconsisting mainly of glaciofluvial sands
intercalated with silts and glaciolimnic silts anlhys as well as boulder clays (Schwab and
Ludwig 1996, Stackebrandt 2001). These valleys vi@raed in the last three major glaciations
which covered most of the North Sea and adjacamtirents (Gabriel 2006).

Buried valleys are wide spread in formally glacibidorthwest European lowlands (Huuse and
Lykke-Anderson 2000). They have also been recodnizeNorth America (e.g. Wright 1973,
Boyd et al. 1988, Mooers 1989, Cutler et al. 2Rassell et al. 2003, Hooke & Jennings 2006,
Kehew et al. 2007) and Australia (e.g. de Broek&@2, Holzschuh 2002). The existence of
buried valleys and their importance for the ocawezand extent of groundwater resources
have been known for several years (BurVal Workingup 2006). They are also scientifically

important in providing evidence of preglacial dege patterns (Greenhouse and Karrow 1994).

O’cofaigh (1996) defined buried valleys as elondatiepressions with overdeepened areas
along their floors cut into bedrock or unconsolahsediments beneath marginal zones of large
ice sheets (Jgrgensen & Sanderson 2006). Stackihi2009), in his review of subglacial
channels of Northern Germany, mentioned that tbeitours and shapes show a significant
relationship to the regional pre-Quaternary geoldgyorthern Europe they are described as up
to hundreds of kilometers long, several kilometgide and several hundreds of meters deep
(Ehlers et al. 1984, Praeg 1996).

Origin of Buried Valleys

The origin of the buried valleys (or tunnel vallgys not fully understood. O’ Cofaigh (1996)
pointed out that there is no completely satisfacexplanation of buried valley genesis. Huuse

and Lykke-Anderson (2000) pointed out that theiorigf buried valleys has been a matter of



intense debate for the last century. The originthaf buried valleys has been discussed by
several authors (Boulton and Hindmarsh 1987, Mod&89 Winfield 1990, Ehlers and
Wingfield 1991, Piotrowski 1994, O’ Cofaigh 1996utlite and Lykke-Andersen 2000, Cutler et
al. 2002; Kozlowski et al. 2005, Hooke & Jenning@06, Jargensen & Sanderson 2006, Kirsch
et al. 2006). O’ Cofaigh (1996) grouped the assionptfor formation of buried valleys into

three main theories:

(1) Tunnel valley formation by subglacial sedimdatormation,
(2) Time-transgressive tunnel valley formation nearmargins, and

(3) Tunnel valley formation by catastrophic subglbsheet floods.

The sediment deformation theory has been develbpeoulton and Hindmarsh (1987), who
proposed that shallow channels carrying subglanitwater are initiated by piping from the
ice margin and would gradually be enlarged by tteep of deformable sediment toward the
channel and the subsequent removal of the seditmgnneltwater flow. Conflict to this
hypothesis is based upon arguments questioningexistence of a fluid-pressure gradient
toward the channels and the occurrence of buridigygain bedrock lithologies, in which
sediment deformation would not be possible (O'Ggfail996). The theory of time
transgressive formation close to the ice margisuigported by many authors. Mooers (1989)
suggested the formation of buried valleys to be @engradual, steady process, in which
subglacial meltwater was augmented by diversioaupiraglacial meltwater to the base of the
glacier. On the other hand, most hypotheses inv@keudden or catastrophic release of
channelized subglacial meltwater (Winfield 1990,leeh and Wingfield 1991, Huuse and
Lykke-Andersen 2000, Kirsch et al. 2006) becausghef large clast size deposited in ice-
marginal fans located at the termination of thencleds (Piotrowski 1994) and the size and
dimensions of the channels (Kozlowski et al. 200%)e sudden release of subglacial reservoirs
is often attributed to failure of a permafrost seathe margin (Piotrowski 1994, Cutler et al.
2002, Hooke & Jennings, 2006, Jgrgensen & Sand@@08). Piotrowski (1997) and Hooke &
Jennings (2006) suggested a cyclical process irchwhi seal is punctured and leads to a
catastrophic release of an impoundment, followedHgyreestablishment of the seal and the
refilling of the impoundment. Hooke & Jennings (BY(roposed that piping and headword

erosion back to meltwater impoundment initiatedbhtburst.

The Buried valleys differ from ordinary valleys four ways: (1) they form interconnected

anastomosing valley patterns, (2) their orientatooparallel to the assumed general Elsterian



ice flow direction, (3) overall network pattern gegts valleys to be part of one uniform
hydrological system and (4) longitudinal profileavle an irregular base with many threshold
(Van Dijke and Veldkamp 1996).

Buried valleys are aged during Pleistocene (EHO86). Stackebrandt (2009) pointed out that
buried valleys were formed during all Pleistocet&cigtions, but those of Elsterian age are
most important and they are up to 500 m deep afdk@blong. Infill sediments of the valleys

include sediments from Weichselian, Saalian andeE#s glaciations and deposits from the
Eemian and the Holsteinian interglacials (Jgrgeds&anderson 2006) indicating that buried

valleys have active geologic features at leasteskisterian glaciation.

Geophysical Studies of Buried Valleys

Buried valleys may be completely infilled by thickedimentary successions, including

glacigenic, glacifluvial, glacilacustrine, glaciorme and non-glacial deposits, and may not
have any clear topographic expression on the sif@cCofaigh 1996). In such cases, detailed
studies of borehole logs, geophysical data andnemuary exposures are necessary to
determine their morphology and extent (Benn anchEv®98). Gabriel et al (2003) pointed out
that buried valleys are not always visible at thefaxe and geophysical methods have often
been applied to investigate these near-surfacetstas to provide a better understanding of
their internal behaviour and geometrical structubriring the last few years extensive

geophysical studies of buried valleys were caroetin NW Europe. A number of geophysical

investigations of buried valleys have been docuegkrih a special issue of the Journal of
Applied Geophysics (Huuse et al. 2003). BurVal WiagkGroup (2006) compiled an extensive

geoscientific work in the BurVal Working Group book mapping groundwater resources in
buried glacial valleys in Denmark, Germany andNetherlands. Most recent compiled studies
on buried valley, on- and offshore, are presentea $pecial issue of Zeitschrift der Deutschen
Gesellschaft fuer Geowissenschaften (Band 160.2&303).

Offshore seismic data are extensively used in stgdthe morphology, distribution and infill
stratigraphy of buried valleys. Huuse et al (200@pped buried valleys in the eastern Denmark
North Sea based on over 6400 km of high-resolui@h seismic profiles coupled with sparse
borehole information. Kluiving et al. (2003) inteeped a series of on- and offshore 2-D seismic

profiles from the northern Netherlands integratdthvgamma-ray, Vertical Seismic Profiles



and cuttings analysis from borehole onshore inromestablish a sedimentological model for
the buried valleys fill. Praeg (2003) used 2-D @b seismic data, originally acquired for
petroleum exploration, in combination with borehdiga to investigate buried mid-Pleistocene
valleys southern UK and Dutch North Sea. The togplgy of a series of valleys extracted from
3-D data by Kristensen et al. (2007) shows undcudatiottoms and adverse end slopes that are
generally characteristic of subglacial valleys. 2@t al (2009) mapped Pleistocene tunnel
valleys in the German North Sea using 25000 km @3B 3000 krh3-D marine seismic data.
Their map covers new areas and reveals new tuatieys that were not deduced before. They
differentiated 3 different generations of tunnelless in 3-D data and cut-and-fill structures
within the tunnel valleys in 2-D data. Onshore High-resolution seismic surveys have been
used for mapping ground water structures and ingaglacial deposits (Bradford et al. 1998,
Wiederhold et al. 1998, Holzschuh 2002 Jgrgensah €003). BurVal Working Group (2009)
summarized results of 2-D seismic data applied umVBI project pilot areas in North Sea
region shown in Figure 1.1. They pointed out thesmic profiles can reveal the shape and

internal structure of the buried valleys and sunding layers.

Electromagnetic techniques have been extensivelglay®d in characterization of Buried
valleys. Jgrgensen et al. (2003) presented an ratemy application of time-domain
electromagnetics (TEM) for the investigation of iedrvalleys in Denmark. Danielsen et al.
(2003) presented a 2-D model study which showedittigtion of TEM 1-D inversion in the
determination of the slopes of buried valleys. Galat al. (2003) and Wiederhold et al (2005)
summarizedthe results of different geophysical methods omieou valleys in Northern
Germany including helicopter-borne electromagn@4EM) method.Bosch et al. (2009) used
airborne EM with other geophysical and boreholeadatdevelop a 3-D model for the incision
of the Groningen valley in the Netherlands. Tez&gal. (2009) used a special configuration for
a transient electromagnetic survey in the areauh@ven with the aim to look deeper and find
the bottom of the valley with this method. Theymed out that larger EM transmitter can
resolve deeper into buried valleys. Ground-basedtmmagnetic surveys have also been
applied in the investigation of buried valleys (eBaines et al. 2002, Jorgensen et al. 2003,
Thomsen et al. 2004, Kilner et al. 2005, JgrgeasehSandersen 2006, Bersezio et al. 2007).

Gravity measurements have recently been succesdfitdigrated in the exploration of buried
valleys in 2-D (Gabriel 2006) and 3-D (Gb6tze et 2009). BurVal Working Group (2009)
pointed out that gravity methods can be used tecti¢turied valleys of 1-km width, more than

200-m deep and filled with sediments different fréme surrounding. Gravity measurements



have been carried out mainly to search for demsitytrast and map the lateral extent of buried
valleys (e.g. Gabriel 2006, Mgller et al. 2007 @kitze et al. 2009). Most successful results
were obtained from bedrock areas in which buridteys show up as gravity lows due to the

increased porosity of the fill materials relatieebiedrock (e.g. Wolfe and Richard 1996).

Groundwater Aquifers in Buried Valleys

The significance of Buried Valleys in groundwatepleration has become more apparent as
traditional groundwater exploration from shallowudgrs is increasingly being compromised

by pollution from industry and farming throughobetNW European lowlands (Huuse et al.

2003). Most frequently, the buried valleys hostsidarable groundwater aquifers, but they may
also act as path ways for contaminants from thdaserrto percolate to deeper aquifers
(Jargensen & Sanderson 2009). However, the Buraldys can provide several tens of meters
thick sands and gravels protected from surfaceufioli by some tens of meters of low

permeability strata (Ehlers and Linke 1989; Piotis&inl997).

Due to the mechanism of depositional condition@ased with advancing and retreating
glaciers, these sediments are highly heterogenesuas) that their lithologies and hydraulic
conductivities may change significantly over shdigtances (Siegenthaler and Huggenberges,
1993). This situation complicates the understandafiggroundwater flow modeling and
contaminant transport prediction, which requirdéat#e information on 2-D and 3-D geometrics

and distribution of shallow surface sedimentaryctire.

One way to understand the structure and charaiterisf the heterogeneous aquifers in a
buried valley is by conventional hydrogeologicalvastigations based on usually spare
boreholes and available outcrops. Information gathéy these methods is strongly localized.
Therefore, geophysical methods may be useful imioiltg critical information concerning

sedimentary structures and physical propertiesdmtvsuch boreholes and outcrops.

The significance of each single geophysical metimaihly depends on the physical properties
and depths of the targeted geological structurbg. State-of-art of combined use of several
geophysical methods reduces the ambiguity of iné¢ation, but there is not the one “optimum
combination of methods” for all applications. Thisudy deals with the application of

geophysical methods to characterize and map thegeand structure of groundwater aquifers



in the Ellerbek Buried Pleistocene Subglacial Malend surrounding Tertiary horizons in

Schleswig-Holstein, Northern Germany.

1.2 Objectives of the Study

In the years 2004-2006 a multidisciplinary geosiifienproject, known as Buried Pleistocene
Subglacial Valleys (BurVal) was carried out by Gaestific institutions from Germany, the
Netherlands, and Denmark focusing on the buriel@ysin the North Sea region. The objective
of the project was to develop geoscientific methoolsbe used for the investigations of
groundwater aquifers found in Buried Pleistocenbdicial Valleys (BurVal Working Group
2006).

Figure 1.1 shows the distribution of the BurValopiproject areas in: Denmark (1. Bording
Valley, 2. Tyrsting Valley and 3. Rgdekro Vallegermany (4. Ellerbek Valley, 5. Cuxhaven
Valley) and the Netherlands (6. Groningen Vallele Figure also shows the distribution of
the buried valleys in North Europe as compiled bgckebrandt et al (2001). The Ellerbek
valley in Schleswig-Holstein, Northern Germanyoi® of the pilot project areas of the BurVal
project. In the present study we try to contribtot¢he BurVal project by exploring the structure
and characteristics of the Ellerbek Valley aquidgstem with sufficient detail to be usefoil

further groundwater studies concentrating on th&hsn part of the valley located between

Tangstedt and Winzeldorf where good quality datatex

The objectives of this study arise with respedhsimportance of buried valley structures as a
potential future resource of fresh water as welhasmportant key to paleoclimatic records.
These objectives can be summarized in the follow&ggirements: (1) the delineation of valley
location and structure, (2) the nature and thickee®f sediment fills, and (3) the estimation of
the physical and petrophysical properties of thdinsents present in the valley structure. The
main goal of the present study is to use an intedrstudy of high resolution seismics and other
geophysical methods and rock physics analysis tonate the physical and petrophysical
properties directly from in-situ geophysical measoents. The determination of the physical
and petrophysical parameters of sediments providiess about the flow of the subsurface

water and helps in understanding of propagatiosedmic waves in the sediments.



To gather the information that is needed for annentdcal and ecological successful water
supply, a reasonable combination of geoscientiiit geophysical investigation methods should
be used. It is an aim of this study to apply andlgate those methods and give recommend-

ations for the practical use.

In the course of this study we intend to addressfoliowing key questions related to

the buried valley properties:

- How can we get optimal interval velocity modelsr(f»- and SH-waves) for the near
surface range?

- s it possible to constrain the data by use of haledata, electrical measurements and
other geophysical data?

- Is it possible to derive realistic elastic paramgetsy combination of P- and SH-waves?

- Often the seismic section shows strong reflectmrighere is not hint on changes in the

borehole lithologic column. So, what is the natoiréhe seismic reflections?
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Figure 1.1: Map showing the base of Quaternary deits and the distribution of buried valleys for
a large part of Northern Europe (Stackebrandt et al 2001). BurVal pilot project areas are outlined
by the rectangles: (1) Bording Valley, (2) Tyrstingvalley, (3) Ragdekro Valley, (4) Ellerbeker Rinne,
(5) Cuxhavener Rinne, (6) Groningen Valley (from Buval Working Group 2006).



1.3 Location of the Study Area and Previous Work

The Ellerbek valley is located in southern Schlgskolstein in North Germany. It extends in
N-S direction for about several tens of kilometérise investigated part is in the southern part
of the valley which lies near the town of Tangstedhout 15 km north of Hamburg. The general
location of the study area (BurVal pilot projeceamNo. 4) as well as the compiled distribution
of buried valleys in North Sea region (after Stack@dt 2001) is shown by Figure 1.1.

Several geological and geophysical investigatianglbeen carried out in the study area to map
the subsurface structure and understand the gratedwsituation within the Ellerbek Valley in
1-D, 2-D and 3-D data. The geological situation emegh geometry of the Ellerbek Valley was
explored initially by numerous deep drilling contedt by the water administrations of
Schleswig-Holstein and Hamburg (e.g. Scheer 20@byeover, information about the base of
the Quaternary and the buried valley is mainly dasa water well data and data from
exploration for hydrocarbons (Wiederhold 2006). Mo$ the boreholes were meant to be
drilled in the middle of the respective buried egl(Gabriel et al. 2003). Figure 1.2 shows the
buried valley which stretches for more than 30 kmainorth-south direction from north of
Barmstedt to the urban area of Hamburg. In its éseparts, the basis of the Quaternary
deposits lies more than 400 m below the see I&igufe 1.3). The average width is about 2 km
(Scheer et al. 2006).

Gabriel et al. (2003) utilized different geophys$iozethods including: 2-D seismic reflection
profiling, gravimetric and airborne electromagnesiarveys across the Ellerbek valley near
Bevern, about 11 km to the north of the preserdysarea. They used two 2-D CMP seismic
profiles (profiles 1 & 2 in Figure 1.2), two 2-D ayity profiles and a 2-D electromagnetic
profile. They calibrated the geophysical resultsbtwrehole by means of Vertical Seismic
Profiling (VSP) in order to map the lateral extefithe buried valley and characterize the infill
sediments. The seismic results showed detailedtstri of the buried valley with maximum
depth 360 m. They observed chaotic reflectionshea kwer part of the valley fill and
undisturbed reflections in the upper part. The igyadata showed a typical negative residual
gravity anomaly of the valley, about 1.5 km wideda®.5 mGal (1 mGal = Tocm/) in
amplitude. The interpretation of the gravity angmealas constrained by the seismic profile
results. Gabriel et al (2003) interpreted EM pexfifrom helicopter-borne electromagnetic data
(HEM) flown by the BGR (Siemon et al. 2001). Théywed that the low resistivity layer at



the top of the valley sediments was due to clagrdayhich differ from the resistivity of the

surrounding sands.

/ Base Quaternary
1

: / Sesimic profile
D 3-D gravity data

Figure 1.2: Map showing the Ellerbek Valley and thelocation of seismic section perpendicular to
the valley (modified after Scheer et al. 2006): Lia 1 and 2 study by Gabriel et al (2003), locatiorf

2-D gravity data (after Gabriel et al. 2003) alondine 1 and 2. 3-D gravity data (after Gotze et al.
2009) cover the rectangle in the southern part ofhe valley. Seismic P4 and P5 were carried out

within BurVal project and used in the present study

Tamiru (2009) conducted shallow seismic tomogragghgtudy the seismic velocity model of
near surface lithology along profile 4 (Figure 1.2he obtained P-wave velocity model to depth
of 50 m with velocity contrast at 10, 30 and 50 ynabtomographic inversion of first arrival
from conventional seismic data. She combined theat® velocity model (} from P-wave
profile with S-wave velocity ( from SH-wave profile constrained by VSP data take
analysis of the velocity ratio () to extract lithological component for near-sugfamne.
She also combined the results of the seismic data@®PR, EM, and SIP to show near surface

lithologic model.
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Gotze et al. (2009) conducted an integrated 3-Dviggrastudy in the southern part of the
Ellerbek Valley including the area of the presatdgt (Figure 1.2). They have generated
Bouguer anomaly map from about 450 gravity poirtts@ — 100 m point spacing. They
observed that the measured gravity field was aftedty a strong field due to salt structure.
They calculated the later gravity field using rewib gravity data, and subtracted from the
measured gravity field resulting in residual gravield of the area with values ranging from -
1.0 to -1.5 mGal in the area of the valley. Thewlgred the residual gravity field using
curvature algorithms, Euler deconvolution and 3-DBdeiling resulting in 400 m depth of the
Ellerbek Valley. Their analysis also showed a lageneous distribution of the density within
the valley fill. Constraining the 3-D modelling IB8M data, they delineated boulder clay layer
and calculated density (3.0 g/énwithin the valley bottomed at 200m depth.

In summary, the initial and rough information abth valley shape, morphology and infill
sediments, came from extrapolation of water wethdaeed to be refined. The previous seismic
data showed variable details of the internal stmecbf the valley. Preliminary processing of
seismic data was only applied to the data; theeeforore processing techniques need to be
applied for better image of the buried valley amdecilitate detailed interpretation of the valley
fill. The negative gravity anomaly was unique toleElek valley compared to e.g.
Bremerhaven-Cuxhaven buried valley studied by @&hlat al. (2003). This negative gravity
anomaly on the Ellerbek valley may indicate thersedts fill exhibit low density compared to
the density of the surrounding sediments. Fromhmeedata the infill sediments is dominated
by coarse to find sand (low density and high paypsind the surrounding (Tertiary sediments)
are dominated by fine sands and clays (High deasitylow porosity). The valley is covered by
a high conductive layer which has been interpretedlay layer. The Ellerbek Valley is incised
in Tertiary sediments. It is more than 1.5 km widleout 500 m deep, filled with sandy material

of low density and high porosity and covered witydayer of high electrical conductivity.

1.4 Database

1.4.1 Shallow Seismic data

The seismic data used in this study consist of ingh-resolution seismic reflection profiles
with P-waves (4.4 km and 3 km length, 2.5 CMP smacicalled profile 4 and profile 5,

respectively), one high-resolution seismic profileh SH-wave (ca. 0.75 km, 0.5 m CMP
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spacing, called SH-wave) and Vertical Seismic R¥sf(VSP) in two boreholes close to the
seismic lines (see Figure 1.3. General informaabout the seismic profiles is provided in
Table 1.1.

The seismic surveys (excluding the SH-wave profitech was carried out during the course of

the present work) have been performed within the/Bluproject (Rumpel et al. 2005b).

Table 1.1: General information about the P- and SHwvaves seismic profiles.

Station Profile Vibration CMP-
) _— number (in geophone ! CMP-points profile
Profile Acquisition date . point
m), (field (PG) (number)  length
number
notes) number (m)

Profile 4 30/05-07/06/2005 10-3425 1-684 1-683 8913 3415

Profile 5 03-06/07/2006 100-3105 1-402 1-401 2-1203 3000
SpHr;)"]l’ifg"e 26-28/06/2007 1001-1864 1-726 1-840  2000-3500 750

1.4.2 Well log data

A suite of geophysical well logs as well as lithgileal logs from two boreholes (BH3914 &
BH3786) close to the seismic lines were used is #tudy. The well log dataset includes

gamma-ray logs, and resistivity logs at each bdesiod a density log at BH3914.

Wells used in this study were drilled and logged the State Office for Agriculture,
Environment and Rural Areas known as Landesamt N&tur und Umwelt des Landes
Schleswig-Holstein (LANU). Table 1.2 provides sobmsic information about the boreholes

used in the present study.

In addition to the above data, two airborne elentignetic profiles from SkyTEM system data

are also used to be integrated in the geologitatpretation.
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Table 1.2: Borehole data: General information. Degis are calculated below the ground surface

and coordinate system is in UTM.

Well X v ;’gt?rl] Diameter Aquifer Depth to base  Water
(nE:) (m) formation  Quaternary (m) table (m)
BH3914 3558760 5950890 252 65 eruary 70 2.0
sands
BH3786 3558160 5949620 432 65 Q”:‘;ﬁg‘sary 412 7.5

|
O Hasloh

\ 21\'\ i |
\ ?;-":\ -I( i g A .

\ FELE (8
\-, B

Oszeid_orf

s Depth to base Quaternary
40 _  seismic (P-wave) profile with CMP number

~—~e——  Seismic (SH-wave) profile with CMP number

(O Borehole @® Vvillage

Figure 1.3: Detailed location of the P-wave profilg: profile 4 in the north and profile 5 in the souh
(in black), the SH-wave profile (in blue), contoursof depth to the base Quaternary and the
locations of boreholes with VSP data.
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1.5 Thesis Structure

The thesis is divided into eight chapters. The gmeghapter contains the background and
objectives for the research and describes theitocaf the study area, previous work in the
study area, the data used and the structure ahdses. Chapter two outlines the geology and
hydrogeology of the study area. Chapter three rglithe physical, petrophysical and elastic
characteristics of rocks and their hydrogeologieddvance. Some fundamentals of the seismic
methods are introduced in chapter four which isdadly devoted to the processing of the high
resolution seismic data (surface profiling and V.SEhapter five focuses on interpretation of
the geophysical data. Based on depth migrated Eeisattions, a subsurface model and
structures are delineated. Integrated interpretatad different geophysical data are also carried
out. Chapter six gives preliminary estimations @fg physical, elastic parameters as well as
hydraulic parameters of the Quaternary and Tertsmgiiments present in the study area. A
number of specialized models that describe therseigelocity-physical parameters behaviour
of clastic rocks are applied to the available dRiations between seismic observables (P- and
S-wave velocities) and rock properties are inveséid, and direct relations are obtained. The
results are discussed in chapter seven. Chaptet gigvides the conclusion of the work and

some recommendations are given.
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Chapter 2: Geology and Hydrogeology

2.1 Overview

The study area is located in North Germany, onafrtee major continental structural features
in the world, the Central European Basin SystemBE): shown in Figure 2.1A. The CEBS is
related to the Permo-Mesozoic break up of Pangaes.divided into three sub-basins: (1):
Norwegian-Danish basin, (2): North Germany Basid &3): Polish basin extending from the
North Sea to western Poland and is confined betvleerTeisseyre-Tornquist and Tornquist-
Sorgenfrei zones in the NE and outcrops of thes¢an fold belt in the SW. These sub-basins
evolved over a large time span from rifting durthg Late Carboniferous and Permian, rifting
in the Late Triassic to renewed Jurassic to Eantgt&Ceous rifting and subsidence, Late
Cretaceous to Paleogene inversion and, finallyo€eic subsidence and sedimentation (Mazur
and Scheck-Wenderoth 2005).

The CEBS contains thickest Permian-Cenozoic suimoes$s 10 km) in the central Europe. The
main stratigraphic sequences of the basin infiioggn in Figure 2.1B,C) are briefly described
below. The geology of study area absolutely lackscrops, thus, information about the
subsurface can not be drawn from the surface. Theusface geology of the study area has

largely been provided by wells and geophysical.data

2.2 Upper Rotliegend

Late Carboniferous—Early Permian rifting in the aaref the CEBS was accompanied by
widespread volcanic activity followed by post-riftermal subsidence with deposition of the
Lower Permian Rotliegend (Mazur et al. 2005). UpRetliegend strata are up to 2000 m in
northern Germany, the Centre of the Basin (Stodhoét al. 2008). The upper Rotliegend
succession is characterized by continental siisitots and minor evaporites which were

deposited under arid to semi-arid climates (Gled9ig3).
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Figure 2.1: A: Structural overview of the Central European Basin system depth-to-pre-Permian

surface within major NW-SE oriented fault systems: Central Graben (CG); Hmn Graben (HG);

Glueckstadt Graben (GG); Sorgenfrei-Tornquist Zone (STZ); Teisseyre-Tornquist Zone (TTZ);
Horn Graben (HG) and Rheinsberg Trough (RT), (afterLittke et al. 2008). B: Regional geological
map showing sub-crop formations beneath Tertiary ad Quaternary sediments (after Baldschuhn

et al. 2001). The location of the Ellerbek valleysi bounded by the dark blue lines. P4 and P5

represent the seismic profile4 and profile5, respéigely. C: Cross section AA-BB shows the

structure and geological units.

17



2.3 Zechstein Sequence

In Zechstein thick evaporites precipitated in thasib (Yegorova et al. 2006). The Zechstein
succession consists of evaporation cycles and iaddit cycles dominated by clays and
sandstones. At the beginning of the Zechsteiringfin the Arctic-North Sea region, probably
contemporaneous with a global sea level rise caflseding of large parts of the CEBS (Smith
and Taylor 1989) led to deposition of laminated rign&upferschiefer black shale of 30 cm
thick (Paul 2006b) overlain by Limestons. Arid cdita in combination with eustatic sea level
fluctuations and/or tectonic movements repeateekyricted sea water influx and gave rise to
the development of stacked evaporation cycles. Egcle starts with marine clays, successed
by carbonates, Ca-sulfates and rock salts, withctimeax of evaporation being reached by
precipitation of Potash and magnesium salt (Wa@@d8). The Zechstein evaporitic system
terminated with the deposition of “Brockelschiefentid and sandstones in a widespread, flat

coastal sabkha environments (Stollhofen et el 2008)
2.4 Triassic Sequence

Lower Triassic “Buntsandstein” represents a predamily terrestrial redbed sequence sand-
wiched between the marine Zechstein and Middle s&ia “Muschelkalk”. The lithostrati-
graphic subdivision of the Buntsandstein Group s#@en formations reflects fining up-ward
cycles (Lepper and Rohling 1998). Regional tectomizvements related to extensional faulting
in the CEBS during Middle Buntsandstein triggereti@stein salt movement leading to rafting
of Buntsandstein blocks in the central parts ofNleeth German sub-basins and within grabens
(Mohr et al. 2005). Middle Triassic “Muschelkalk’r@ip is dominated by marine Limestones
and marlstones. The base of the Muschelkalk Greuknown by the “Grenzgelbkalk”. An
important effect of Middle Muschelkalk tectonic iatdly is the triggering of further rafting of
Zechstein salt (Mohr et al. 2005). Upper Trias&leyper) is characterized by arid or semi-arid
inracontinental conditions. The Keuper successionsists of alternations of claystone,

carbonate and evaporite series (Maystrenko eDab)2

Extensional structure trending NNE-SSW recogniZingiajor structures: Horn-Ems Graben,
the Glueckstadt Graben and the Gihorn zone (Ka28eR). Mobilization of Zechstein salt was
triggered by rifting and caused salt pillows, siétpirs and salt rafting (Mohr et al. 2005).
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2.5 Jurassic Sequence

During Jurassic the area was covered by a largdosha&picontinental sea. The Jurassic
transgression was not spontaneous, resulting imeesolved chronostratigraphic resolution of
the Triassic/Jurassic boundary in some part of G&BS. In addition to that the Jurassic

succession in the CEBS was complicated further:

- Doming in the Middle Jurassic affected the Ringkagbihigh. The uplift caused
widespread erosion resulted in Mid-Cimmerian unoomity.

- Extensional stress during late Jurassic enforcatdegr formation and block faulting. It
also reactivated salt movements. Salt rim synclideseloped, hosting Jurassic
sediments, whereas nearby the original sedimenevested.

- Jurassic-Cretaceous boundary coincides with a rmajoonformity especially in the
northern part of CEBS. Consequently, Jurassic samtisnhave been removed locally
and further complicated the sedimentary pattern.

- The late Cretaceous inversion (Voigt et al. 2008}ified the remaining Jurassic strata

once more by additional erosion during uplift, esakly along the basin margin.

During Jurassic euxinic conditions occurred repigteThe first black shale intercalations
appeared in Hettangian and Sinemurian, e.g. itNgréherlands and southern Germany. During
the early Toarcian, a major anoxic event duringogépmn of the “Posidonia shale” affected
wide area of Europe, providing a high class sovoc&. During late Jurassic, the Kimmeridge

Clay Formation provided a first class source rock.

2.6 Cretaceous Sequence

The base of the Cretaceous is defined by the lowstrof the three major Lower Berriasian to
earliest upper Berriasian unconformities (Late Cemian unconformities). It may truncate
Jurassic strata or even late Triassic (Littke et28D8). Earliest Cretaceous tectonic activity,
combined with changes in Sea level and climatesedia termination of the later Jurassic
carbonate-dominated deposition. Shallow marine araates were replaced by siliciclastic
sediments common throughout the southernmost badirthe proto North Sea: the East
Netherlands Basin, the Lower Saxony Basin and theidh-Polish Basin which had been

formed during the later Jurassic as fault boundidbssins of CEBS.
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2.7 Tertiary Stratigraphy

The Tertiary period is characterized by the cowlstion of crust. During an Early Paleocene
extension phase the area of North German Basindathand was flooded (Voigt et al. 2008).
Scandinavia is uplifted since the Paleocene angesesince then as a sediment source area of
the North German Basin (Nielsen et al. 2002). Laiger systems transported huge amounts of
material into the basin of the ancient North Sear{®&l Working Group 2006). Several lateral
movements of the shore line caused cycles of sedatien with an accumulation of fine
grained marine sediments (e.g. mica clay) durirgtthnsgressions and a deposition of coarse
grained terrigenous material (e.g. lignite sandphases of regression of the sea. The Tertiary
strata consist of relatively uniformly distributestquences of thick clay and sand layers
(Figures 2.2B and 2.3). Since mid Pliocene the IN@ermany Basin has reached again a
continental stadium with limnic and fluvial depas(iVoigt et al. 2008). These sediments have
been partially deformed by glacial tectonic andarerlain by deposits of the glacial period and

post-glacial sediments.

2.8 Quaternary Stratigraphy

At the end of the Tertiary the shoreline retredtether to the west which was accompanied by
a dramatic change in climate which led over to Qeaternary. The conditions for
sedimentation and erosion changed completely (BuWarking Group 2006). Quaternary
sedimentation in northern Germany is mainly chammtd by glacial activity during the
Pleistocene (Gabriel et al. 2003). During seveta@ges of glaciations, when thick ice caps
covered large parts of Europe, very heterogenemasnat uniform sediments had been
deposited (Piotrowski, 1994). At that time, largdl@y structures, formed by subglacial erosion,
incised deeply into the Tertiary sediments. Theseys are characterized by steep walls with
depth reaching up to 600 m (Wiederhold 2006) andthsi of 1 to 2 km. With retreat of the
glaciers the valleys were refilled with glacial daclay and till. Today they are covered by a
more or less continuous till sheets. Thus, theycatked “buried valleys” or “paleo-channels”
(Goetze et al. 2009), since they cannot be sedineasurface today (BurVal Working Group
2006).

The formation of buried Quaternary valleys in nerth Germany was dated in the last three

glaciations that covered most of the North Sea tedadjacent continent. The deep North
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German buried valleys are of Elsterian age, orfgvaor less deep structures originated during
the Saalian and Weichselian glaciations (Stackeibr2009).

The distribution and morphology of Elsterian sulsglbchannels in northern Germany
(after Stackebrandt 2001) are shown in Figure Mdst channels have been filled with
relatively fine-grained meltwater sands which contanly basal quantities of large

gravels. The infill sediments are classified ascigiduvial sand and silt and

glaciolimnic silt and clay as well as boulder clayg. Schwab and Ludwig 1996, Huuse
and Lykke-Anderson 2000). Studies on- and offslodmeorthwestern Europe reveal the
buried valley fill as gravel to coarse-grained saat the bottom overlain by

glaciomarine/glaciofluvial and/or glaciolacustrifire-grained sediments (Schwab and
Ludwig 1996, Huuse and Lykke-Anderson 2000, Lutale009, Stackebrandt 2009).
Till is rarely found at the base of the deep ch&nriEhlers 1984). The channels,
especially deeper ones, are covered with the LBEtsterian glaciolacustrine clay

(Lauenburg clay) which consists of a complex glegostrine clays, silt and fine sands.
The Lauenburg thickness can reach 150 m in chanfigiters et al. 1984). The

sediments fill the Ellerbek Valley is shown by BH&3(Figure 2.2A). They can be

grouped into four distinct intervals: (1) Holocesediments, mainly intercalation of

glacial tills and sandy material of outwash plaios Saalian age (0-63 m), (2)

Lauenburg Clay which consists of complex glaciotagoe clay, slit and fine sands of
Late Elsterian age (63-90 m). (3), Pleistocene sarmhsist of glaciofluvial sands

intercalated with silts and clays, and boulder €16§0-412 m) and (4) underlying the
infill sediments is Lower Mica Clay (LMC) of Neogemge (412-432 m).
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Figure 2.2: Simplified geological logs from BH3786A) and BH3914 (B). T. = Tertiary sediments;
P. = Pleistocene sediments; S. = Saalian sediment§; = Lauenburg Clay; PS = Pleistocene Sand;
UMC = Upper Mica Clay; ULS = Upper Lignite Sand; HC = Hamburg Clay; LLS = Lower Lignite
Sand; LMC = Lower Mica Clay; C=clay; Si=silt; FS=fine sand; MS=medium sand; CS=coarse
sand; Gr=gravel.

2.9 Groundwater Aquifer Systems in the Study Area

In Schleswig-Holstein Quaternary and Tertiary ceaggined, sandy sediments (aquifers) and
overlaying fine-grained, clayey strata (protectilmyers) are of great importance for the

drinking water supply, which is covered to near®p% by ground water (Scheer et al 2006).
The water table is at depths just a few metersvbéh@ surface and is subject to considerable
seasonal variations (Table 1.2). Different typesgmiundwater aquifers are summarized in

Figure 2.2 after Gabriel et al (2003).
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2.9.1Tertiary Aquifers

Due to their supra-regional distribution and thaige thickness, the Tertiary aquifers can be
mapped as potential rich ground water reservoimgidte regions. In the surrounding area of the
Ellerbek Buried Valley, there are two relevant &eps, called “Upper Lignite Sand” and
“Lower Lignite Sand”, which are separated by a elajayer, called “Hamburg Clay” (Figure
2.2). These aquifers mostly consist of medium ne fyrained sand with interstratified beds of
humous clay and lignite. Another clayey protectlager, the “Upper Mica Clay”, spatially
covers the uppermost part of the “Lignite Sandtept for the regions above the salt structures

or in the course of the buried valleys.

2.9.2Quaternary Aquifers

According to Scheer et al (2006) there are mangsypf Quaternary aquifers in Schleswig-
Holstein. Caused by their predominant glacial gsndise build-up of the Quaternary sediments
and their petrography is — in contrast to the aeytistrata — more heterogeneous. The near-
surface aquifer system in the pilot area of therBkk Valley is built up by medium- to coarse-
grained glaciofluviatile sands of mostly Saaliar.aghe thickness of these aquifers as well as
the thickness of the covering glacial till and clayers varies strongly. Outside the buried
valleys, the total thickness of the Quaternarytatimonly 20 to 60 m. Thus, the dimension of a
potential groundwater extraction from the nearatefQuaternary aquifers also strongly varies.
The ground water protection capability is dependerthe thickness and the permeability of the
covering layers. Deeper Quaternary aquifers, ofigh huge thicknesses, can be found inside
the buried valleys. They mostly originate from #wetivities of subglacial melt water during the
Elsterian glaciation. Within its course, the cudtiof the Ellerbek Valley eroded the Tertiary
aquifers and clays and replaced them with gla@alds, tills and clay. The ratio of coarse-
grained to fine-grained material varies in the etiéiht parts of the valley. Especially in the
South of the Ellerbek Valley sandy strata dominAtethe youngest Elsterian sediments, the so-
called “Lauenburg Clay” was deposited, which forrthick covering layer of the buried valley
aquifers nearly within the entire Ellerbek Valldy.acts as a hydraulic barrier between the
aquifers above and below it (Gabriel et al. 2003)e top of the “Lauenburg Clay” can mostly

be found at a similar depth as the top of the “Uppea” outside the buried valley.
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The surface geology of the area and the surroundigin were mainly shaped during the
glacial period of the youngest geological era,@umternary (Scheer et al. 2006). The out wash
plains of the study area consist of glacial tilel@andy material of the Saalian age which form

the near-surface sediments.

2.10 Groundwater Flow

The natural groundwater flow in the Quaternary dreitiary aquifers is affected by the
morphology of the landscape, which gently dips lie direction of the river Elbe as the
dominant receiving river. Therefore, the generabugdwater flow direction is southwest
(Scheer et al. 2006). In near surface Quaternanyfeag the hydraulic gradient is locally
influenced by terrain elevations or by groundwalischarge to smaller rivers. Due to the all-in-
all low terrain heights, the ground water tablalbfaquifers is near to the surface. Groundwater
recharge to the near-surface Quaternary aquiféestplace nearly in the whole pilot area,
according to the rather high permeability of thevering layers and the hydraulic gradient
(discharge only occurs in some lowlands along smailers). The recharge areas for the
deeper Quaternary aquifers in the buried vallegsfanthe Tertiary aquifers are restricted. A
hydraulic contact between Tertiary and Quaternapyifars is only possible in regions, where
the Tertiary “Upper Mica” is not distributed, thiseans around the salt structures and along the
edges of the buried valleys. The Elsterian “LauegbQlay” retards an appreciable spatial
ground water recharge from the near-surface aguifewn to the deeper aquifers in the buried
valley. Only at the boundary between Quaternary @ediary deposits of coarse-grained

material has often been found what can be regagedhway for groundwater exchange.

The sediments in buried valleys often have highermeabilities than the rocks of the

surroundings (Scheer et al. 2006). Buried valleyifags can be groundwater resources with a
large volume. Due to their depth the aquifers argeneral well protected against impacts from
the surface. Hydraulic connections to surroundimgiifars can increase the amount of

groundwater that can be extracted.
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Table 2.1: Description of the Tertiary and Quaternay geological units in southern Schleswig-

Holstein (from Wiederhold et al. 2002).
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Chapter 3: Physical Parameters Evaluation and

Hydrogeological Relevance

3.1 General

Geophysical methods are not only used to revealntiage or mapping of the subsurface by
geophysical sections, e.g. seismic sections, bey ttan also be used to calculate physical
parameter values characterizing the lithology efsbbsurface. The use of geophysical methods
in both mapping and characterizing the groundwadgiifer in the Ellerbek valley are the main

objectives of the present study.

The purpose of many aquifer characterization ofrenmental studies is obtaining quantitative
information about the hydrogeological propertiestlod aquifer. Compared to conventional,
direct measurements (e.g. pumping tests in borsholehich are commonly sparse and
expensive, geophysical methods can provide higblugsn information over large areas and
aquifer volumes. Since long time attempts have loeegentrated on determination of physical
parameters of sediments from borehole and surfamphysical measurements. However,
determination of the physical parameters for skallabsurface is of a considerable importance

to answer questions of groundwater resources prahlengineering and environmental studies.

An attempt in this study is made to use shallowrme@& P- and SH-wave profiles and VSP in
addition to other geophysical data and borehols fogm BH3786 and BH3914 to image as
well as determine the physical and elastic parammetd the sediments comprising the

groundwater aquifers in the study area, withinlilm@ations of the geophysical data available.

In this chapter, a brief discussion about the pdtysical and elastic parameters and their

relations to seismic velocities generated fromrsiiglata is given.
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3.2 Petrophysical Parameters

The study of the physical properties of the porsteayn in rocks is termed petrophysics.
Measurement of petrophysical parameters of the rgheater aquifers is important for
management and planning the groundwater resounci ivalley. Following are details about

the most important petrophysical parameters infagatudies.

3.2.1 Porosity

Porosity is the ratio of the volume of openingsi@gd to the total volume of material. Porosity
represents the storage capacity of the geologienmaht Using geophysical measurements the

porosity of the groundwater aquifer can be estichate

The relationship between porosity and seismic waelecity in saturated porous media is
affected by several factors such as sediments csitigrg pressure, depth of burial,

compaction, type of fluid etc. Generally, seismaogity increases with decreasing porosity.
Figure 3.1a shows a section of clay free materidlRigure 3.1b shows that increasing porosity

reduces Y seismic impedance as well as density.

Various investigations were carried out to detemporosity using surface as well as borehole
geophysical measurements. Wyllie et al (1956) oleskithe effect of porosityd{) on the
propagation of seismic wave velocity in bulk mak@and velocity in matrix and fluid, and

obtained their famous equation given as follows:

1_1-0 o
V VMATRIX VPORE

(3.1)

where V is the bulk seismic velocity,wWrix IS the seismic velocity of the rock matrix and
Vpore IS the seismic velocity of the pore fluid. Accordi to Raymer et al (1980) this

relationship only holds for consolidated sandstanes a porosity range of 25%-30%.

The Wyllie et al equation has been modified by Rayet al (1980) to count for V as well as

Vuatrix @and Vbogrein relation to porosity®). Raymer’s et al equation is expressed as follows:

\ :VMATRIX D(l_ (D)Z +VPORECD (3-2)
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Mavko et al (1998) pointed out that this equat®mralid ford < 37%.

Seismic velocity-porosity relations for unconsoteth rocks have also been studied. Morgan
(1969) measured porosities and velocities on mase@iments and derived the following

equation:
V, = 1.917km/s -9*0.566 (3.3)

Salem (1990) studied the physical properties ofiglasediments in Segeberger Forst, north
Germany using refraction seismic measurements. efevedl the following equation for

velocity-porosity relationships of the glacial seénts:

® =-0.13564InY,  1.323 (3.4)
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Figure 3.1: Physical properties of sediments (Gabel et al. 2003): influence of porosity and clay
content on density, seismic velocity and electricaésistivity: (a) well-sorted, clay-free sediments(b)
reduction of the seismic impedance, density and pave velocity of sediments as function of
porosity (Morgan 1969) normalized with respect to 8% porosity; (c) electrical resistivity as a
function of grain size for fresh water saturated méerial (after TNO 1976); (d) clayey sediment,
pore space partly filled with minerals, (e) porosiy as a function of the clay content (artificial sad-
clay mixture, Marion et al. 1992), (f) electrical esistivity related to clay content after Sen et a

1988).
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Another approach to obtain porosity of sedimenthiisugh using the electrical resistivity logs
and Archie's relationship between the resistivityttee formation (R and porosity @) as

follows:
R /R, = ap™ (3.5)

Herein a, and m are constants to be determinedRgnid the resistivity of the pore-waters
(Archie, 1942). The resistivity of pore-waters,JRs mainly a function of the temperature and
the dissolved salt content (salinity) of the powrgavs. The ratio of the specific resistivity of the
formation (water saturated clay free sang;t® the resistivity of the pore fluid is known the
formation factor F.

A particular relation between the formation fachmd porosity is proposed by the Humble Oil

Company (Winsauer et al. 1952). The original foranwbs expressed as:
F=0.62fp 2*° (3.6)
A nearly equivalent form, with a simpler porosigpenent, is:
F=0.81/p° (3.7

These formulae are considered to be most suitablelatively high-porosity or granular rocks.

3.2.2 Clay Content

Clay is characterized by low hydraulic conductivitihus, the hydrogeological importance of
clay layers is that they form hydrogeological bensidividing aquifers and protecting them

from contaminants.

The clay content of a sandy aquifer influenceshitdraulic conductivity significantly. Small
clay content in sand reduces porosity becausepa#ycles fill the pore spaces. Increasing clay
content reduces porosity until the entire pore epate filled with clay. Further increase in clay

content leads to increase in porosity due to tgh porosity of clay (see Figure 3.1e).

Clay content influences the electrical propertiésrarks. Figure 3.1c shows that clay free

materials have electrical resistivity ranging beswebout 5@m in silt to more than 10@m
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in gravel. On the other hand, Figure 3.1f shows theaclayey material (like in Figure 3.1d)
electrical resistivity decreases with increasirgyatontent and similar resistivity values can be

observed.

The effect of clay content on seismic velocitieswavestigated by Marion et al (1992). They
used artificial sand—clay mixture for laboratorypexments. They found that maximum P-wave

velocities for clay contents of about 40% are amwshby Figure 3.2.

1500

P—VELOCITY (m/s)
:'.:ua}
R

t Av. Error Bar
1 1

1000 . v . . 2
o 25 50 75 100

CLAY CONTENT BY WEIGHT (%)

Figure 3.2: P-velocity versus clay content in satated sand-clay samples: a peak in velocity versus
clay content occurs at 40 percent clay content. a&tity at the peak is 20 to 30 percent higher than
for either pure clay or pure sand. The low values fovelocity for the 85 percent clay content sample

are attributed to length measurement errors (afterMarion et al. 1992).

The clay content can be calculated from gammaegyr two steps:

First a factor @a) is calculated as follows:

IRA - RA- R'A\:Ieansa.nd (38)
RA§1 - RA%Ieansand
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where RA = radioactivity log reading in the zone inferest; RAeansang radioactivity log
reading in a clay free zone and RAradioactivity log reading in a clay. Second, tiay
volume (V) is calculated using the formula by, e.g. Weststtas (1985) to calculate the shale

content in Tertiary rocks:
Ven=0.083(3""qa — 1.0) (3.9)

Other expressions are also used to calculate #yevdlumetric content in rocks according to

the local knowledge e.g. the following equationsed to calculate clay content of older rocks:

Ven=0.33(2"ga -1.0) (3.10)

3.2.3 Density

The density ) of a material is defined as its mass (m) per ualume (v) (equation 3.11):

Density of a rock sample is used to calculate presd pore-fluid density.
p=mlv (3.11)
The Sl-unit of density is kg/in

Relationships among velocity and density have hmaished by several authors such as Nafe
and Drake (1957), Hamilton (1971) and Gardner €t18r4). Thus, when information about
density is unavailable, it is often estimated freéwave velocity (}) using such empirical
relationships. Hamilton (1971) derived a relatiapdbetween P-wave velocity and density for

soft, unlithified (marine) sediments from 0 to 50Qepth as follows:
p(kg/m*) =1138/, km /s)- 19( (3.12)

Formation densities are measured using downholgiriggtools as a continuous record of a
formation’s bulk density. This is the overall dépsf a rock including solid matrix and pore
fluid. Knowing the matrix density and fluid densitthe log density can be used to calculate

porosity using the standard density-porosity retatiSerra, 1984):

q): pm_lob
pm_pf

(3.13)
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where® = porosity,p, = matrix densityp, = bulk density (as measured by the tool) and
fluid density. Gardner et al (1974) suggested dulisenpirical relation among P-wave velocity

and density that represents an average over makyypes:
Py =1.741)% (3.14)

where \f is in km/s angyis in g/cm.

3.3 Hydraulic Conductivity

Hydraulic conductivity is a key parameter for hygieology. It characterizes the dynamic
behaviour of an aquifer to allow for fluid flow,rehgly influencing, e.qg. the yield of wells, the
velocity of contaminant spread, or consolidatiohdour of soil under an applied load (Kirsch

and Yaramanci, 2009). Hydraulic conductivity (K)ltae unit of velocity (m/s).

Hydraulic conductivity can be estimated by geoptsismethods such as resistivity and seismic
velocity. An empirical relation between seismicoety V,, porosityd® and clay content C is
found by Klimentos (1991):

V,=5.27 - 5.0 — 2.54C + 0.001K (3.15)

Some hydraulic conductivity — velocity relationshipave been calculated for sandy sediments
of Saale and Weichsel glaciation in Schleswig-Hitstas the following regression (after
Fechner, 1998):

Log K = 0.004332 Y- 12.825 (m/s) (3.16)

In chapter 6 the above mentioned physical, petrsipal and hydraulic parameters will be

estimated from P- and S-wave velocities derivechfsgismic data.
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3.4 Elastic Parameters

Determination of the elastic parameters from saisweiocities is a challenging approach in
hydrogeophysical studies. These parameters havensiderable influence on porosity and
permeability of rocks. They also affect the propmgaof seismic waves (P- and S-waves) in
porous media which are defined respectively by:

K+ 43,u
v, =, |—35 (3.17)
pes
v, = [ £ (3.18)
P

where k is the bulk modulus, p is the shear modalndp is the density of the material through

which the waves are propagating.

Information to determine the elastic parameterskmaprovided by the P- and S-wave velocity
along with density. Gassmann (1951a) describecetfeet of stress on the elastic properties of
porous media. He found that the elastic moduli oflugd-filled porous medium can be

determined through both the moduli of solid anddflsubstances. He applied his theory in
laboratory (Gassmann, 1951b) and concluded thatmébgium behaves anisotropically if it is

stressed under weight, and velocity increases witleasing pressure. Biot (1956 a, b)
developed Gassmann’s theory to treat comprehegsiliel propagation of elastic waves in a
porous elastic solid saturated with a compressiisieous fluid under low and high frequencies.

Biot pioneered the following equation for S-wavdoedity (Vs):

st

wherepy, = solid bulk densityp; = fluid bulk density® = porosity and K = coupling factor.

The coupling factor describes the degree of cogietween pore fluid and matrix. Gassmann
(1951a) defined the bulk incompressibility (k) &s result of bulk frame compressibility C
and solid grain compressibility ¢ pore fluid compressibility (¢ and porosity®).
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3.4.1 Elastic Moduli

Elasticity deals with deformations that vanish eii upon removal of the stresses, that cause
them (Sheriff 2006). For small deformations Hooldsv holds and strain is proportional to
stress. The passage of a low-amplitude seismic vga&e example. The stress-strain properties

of isotropic materials that obey Hook’s law aredfied by elastic moduli.

The elastic properties of rock are uniquely defifgdelastic moduli and/or P- and S-wave
velocities. These include: Rigidity (shear) modufu3, incompressibility (bulk) modulus (K),

Young's modulus (E), Poisson’s ratie) @nd several others.

Shear Modulus ()

The shear or rigidity modulus (i) is one of thdical engineering properties of sediments or
soils. It is defined as the applied stress dividgdhe change in transversal shape (shear strain).

The stress-strain ratio for simple shear (Shefifi@) is obtained from:

AF /A
IL[:

3.20
AL/L (3.20)

whereAF = shearing force, A = cross-sectional area, listadce between shear plan&k, =

shear displacement.

This modulus can simply be obtained from S-waveeigf and bulk density as follows:

U= PV (3.21)

Bulk Modulus

The bulk modulus (k) or incompressibility (1/c) @efined as the stress divided by the
proportional change in volume (strain) of a poronaterial that is it describes the volume
change of the element subjected to all pressuresistance to compression and dilatation. The

stress-strain ratio under change in simple hydtiegtaessureAP, (Sheriff 2006) is

35



AP
AV IV

k= =1/c (3.22)

Hamilton (1971) pointed out that the componentthefbulk modulus are porositp], the bulk
modulus of pore water {k the aggregate or bulk modulus of mineral grékgs and the frame
bulk modulus of the sediment structurg) (K he bulk modulus can be computed from P-wave

velocity (V,), S-wave velocity (\) and bulk densityp) through
k=p,(V2- %vsz) (3.23)

Young’s Modulus

Young’s modulus (E) is defined as the ratio of nalrstress to normal strain. The stress-strain

ratio for a rod pulled or compressed is

g-L4F/A (3.24)
AL/L

where AF/A = stress (force per unit area), L = originaldéh, AL change in length. Young's

modulus can be obtained with respect to bulk maxlahd shear modulus as follows:

_ 97
3K+ u

(3.25)

In terms of the shear modulus and Poisson’s rafjp Young’'s modulus can be obtained as

follows:
E=2ull+0) (3.26)

Young's modulus, as a function of P- and S-wavesiges and density is calculated by the

following equation:

E=pV°| —2—— (3.27)
2 2
V-2V,
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Poisson’s Ratio

Poisson’s ratiod) is that of transverse strain or contraction tagitudinal strain or extension
resulting from a change in normal stress under cesgon or dilatation. When a rod of length
L is pulled, it is elongated byL and its width W is contracted yWv:

_AW/W

_— 3.28
AL/L ( )
In terms of velocity ratio YV, Poisson’s ratio is written as follows:
3 sz - 2\/52
O=""55° (3.29)
2(v; -V)

Generally, the elastic parameters of natural roo&stly depend on the lithological properties.
One of these properties is water saturation. Wheidity is zero, no shear wave can be
transmitted. In this case will be 1/2 corresponding to a value for fluidsqlid saturation of
porous sediments leads to an increase in the P-welweity; consequently an increasesiican

be expected. Mann and Fatt (1960) indicated thaptesence of aqueous solution leads to an
increase irs from a slight amount up to nearly 0.5. It is gexigrknown that any departure of
seismic wave propagation from unsaturated sedintengaiturated sediments will increase the
P-wave velocity and consequently, Poisson’s ratiod$ to increase. Since the fluid lacks

rigidity, i.e., u=0.0, in turng=0.5, and thus ultimately:
V, = (Kpy)'? (3.30)

Gregory (1976) pointed out that at a constant pressincreases as water saturation increases
and as porosity increases. He mentioned that feensaturated rocks ranges from 0.11 to
0.33 and from -0.12 to 0.12 for gas saturated rdekssson’s ratio also increases with decrease
in porosity. Koefoed et al (1963) showed an obvimmslency between the increases@ind the
decrease ofb. Domenico (1984) experimentally showed that O #altic indicates a change in
volume due to full compressibility, and the 1/2ualindicates no volumetric change that is
incompressibility. This indicates thatincreases as compressibility decreases. Poissatits
may also be affected by grain size, etends to be higher when the grain size decreases.
Tatham (1985) pointed out that the softer the g€ilgr grain size) the higher, and the harder

the soils (coarser grain size) the lower
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3.4.2 \,-Vs Relations

An important advance in seismic methods applicatisnthe ability to use the combination of
Ve and s to constrain lithology, porosity and pore fluids. oil industry the V/V; ratio is
found to be useful in characterizing reservoir ditgy. The relation between s and
lithology in sedimentary rocks is often indicateg d cross-plot of Yversus \and/or \WVg
versus 4. Prakla-Seismos (1983) mentioned that thgVY ratio is the most important
parameter for interpreting P- and S-wave propagatand for evaluating the lithological
properties, as well as interpreting the field aatoratory geophysical measurements. The
VelVsratio can be expressed in terms of other elastiarpeters, i.e., bulk modulus (k), shear

modulus (1) and Poisson’s ratio as follow:

V2 k+4

_g:—3ﬂ:5+f (3.31a)

Vs U “ 3
k (V.Y 4
—:(—Pj -2 (3.31b)
H s 3

Vv, _ [2(1-0)

. V1-20 (3.32)

The relationship betweena¥sand k/j gives a good representation and explan&iomany
physical concepts. Tatham (1982) pointed out thmt elative variation between any two
elastic constants can be related to variationspf &/

Benzing et al (1983) used the/Vs ratio as an indicator for porosity and litholo@ardner and
Harris (1968) used this parameter as an indicatothfe presence of an incompressible fluid.
They showed that values ofpWg greater than 2.0 correspond to saturated uncolaset
sediments, whereas values less than 2.0 indictiter eivell consolidated rocks or presence of
gas or air in unconsolidated sediments. Gregory§l,9Domenico (1976, 1977), and Tatham
(1982) showed the importance of this parametervaderce of the presence of gas or air in
sedimentary rocks. Eastwood and Castagna (1983)eshthat \&/Vs is highly variable and
sensitive to the change in lithology, whereby iaisund 1.8 in quartz-rich rocks and over 5.0 in

loose water saturated sediments. Stuempel et 84)1dbtained values up to 9 and Poisson’s
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ratio of 0.49. Meissner et al (1985) obtained valgeeater than 4 and high values of Poisson’s
ratio up to 0.48. They attributed these resultsh® increase in water saturation and to the
presence of boulder clay. Castagna et al (198%) tég parameter as an indicator of grain size.
They obtained a value of 1.45 and a Poisson’s @tif.1 corresponding to quartz spheres.
Tatham (1985) demonstrated that silts with sindlain shapes as sands but smaller in size than
sands exhibit higher values otV s than sands even though they have the same pesoditan

et al (1986) pointed out that higher value @f\X correlate with higher porosities for saturated
samples, or with the clay presence. Robertson (188 Zimmerman and King (1986) showed

that this parameter is an increasing function ah pmrosity and water saturation.
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Chapter 4: Application of High Resolution Seismic Methods

4.1 General

The seismic methods of exploration are based omgé¢neration and sending of seismic waves
from a selected point at the surface into the stdiss& using some type of seismic energy. The
generated waves (P-wave or S-wave) propagate dowewa laterally into the subsurface
media according to the elastic properties of thenfdion. The waves behave similarly as in
optic physics where they are reflected, refractad diffracted at boundaries according to
Snell's Law. The boundary is defined here as aaserfseparating layers of different elastic
properties. Practically, the velocity of the wawnethie layer is considered as the key parameters

in the seismic methods of exploration.

The seismic methods are commonly employed in aetanf applications: in delineation of
near-surface geology for engineering studies ($#sepnd Miller 1990, Lanz et al. 1996,
Bueker et al. 1998a); in coal exploration (Gochid@®0) and mineral exploration within a
depth of up to 1km (known as engineering seismgtogy hydrocarbon exploration and
development within a depth of up to 10 km (knowreggloration seismology); in investigation
of the structure of earth’s crustal within a degthup to 100 km (known as earthquake

seismology).

In the present study 2-D (P- and SH-waves) higblugisn seismic reflection profiling as well
as Vertical Seismic Profiling (VSP) are applieditmage and characterize the Quaternary

aquifer system in the Ellerbek valley to a few haaddmeters depth.

4.2 Fundamentals

In this section, some basic concepts of seismihoust which are relevant to the present work
are briefly reviewed. The bulk of theoretical bawkgnd is mainly adapted and summarized
from a number of publications (e.g. Yilmaz, 198TeS8ff and Geldart, 1995; Sheriff, 2006;
Gadallah and Fisher, 2009).
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4.2.1 Seismic Waves

The theory of seismic methods is based on the wguation that was developed in a branch of
physics called classical mechanics. The wave eguéiapplicable to any kind of wave motion
including seismic wave which are mechanical wavethe solid earth. The wave equation can

be written as:

1 do4
Ou’=—— 4.1a
V2 ot? (4.13)

or

62u+02u+62u :iazu
x> dy> 0z° V?ot®

(4.1b)

where V is the propagation velocity; u is the wdied; x, y and z are the Cartesian
coordinates; and t is time. Solutions of the wagaation are facilitated if certain simplifying
assumptions are made about the medium through wiickeismic waves are propagating. For
perfectly elastic, homogeneous and isotropic mewaasolutions of wave equation describe four
different types of waves that propagate throughbitay of the medium (called body waves) or

restricted to the surface of the solid medium ézhBurface waves).

Body Waves

Body waves can propagate through the internal velofman elastic solid and may be of two

types; primary and secondary (shear) waves:

Primary waves (P-waves) are generated by some essipnal force, e.g. due to firing of an
energy source on a medium. The elastic charactidweafock then causes an immediate rebound
or expansion, followed by a dilation force as shawrFigure (4.1a). This response of the
medium constitutes a primary wave “P-wave”. Pagtitiotion in a P-wave is in the direction of
wave propagation. Generally, the propagation veloof P-waves depends on the elastic
moduli and density of the medium in which the wases traveling. The velocity of a P-wave

(V,) propagation is defined by equation (3.17).
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Shear waves (S-waves) are generated when a siddaragsis exerted on a medium. Particle
motion of a shear wave is at right angle to thealion of propagation (Figure 4.1b). A shear
wave's velocity is a function of the resistancesk®ar stress of the material through which the
wave is traveling and is often approximately hélthe material’s compressional wave velocity.

In an isotropic medium shear wave velocity (Vs) barcalculated by equation (3.18).

In liquids, as mentioned before, such as watergetige no shear wave possible because shear

stress and strain cannot occur in liquids.

Surface Waves

Surface waves are types of seismic waves that gadpalong the stress free surface of a semi-
infinite medium. In exploration seismology, the nesurface medium is often termed
weathering layer or low-velocity layer (LVL). Theage two types of surface waves: Rayleigh

and Love waves.

a) P - Wave
Comprassan Und slurbed
Detataton Medium
Partcio
H
Mstaan
Particks
IMation

Partacie

L]

d) Love Wave
Particie
= BMoton

=

Propagaton Dinectsn
—

Figure 4.1: Types of seismic waves and ground pacte motions: (a) P-wave, (b) S-wave, (c)

Rayleigh wave and (d) Love wave (after Bolt 1982).
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Rayleigh waves are of low frequency nature, tranehorizontally with retrograde elliptical

motion and away from the energy source. The partimbtion of this wave reduces (amplitude)
with increase in depth, eventually reversing irediion. This point is in the vicinity of the base
of the weathering layer. Because the motion of gheund appears to roll, this wave is

commonly known as ground roll (Figure 4.1c).

The Love wave (Figure 4.1d) is a surface wave hwithin the LVL, which has horizontal
motion perpendicular to the direction of propagatisith, theoretically, no vertical motion.
Such waves often propagate by multiple reflectiaribin the LVL, dependent upon the LVL
material. If such waves undergo mode conversiamjraber of noise trains appear across the

seismic record, obscuring reflected energy corgeen further.

Tube Waves

The tube wave is an interface wave that occursased wellbores when a Rayleigh wave
encounters a wellbore and perturbs the fluid inwledibore. The tube wave travels down the
wellbore along the interface between the fluidha tellbore and the wall of the wellbore. A
tube wave suffers little energy loss and typicaéitains very high amplitude which interferes
with reflected arrivals and occurring later in tirae the Vertical Seismic Profile (VSP) data

(see section 4.4).

Converted Wave (C-wave)

When a wavefront from a conventional seismic sostd&es an interface, the reflected energy
is partitioned into P (pressure) and S (shear) siavigure 4.2 shows an incoming P-wavg. P
travelling at velocity V striking the interface between the upper matena the lower material.

Two reflected waves and two transmitted waves evdyzed as a result:

Reflected shear:;&
Reflected pressure;
- Transmitted shear;S.s

- Transmitted pressure;Rs
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Note the difference in the direction of particle tap relative to the direction of wave
propagation (Figure 4.2). P-waves have particleionoin the same direction as wave
propagation, while shear waves have particle motiora direction perpendicular to wave

propagation.

The P-P and P-S reflectivity varies as a functibrthe media parameters and the

incident angle. The reflection and transmissiorffa@ents are described in the next section.

Figure 4.2: Waves generated at interface by incidérP-wave. R, Pref, Prans: Set and Sans are the
incident P-wave, reflected P-wave, transmitted P-wee, reflected S-wave and transmitted P-wave.
0., 6, and 0, are the angles of incident, reflection and transmigon of P-wave.§; and §,.angles of
reflection of S-wave.p;, Vp; and Vs, are the density the velocity of P-wave and the waity of S-
wave of the upper medium.p; Vp, and Vs, are the density P-wave velocity and S-wave velogibf

medium.

4.2.2 Seismic Velocity

Seismic velocity (V) of a medium can be determifresn laboratory measurements, acoustic
logs, velocity analysis of seismic data (as willd®wn in this section) or from vertical seismic
profiling (see section 4.4). Velocity can vary veatly, laterally and azimuthally in anisotropic

media such as rocks, and tends to increase witth dephe Earth because compaction reduces
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porosity. Velocity also varies as a function of hibws derived from the data. For example, the
stacking velocity derived from normal moveout measents of common depth point gathers
differs from the average velocity measured vetfjciom a check-shot or vertical seismic

profile (VSP). Velocity would be the same only ie@nstant velocity (homogeneous) medium.

The term velocity seldom appears alone in seisitécature (Gadallah and Fisher, 2009).

Instead it will occur in combinations such as tbkofvings:

- Instantaneous velocity The speed at any given moment of a wavefrortiéndirection
of the energy propagation. It varies with wave tiorepropagation mode. P-wave
velocity (Vp) is always the fastest. S-wave velocity)(\ the second fastest. The ratio

V,/V,is greater than or equal to {2)

- Interval velocity V;: The average propagation velocity through a deptime interval.
It equals the thickness of the depth interval dididhy vertical time through the interval.
Figure 4.3 shows a well log (A) and determinationioterval velocity from the log
(right) over certain depth intervals. These depterivals are denoted Rz, i = 1, 2,
..., N. Summing these times over the indicated deypérvals gives the timest;, i = 1,

2, ..., N. Interval velocities are obtained from:

Vi = AZi/Ati (42)

- Average velocity& : Total depth to a reflector Z divided by time twetreflector or

twice the depth to the reflector divided by two-wagro-offset reflection time; T
V= 22T (4.3)

The average velocity can be calculated from inflergbocity using:

-MJ
>

(4.4)

s<
11

M-
=

1
NN
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Figure 4.3: Instantaneous and interval velocities.

RMS velocity Vims: Square root of the average squared velocitg. dalculated from:

(4.5)

NMO velocity Vymo: The velocity used to correct for Normal Move NtMO) to
make primary reflections on Common Mid Point (CM#ther records occur at the

same time on all traces. For isotropic horizordagéls:

Vamo = Vims

(4.6)

Stacking velocityV«c: The velocity that gives the optimum CMP stackpotitwhen

used for NMO corrections.
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4.2.3 Seismic Reflection and Transmission

The phenomenon in which the energy or wave fromisngc source has been returned from an
interface having an acoustic impedance contrafieter) or a series of contrasts within the
earth is called reflection. The amplitude and ptjasf reflected waves depend on the acoustic
properties of the material on both sides of theahsinuity (see Equation 4.9). Acoustic

impedance (Z) is defined as the product of derfgityand velocity (V) thus:

Z=pV 4.7)

The amplitude of the reflected wave(Aaries between -1 and +1 depending on the arfgle o
incidence. The reflection coefficient {f#s the ratio of the amplitude of the reflected w#g

to the amplitude of the incident wave;)YAt is given by:

_A
R =— (4.8)
A
For normal incidence, Rs given by:
Rc - 102V2_101\/1 (49)
PN, + pVy

andp; is the density of medium 32 is the density of medium 2; V1 is the velocitynaédium

1 and V2 is the velocity of medium 2. A reflectiooefficient of value 1 means that all incident
seismic energy is reflected. Typical values qf d&ke approximately -1 from water to air,

meaning that nearly 100% of the energy is refleated none is transmitted; ~ 0.5 from water to
rock; and ~ 0.2 for shale to sand.

When the velocity is constant at both sides ofstahtinuity, a density contrast will cause a
reflection and vice versa. In other words, any pbhange in acoustic impedance causes a
reflection to occur. Energy which is not reflected transmitted. With a large Rless
transmission occurs and, hence signal-to-nois® naduces below such an interface. The

transmission coefficient (T) of the seismic waveatculated by the following expression:

T - 1_ R —_ 2p]_V]_

=P (4.10)
PV, — PN,
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Equations 4.9 and 4.10 are only applicable for mbrimcidence of a ray. In the general case
reflection and transmission coefficients vary witte angle of incidence. In this case the
reflection coefficient defined as a ratio of amdiés depends on other parameters, such as the
shear velocities, and is described as a functiomatlent angle by the Zoeppritz equations
(Telford et al. 1990).

There are different types of reflections. Of ingtrm the interpretation of seismic data are the
primary reflections. These correspond to rays thage from their source to the reflecting

surface, and then ascending directly to the suidatiee ground.

Primary reflections may be accompanied by multipflections. These reflections, when
recorded within the seismogram, should be attedubyevarious methods in the processing

stage.

4.2 .4 Resolution of Shallow Seismic Data

Important considerations when designing shallowsrea reflection investigations are the
spatial and temporal resolution. “Resolution is ahdity to separate two features that are close
together. The minimum separation of two bodieshie separation before their individual
identities are lost on the resultant map or crestian (Sheriff, 2006). Generally, the minimum
horizontal resolution of unmigrated data is restdcto the width of the first Fresnel zone
(Yilmaz, 1987; Sheriff and Geldart, 1995). Thedrre zone is defined as the subsurface area,
which reflects energy that arrives at the earthiage within a time delay equal to half the
dominant period (T/2). In this case ray paths dfected waves differ by less than half a
wavelength. A commonly accepted value is one-fooftlthe signal wavelength. A recorded
reflection at the surface is not coming from a sufage point, but from a disk shaped area,
which has a dimension equal to the Fresnel zonen@¥, 1987; Sheriff and Geldart, 1995). The

radius of the Fresnel zone (r) is given by:

r:JZOA Vs (4.11)
2 2\f

where 7 is the depth of the reflecting interface agel¥y/v is the two-way traveltime and f is

the dominant frequency.
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This equation shows that high frequencies giveebettsolution than low frequencies and
resolution weakens with depth and with increasielpgities. The shape and size of the Fresnel
zone also depend on the position of source andvescehe velocity distribution, wave length,
and on depth, dip, and curvature of the refledBsogwer and Helbig, 1998). Improvement of
seismic resolution comes initially from improvemaeritthe frequency bandwidth of the data
(shaping the spectrum). The lower limit of verticasolution is determined by a quarter of the
dominant wavelengthi\(4, the Rayleigh criterion). The dominant wave kngf seismic waves
is A=Vv/f, where v is velocity and f is the dominantduency. Horizontal resolution of stacked
sections may be improved by migration (see seigaia processing section). In practice,
migration collapses the Fresnel zone to about taimhnt wavelength (Stolt and Benson,
1986).

4.2 .5 Limitations of Seismic Data

Shallow subsurface geology is characterized byrbgémeous and complex structures that may
rapidly change vertically as well as horizontabyd may also dip in unpredictable directions.
In such situation 2-D seismic sections may be coimtated by reflections as well as
diffractions that originate from structures locatedt of the plan of the survey lines (3-D
structures). Such unrecognized offline signalslead to serious miss-interpretations (Green et
al. 1995, Lanz et al. 1996). Therefore, such sbamtogs of 2-D seismic profiling limitation are

expected in high heterogeneous Quaternary sediroéttie buried valleys.
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4.3 2-D Seismic Reflection Profiling with P- and 8-Waves

High resolution shallow seismic reflection profilean be useful in characterizing shallow
structures and extending features identifiable @mebole lithologies within the upper few
hundred meters of the subsurface. High resoluteisnsc reflection techniques have been
developed as practical and effective methods imtifyéng shallow structures (Miller et al.

1986, Myers et al. 1987, Bueker et al. 1998, vanMien and Green 1998, Wiederhold et al.
1998, Polom et al. 2008).

2-D shallow seismic P- and SH-waves are appligtienpresent study to image the structure of
glacial sediments in the buried valley and testaiicability of SH-waves in investigating this
type of structure. In addition, they are used tagethe elastic properties of the sediments in 2-
D by combining the velocity information derived fincthe 2-D shallow seismic profiles of -P

and SH-waves.

4.3.1 Data Acquisition

High-resolution shallow seismic reflection survegsjuire use of high frequencies, therefore,
appropriate seismic sources and high frequency lgews are needed (Knapp and Steeples
19864a,b). In shallow seismic techniques the maablpms arise from significant changes of the
seismic velocity within the shallow depth zone atidition, the seismic records can be affected
by strong noise such as ground roll, air-wavegadfiarrivals, refractions, diffracted waves and
multiples. Wind, rain, human activities and eleotegnetic noise from powerlines and electric
cables can also disturb the seismic measuremesitierébn et al. 1998, Schuck and Lange
2007). The main components of seismic data aconsgystems are: the seismic source,
seismic receivers and the recording system. Thaisiign components of the present seismic

data are described below.

Seismic Sources —Vibrators

Vibroseis is a seismic method in which a vibra®mused as an energy source to generate a
controlled wavetrain for which a sinusoidal viboatiwith continuously varying frequency is

applied (Sheriff, 2006). The Vibrator was initiallgeveloped by Conoco’s researchers
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(Crawford et al. 1960; Gadallah and Fisher, 20@9% commonly applied in the hydrocarbon

exploration industry (Polom et al. 2008). The seugwidely used in seismic acquisition as it
is a nondestructive method with a controllable diestcy range and ideally produces a zero-
phase wavelet. This type of seismic source canpeeated in urban environments where other
sources, like dynamite, are prohibited. Other athges of the vibrator source include cost

savings, such as the reduction in shot hole dgiliasociated with a dynamite source.

P-wave signals of the present data were genergtadsimall vibrator (MHV 2.7) developed by
GGA-Institute (now LIAG) together with the firm Bdiechnik GmbH. The vibrator can
generate a signal with a bandwidth of 16 Hz to B20Four 10-second long (50-Hz to 200 Hz
upsweeps) were generated at each source statiarceSstations were separated by 5 m, with

the first source station at 5 m offset and thedasirce station near the 48th receiver station.

For the generation of SH-wave signals a new sheawewibrator was developed and
constructed by LIAG Institute in cooperation withet firm Prakla-Bohrtechnik, Peine
(construction of the shear wave vibrator) and tirven fKeifer, Dorfen (carrier vehicle

Bokimobil). This vibrator can be rotated to emit -Bldves as well as SV-waves without
changing the vehicle position. It is designed fgpemk force of approximately 30 kN and a
frequency range of 16 Hz to 300 Hz. Phase and &mplicontrol is achieved by a Pelton

VibPro control unit.

For the SH-wave profile two-second long 30 Hz t® 2z upsweeps were recorded at each
source station. The source stations were sepabgtedm with the first source station 120 m

offset and the last source station near the 48uexcstation.

The Seismic Receiver

Seismic receivers (geophones) are electromecharigaisducer devices that convert
mechanical energy into electrical energy. More thae type of geophone is required to detect
both P- and SH-waves. Vertical geophones detecavesy whereas SH-waves are detected by

horizontal geophones.

Each fixed spread consisted of 120 (type SM 4/7H2Pvertical geophones separated by 5 m,

resulting in a total spread length of 595 m. Tharsgement of the geophones in relation to the
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source point used in seismic data acquisition wiine spread. For details about geophone

interval, offset etc see Table 4.1.

Recently, the land streamer has been introducedabyder Veen and Green (1998) to reduce
labor costs and increase survey efficiency of megelution shallow seismic reflection
techniques. It is comprised of a length of a hedwty nylon belt similar to that used for seat
belts. Geophones are attached along the top dbgipmetal plates are then connected to the
geophones from the bottom of the belt. The mettesl provide the necessary weight to couple

the geophones to the ground.

The SH-wave profile was carried out using a landasher developed by LIAG to facilitate
measurements on sealed surfaces, e.g. traffic arefectory floors. It further enables very
efficient field work. It comprises 120 (10 Hz) gdmmes assembled every 1 m onto a belt strap.
A good contact with the surface is achieved by gigibrasion-resistant 3-point bearing feet.

Handling in the field is done with winding drums.

Seismic Recording

The recording system is used in seismic experimenpsovide an uncontaminated, precise and
permanent record of data detected by receiversarspread so that the seismic signals can be

studied and analyzed at next steps.

The seismograph used for recording the seismic dais Geometrics Geode (5 geode 24
channels and 1 geode 6 channels) networked intotrata8isor controller. Resulting
uncorrelated data included 15,000 samples per traiéermly acquired over 15-seconds record
length. Geophone cables were connected to thealagiag self-made adapters (Gisewski G52).
Power supply was realized with 24 Ah batteries efdbd in self-made boxes. The single geode
devices were connected with 10 cables 60 m long ead 12 geophones of 5m spacing were
connected to each network cables, two of whichmamterconnected. A total of 10 network
cables enable a geophone layout of 600 m. The degpsoftware is installed on a Windows
XP Laptop. To achieve a fast data transmission,clwhis especially important for non-

correlated vibroseis data, more than one netwankbeaconnected to the laptop.
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Shear wave data were recorded on 5 geometrics Gaosimographs networked into a strata

Visor controller. The resulting 24-bit uncorrelateldta included 5000 samples per trace

uniformly acquired over 5 seconds recording length.

The two P-wave reflection profiles (maximum 96-fobthd one SH-wave profile (maximum 62

fold) have been acquired perpendicular to the asduaxis of the buried valley. The data

acquisition parameters and instruments of the seigrofiles are summarized in Tables 4.1 and

4.2, respectively.

Table 4.1: P-wave seismic data acquisition: equipméand parameters.

ltem

Description

Instruments
Seismic source
Sweep type
Vertical stacking
Recording Instrument

Geophone type

LIAG Kleinvibrator: MHV2.7

50-200 Hz Linear, 10 s

4-fold

5 Geode 24 channels, 1 Geode 6 channels
SM 4/7 (20 Hz)

Geometry
Channels/record
Geophone Interval
Offset
Shot point spacing

Number of shot points

121 (channel no. 121 is the sweep signal record)
Sm

-240 mto + 595 m

sm

683 (for profile 4) & 402 (for profile 5)

Spread type 2-D variable split spread
Fold coverage 96 (for profile 4) & 75 (for profile 5)
CMP spacing 25m
Recording
Sample interval 1ms
Recording length 12000 ms
Recording filter None
Pre-amplitude gain 36 dB
Field format SEG2
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Table 4.2: SH-wave seismic data acquisition: equipemt and parameters.

Item

Description

Instruments
Seismic source
Sweep type

Vertical stacking

Shear wave Vibro MHV 4
Sweep: 30-200 Hz 10 s, and 30-140 Hz
2-fold [+Y]-[-Y] alternated vibrations

Recorder 5 Geometrics Geode 24 channels, 1 Geode 6 channels
Geophone type SM6 HB (10 Hz), single units attached to GGA latvdamer unit
Geometry

Channels/record
Geophone Interval
Number of shot points
Offset

Shot point spacing

121 (channel no. 121 is the sweep signal record)
Im

726

240 mto+240m

10m, 4m

Spread type 2-D variable split spread, SH-SH configuration 4@attron
streamer shift interval operation
Fold coverage 62
CMP spacing 0.5
CMP numbering VP + GP
Recording
Sample interval 1ms
Recording length 15000 ms
Recording filter None
Pre-amplitude gain 24 dB
Field format SEG2

4.3.2 Data Analysis and Processing

The purpose of the data processing is to converfighd data into a seismic section showing the

locations of reflectors along the seismic line adlas to increase the signal-to-noise ratio by

increasing the reflections and suppressing noidbdndata. Reflections are recognized by the

hyperbolic travel times. If the reflection interéais horizontally flat, the reflection hyperbola is
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symmetric with respect to zero offset. On the otiaerd if there is a dipping interface, then the

reflection hyperbola is skewed in the up dip diatt

Most of processing operations employed routinelyléep seismic datasets can be applied to
shallow seismic datasets with some consideratio@soid generating artifacts on the data like
separating source generated noise from shallowateshs, careful application of NMO stretch
mute and carefully muting unwanted first breaksthiis section, we analyze the raw data and

then describe each processing step applied toatize d

Figure 4.4 shows typical shot gathers recordetrattlocations along profile 4. Reflections are
evident below 500 ms. In the upper part shots 3D1&% show reverberating arrivals (event r)
followed by clear first breaks. In shot gather G8@ections at 500 ms and 800 ms (event d)
shows distorted hyperbolic moveout, suggestingpamativeout (DMO) effect caused by an up-
dip reflector. All records are characterized by lfrequency ground roll (event g) and strong

airwaves (event a). Bad traces are evident ingthier 600 (events b).

Typical shot gathers recorded along profile 5 dr@ns in Figure 4.5. Reflections are evident
below 500 ms. In the upper part shots 50 and 24® shaverberating arrivals (event r) followed
by clear first breaks. In shot gather 351, theemibn 950 ms (event d) shows distorted
hyperbolic moveout, suggesting a dip-moveout (DMEfect caused by an up-dip reflector,
whereas, a down-dip reflector is shown in shot gatB40 (event e). All records are

characterized by low frequency ground roll (evenammd strong airwaves (event a).
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oo R RS BRI
Shot gather 30 Shot gather 125 Shot gather 600

Figure 4.4: Three shot gathers with variable data gality from profile 4 with AGC (400 ms)

applied. Data are displayed to 1000 ms. Shot gattseB0 (A) and 600 (C) are away from the buried
valley location, whereas shot gather 125 (B) is e location of the buried valley. The shot gathers
30 and 600 show stronger and clearer reflections #m that shown by the shot gather 125. This is
due to the fact that the reflections on the shot dhers 30 and 300 are from Tertiary horizons,
whereas the reflections on shot gather 125 are froQuaternary sediments inside the valley. Letters

highlight events: airwaves (a); noise traces (b);idping reflectors (d); ground role (g); first arriv als

n.
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Time (ms)

e e

Figure 4.5: Three shot gathers with variable data gality from profile 5 with AGC (400 ms)
applied. Data are displayed to 1000 ms. Shot gatheis0 (A) and 351 (C) are out of the valley,
whereas shot gather 240 (B) is inside the valley.h& shot gather 25 and 351 show stronger
reflections than that shown by the shot gather 240This is due to relative homogeneity and
continuity of the Tertiary horizons comparing to the heterogeneity of sediments in the valley.
Letters highlight events: airwaves (a); noise trace (b); dipping reflectors (d); ground role (g); first

arrivals (r).

Figure 4.6 shows two raw shot gathers from the Senprofile. Strong reflected SH-waves
(SR event) are evident at 150 ms and 300 ms twoiveeel time in shot gathers 11 and 91,
respectively. Surface waves of Love type (event LAk strong in shot gather 11 and less
strong in shot gather 91. Love waves can be elimthdby FK filtering. Reflected P-waves
(converted waves, event PR) are seen on top obakle gathers, as they arriving faster than

other types of waves. The P-wave may be muted fhendata.
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Figure 4.6: Shot gathers 11 (A) and 91 (B) from th&H-wave profile. Only, vibroseis correlation
processing has been performed. SR: SH-wave refleoti; PR: P-wave reflection; LW: Love wave

and BT: bad trace.

Processing of P-wave data

The P-wave raw data were generally of good qualitey were processed using commercial
software, i.e. Landmark ProMAX installed in a SUNrkstation at LIAG.

Table 4.3 outlines the general flow of the P-waatadprocessing. The specific processes are
discussed in detail in the following sections. Tamaining steps are standard in the processing
of reflection seismic data. Sheriff and Geldart Q8P and Yilmaz (1987, 2001) provide

excellent references for their explanation.
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Table 4.3: P-wave seismic data processing sequence.

Process step

Description

Data reformat

Vibroseis correlation

Geometry

Trace Editing

Top/ Bottom Muting

Spherical Divergence correction
Trace Equalization

Automatic Gain Control
Bandpass Filter

Deconvolution

Static correction
CMP sort

Velocity analysis |

NMO correction
DMO correction
Velocity analysis Il
CMP Stacking

Static correction to final datum
F-X deconvolution
Steep Dip FD time Migration

Time-to-depth conversion

From SEG-2 to ProMAX format

Correlated with pilot sweep

Defined using field notes and loaded to headers
Bad / noisy traces killed

Elimination of First arrivals and surface waves.
Multiply by 1/(t*v**2)

150 ms spatially varying window

400 ms window

Zero-phase Ormsby filters: 50-70-200-250 Hz
Zero phase spiking

Operator length: 50 ms

White noise: 1 %

Correct for near surface effects

Sorted from shot gathers to midpoint gathers

Integrated analysis of shot gathers, constant itgloc

stacks, and semblance plots

Stretch mute 30%

Common Offset FK DMO

After DMO applied

Applied based on optimum stacking velocities
Summed NMO-corrected CMP gathers

Om NN, 1600 m/s

30-250 Hz, Wiener Levinson

Using interval velocity field

Using VSP velaocity function
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Pre-stack Processing

Vibroseis Correlation: In vibroseis data, the recorded trace has embesldledp signals which
make the seismic events unrecognizable. Thereifoig necessary to remove the sweep from
the trace to resolve the reflection events (searEig.7). This is obtained with the use of cross-
correlation, where the sweep is cross-correlateat thie traces creating an embedded Klauder
wavelet. The Klauder wavelet is the autocorrelatibra vibroseis sweep (Sheriff, 2006). The

basic seismic convolutional model for a vibroseisrse is:
X(t) = r(t) * s(t) (4.12)

where x(t) is the recorded trace, r(t) is the ggiglal reflectivity, s(t) is the sweep and * is the
convolution operator. To remove the sweep, theetiaccross correlatedlf with the sweep.

The equation for the deconvolved sweep is
Xedt) = r(t) * s(t) O S(t) (4.13)
where S*(t) is the sweep input into the ground sTéguation can be simplified to:
Xee(t) = r(t) * k() (4.14)

since the cross correlation of two identical sweispdefined as Klauder wavelet, k(t). Cross
correlation collapses the sweep to a Klauder wawalenpedance contrast and filters the data

with sweep parameters.

o sweep \/\/\/\/\VIWHe

f J'Fll. 'rlll A 1}1 ‘I AL
sertee /||
Zero-phase

Correlation \‘\LMMFH”' )

Figure 4.7: Raw and correlated vibrator traces (afer Gadallah and Fisher, 2009).
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Editing and Geometry assignment:The initial procedure of processing consisted dfda

guality check and field geometry assignment. Trediéing aimed at detection and removal of
dead or very noisy traces and spikes that may engwoblems with the forward Fast Fourier
Transform (FFT). Top muting eliminated the firselks (directed/ refracted arrivals) from the
seismic traces and bottom muting attenuated growolid To examine the quality and

characteristics of the raw data bandpass filtexgedrom 30-50 Hz to 200-250 Hz were applied
to the data. Automatic Gain Control (AGC) allowace normalization (Sheriff and Geldart,

1995). The AGC operator which uses a time windova @iven length (in this case 400 ms)
which moved down the trace sample by sample cdkxlila scale factor at each location after
filtering. The scale factor is equal to the inveo$ehe Root Mean Square (RMS) amplitude in

the window. This scalar was applied to the samptheacentre sample of the time window.

Statics corrections:Statics corrections are time shifts applied torsgigiata to compensate for
the effects of variations in elevation, weatherinigkness, weathering velocity, or reference to
a datum (Figure 4.8). The objective is to deterntime reflection arrival times which would
have been observed if all measurements had beea amd flat plane with no weathering or
low-velocity material present. These corrections hased on uphole data, refraction first-

breaks, and/or event smoothing.

First-break based statics, which we applied todatia, are the most common method of making
field static corrections (Wiederhold, 2006).

The term ‘static’ is used to denote constant tirhdt ©f whole data traces, as opposed to
variable time shifts as applied by NMO correctiavisich are dynamic. The elevation needed
for shot/receiver time correction is obtained froesords. The velocity needed for calculating
the time shift is obtained from refraction firstebk picking. The elevation corrections (also
called datum correction) may be used to bringimikés in a seismic record to a fixed level in the
subsurface which is the final processing datum. fihal processing datum could be any

arbitrary level or mean sea level.
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Figure 4.8: Principle of static corrections: Shot §) and receivers (R) are moved to a flat plane, the
datum or reference surface. Near surface velocityhanges are replaced by a correction velocity ¥/
(from Wiederhold 2006).

Reflection events from a shot gather from P-wavia d& shown in Figure 4.9. It shows the

improvement in the alignment of the event afterliappion of the static corrections.
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Figure 4.9: A Shot gather from profile4 without (A) and with (B) refraction statics applied.
Reflection events show improvements in alignmentsvgn by the static corrections.
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Deconvolution

Deconvolution is a process that improves the tealpoesolution of seismic data by
compressing the basic seismic wavelet (Yilmaz, J987s also used to compensate for the low
resolute wavelet of the Vibrator source and for easther undesirable effects included in the
recorded earth response, such as reverberation nauitiple arrivals. Spiking pre-stack
deconvolution was applied to improve temporal naoh. Spiking deconvolution is a least

squares inverse filter that compresses the sesmice wavelet into a zero lag spike.

Frequency Filtering

Frequency filtering is done to remove unwanted degggies from the seismic data. The sweep
frequencies have a range of 50 — 200 Hz and fremeeiother than these are attenuated using
various filtering techniques. Frequency filteringncbe in the form of band-pass, band-reject,

high-pass (low-cut) or low-pass (high-cut) filters.

The frequency spectrum of seismic reflections uguzdcomes lower with increasing arrival

time as the higher-frequency components are atteduaster by absorption, multiples, and
other natural filtering processes. Hence, we oftepe to shift the passband towards lower
frequencies for later portions of the records, tbatve wish to accomplish time-variant filtering.
By doing so, the ambient noise, which begins to idate the signal at late times, is excluded

and a section with a higher signal-to-noise ratiobitained.

FK dip filtering

In addition to pre-stack and post-stack predictieeonvolution, another multiple suppression
technique, based on frequency-wavenumber (FK) diprihg, was applied. FK multiple
reflections attenuation is a process combiningeldcity analysis; 2) forward Normal Moveout
(NMO) correction; 3) FK dip filtering; and 4) invg NMO correction. Multiple reflections
may be recorded at nearly the same time as prineflgctions, but they have lowerMo than
primary reflections. Thus NMO corrections that tibat multiples overcorrect primaries. When
NMO-corrected CMP records are transformed intoRKedomain all primary reflections are
placed in the negative half of the FK plane andNMO corrected multiples along the K=0 axis.

A velocity filter that passes everything exceptaarow reject band centered at K=0 eliminates
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multiples. FK multiple-attenuation offers a furthgain in multiple energy suppression over
stacking. The filter performs more quickly than exttmultiple suppression methods, and it is

useful for multiple-suppression on pre-stack data.

Dip Moveout (DMO)

DMO processing or pre-stack partial migration magntout to be a milestone on the path
towards proper imaging of the subsurface structutegas introduced to overcome efficiently
the shortcomings of normal CMP stacking of stegps.diThe DMO operator moves the
reflection point on the dipping interface to its@effset location. This dip-correcting later shift
involves an adjustment of the traveltimes and floeee reducing the stacking velocities of
dipping events. Consequently, events originatiogifthe same reflector with different dips can
be stacked with one and the same velocity. On thher dvand, the velocity contrast is increased
between steeply dipping noise and horizontal réflas observed at the same traveltime. As the
stacking velocities after DMO processing and indeleat of dip they can be used for further
imaging processes such as post-stack migrationdapth migration. Thus the main goals of

DMO processing can be seen as:

* Improving the zero-offset character of NMO correctdata by better approximating
common reflection point data and solving the catifig dip problem,
» Providing improved estimates of velocities, and

» Suppressing steeply dipping coherent noise.

As a final pre-stack process, we applied the Dipvéaut (DMO) correction (Yilmaz and
Claerbout, 1980). The stacking velocity or NMO witp depends on the dip of the reflector. It
is well known that the conventional stacking metlsadnot stack both a flat and dipping layer
occurring at the same time because of the dip dkpme of the stacking velocity. The DMO
process is a method used to improve the stacktgumlicompensating for the dip effect in the
NMO equation. DMO correction transforms nonzercseffseismic data in a CMP gather into
the same zero-offset reflection times and reflecpoints for all offsets. This transformation
improves velocity estimates, provides higher ldteegolution, and attenuates coherent noise
(Deregowski and Rocca, 1981; Yilmaz, 1987).
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DMO corrections can be applied in the common-offs@tain or in the shot domain. Shot-
domain DMO does not work well because shot-doma#tODis more sensitive to the errors in
the NMO velocity and degrades high frequenciesespsdips. However, in our case common-
offset- domain DMO indicated that, DMO not only iroped velocity analysis but also it
suppressed coherent noise and improved the latsalution. Figures 4.15 and 4.16 will show
the stacked data without and with DMO applied. Herafter application of DMO to pre-

stacked data the produced stacked sections arevethr

The raw shot gathers shown in Figures 4.4 (fronfilprd) and 4.5 (from profile 5) are shown
after applying the pre-stack process in Figure 4tlop and bottom, respectively. Both subset

figures show reflections from about less than 5aer000 ms.
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Figure 4.10: Results of applying a prestack procesg sequence to typical shot gathers from profile
4 (A) and profile 5 (B). Top and bottom mute are aplied to eliminate first break and surface

waves, respectively. AGC 400 (ms), Bandpass filt¢s0-70-150-200 Hz) are applied.
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Velocity Analysis

The seismic velocity is important in almost all pes of seismic data processing. It is used in
normal moveout (NMO), multiple attenuation, dip reout (DMO) and migration processes.
The velocity is important for the prediction of tlighology and geological interpretation. With
the wrong velocity, seismic events do not focus egflctors are miss-positioned. Without an
accurate velocity, seismic data could easily himd#rer than help the rock physicist (Claerbout,
1999), geostatistician, and reservoir engineeraiistg an accurate velocity estimate is one of
the most difficult problems in geophysics. Veloaditstimation is a nonlinear, under-determined
problem. Velocity analysis is based on the hypécbaksumption derived for a flat multi-

layered earth.

There are several methods of stacking velocityysmal The preferred method depends on the
data under consideration and the preferences ofdloeity picker. Almost all velocity analysis
today is performed interactively on a screen usirgpmbination display configured according
to user preference. Animated displays are commainsaow the results of applying the NMO
and stacking the data with the velocities choserthé past velocity analysis was considered to
be a computer intensive process and some shomeutstaken into account (such as reducing
the fold of gathers). The power of modern compsystems means that short cuts are no longer
required. Some systems will calculate the veloaitalysis on the fly as requested by the user
but most systems expect the pre-computation of/¢thecity analysis displays. The subsequent
speed of analysis is limited only by the speedhef picker and the graphics hardware being
used. On some displays the interpreter can pic&ragkey horizons which can be used as main
velocity boundaries. Depending on the geologicavipice this method is critical, for example
if velocities are to be picked for depth migratimurposes. When picking horizons care should
be taken to ensure the velocity interpolation steaye handle bends and other more complex

geological structures.

Function velocity stacks are a common form of digph which the range of velocities used for
the stack panels is defined by percentage vargtitom a single (best choic&)nction. The
individual panels show high resolution but the gyaif the panels depends on the accuracy of
the initial function used. Figure 4.11 shows combion display the velocity spectrum (Panel
A), the NMO corrected gather (Panel B) and functiefocity stacks (Panel C). The gather and
stack displays are interactively updated as picgksr@ade. Dynamic (Dyn) is the stack with the

currently picked velocity function. The velocity esrum (the panel A) is calculated by
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determining how well a given hyperbolic event matcheal events on the central CMP gather.
The maximum amplitude of coherence is expected evhies hyperbola best fits a given high

amplitude seismic event. The measure of coheremmst aften used is called semblance which
is robust to noise, spatial aliasing and laterailatimns in amplitude. There are various methods
of displaying semblance but almost a colour contlisiplay is used with blue representing low

semblance and red representing high semblance. arbasaxes of the display are velocity

(horizontal) and zero-offset time (vertical). Thendlance function, $f) is defined as a

normalized cross-correlation:

T+dt 2

2

S(V,t) - t=r—dt

r+dt

NOD

t=r—dt

> p(x.t,v)

X

(4.15)

2

> p(x.t,v)

X

here p (x,&) is the NMO corrected trace, N is the number atés in CDP, t is the TWT,is
the velocity and x is CMP spacing. The velocityemreter would make picks either on the
semblance clouds or on the stack displays. An eédgitek is shown on the example display.

Broader peaks in the deeper part of the secticnatelreduced resolution and offset.

The stacking velocity is the velocity required ®sbstack the data using the best-fit hyperbola
over the available offset range. The choice of stecking velocity (Ma) can be rather
subjective. However, it turns out that an apprdpriehoice can cover up for a multitude of
assumptions made in the CMP stacking process. éazdmtal layers and small offsets M
should equal to the root mean square velocity,JVFor dipping layers a higher velocity is

required since Yack= Vimsicosp) (Where© is the angle of dipping).
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Figure 4.11: Interactive velocity analysis displaywith the velocity spectrum (A); the NMO
corrected gather (B) and the function velocity stak (C). The semblance panel shows the estimated
the RMS and interval velocity functions. The RMS viocity function is shown in the same time by
the function velocity stacks panel.

The application of DMO mostly removes the effectsdip from Vga such that Vack
approximates Ws The stacking velocity field calculated for thésseic data is shown in Figure
4.12. The stacking velocities range from 1500 td®&/s for profile 4 (Figure 4.12A) and from
1600-2800 m/s for profile 5 (Figure 4.12B).
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Figure 4.12: Optimum stacking velocity fields detemined by interactive analysis of semblance
gathers after dip moveout. A: Stacking velocity fidl of profile 4. B: Stacking velocity field of profile
5. Arrows on top show the CMPs at which semblanceelocity analysis was conducted. The stacking
velocity ranges from 1400 to 2900 m/s in profile @nd from 1600 to 2800 m/s in profile 5.

The interval velocityis the velocity of a specific layetJsing Dix's equation (equation 4.16),
Dix (1955), the RMS velocities are converted into iaterval velocity model, which is
displayed in Figure 4.13. The use of the Dix equato convert RMS stacking velocities to
interval velocities is based on the assumption afizontal layers and constant velocities
between the layers. Therefore, a dipping struanckevertical and lateral velocity variations can
introduce significant errors into the resultingeinal velocity fields. Furthermore, the error in
interval velocity may be caused by picking errarstie RMS velocities. The RMS picking
errors depend on the width of the maximum semblatcereflector. Dix's equation is written
as:
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t,V 52 =t V.2
Vim=\/2 S (4.16)

t, -t

where, \; is the interval velocity that can be calculated tiwo reflectors with reflected-ray
travel times tand ¢, and RMS velocities Ms: and Vs respectively.

The calculated interval velocity fields (Figure 3) &re characterized by an increase from about
1300 m/s at 100 ms to approximately 3000 m/s beyd@@d ms. Such a velocity increase may
be due to increasing density and decrease in pgrddie velocity fields show a decrease in

velocity towards the middle, which correspondsh lbcation of the valley.
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Figure 4.13: Interval velocity fields obtained fromstacking velocity functions shown in Figure 4.12
A and B, respectively, using Dix's equation. A: thénterval velocity field of profile 4; B: the interval
velocity field of profile 5. The interval velocityranges from 1300 to 3000 m/s in both profiles.
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CMP Stacking

After DMO the data is CMP stacked. Stacking is mgosite record made by combining traces
from different records (Sheriff, 2006). The proce$stacking is the single most powerful tool
for enhancing the quality of seismic reflectionolfifison and Coruh, 1988). It combines all
traces of all CMP gathers into single traces farg\CMP on a line. Consequently, the stacking
process greatly improves the signal to noise rdtie to the fact that noise is reduced by
destructive interference as traces are combinedveW®s on the other hand interfere
constructively to produce a stronger signal. Thighad is very effective in attenuating several
kinds of noise (Robinson and Coruh, 1988). Veloeihalysis and NMO correction can be
viewed as forms of stacking as well. A simple exnpat explains the principle of stacking is

shown in Figure 4.14.

(A) curface § §§§ MRRRR

Eeflector

(B) surface SMR

Eeflector

Figure 4.14: CMP traces of seismic energy (M) genated at sources points (S) reflected by a

horizontal reflector and recorded at receiver poins (R), before stacking (A) and after stacking (B).

Stacked sections before and after DMO and otheressing applied to profile 4 and profile 5
can be seen in Figures 4.15 and 4.16, respectitetan be seen that DMO correction has
improved the seismic sectioni both seismic sections clear seismic reflectioas be

observed. Reflections of the base of the Quateraigryalso evident at maximum TWT of about

500 ms in both seismic sections. Bowtie featurestdicrossing reflections are also evident.
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Figure 4.15: Stacked sections of profile 4 withoufA) and with (B) DMO applied. Bowtie features

due to crossing reflections are obvious at CMP 20@00 ms).

73



W Common Mid-peint Numhber E
A 0 l(lii‘l Ztlll] 300 400 500 600 ?iilﬂ El.'l'.‘l 90!] 10l00 1100 llllJI)
01T== I W e F= ™ s":r 1,
S ﬁﬁ?ﬁ H’:f‘ ¥ T 1._&‘4 "-.;r; -giﬂ-_t_ =- ,{-'tﬁwi g g?

Two-way Traveltime (ms)

9"1"’

ll.'ll(lD llllJD

E
12‘30

LY
8
1

£a
8
1

uu
8

Two-way Traveltime (ms)

=)
b=
1

700

Figure 4.16: Stacked sections of profile 5 withoutA) and with (B) DMO correction applied. Bowtie
features due to crossing reflections are evident &MP 600 (300 ms). The red line on top of the
section (CMP 291-595) indicates the location of Sttave profile.
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Post-stack Deconvolution

Deconvolution was applied to the data after stagkio improve temporal resolution. FX
deconvolution is a reliable multi channel noiseuabn filter. It preserves the most dominant
dipping energy while removing random noise or digth very low energy (Cary and Upham
1993). FX deconvolution produces a very naturakilog result, with fewer artifacts than other
methods (such as in FK and Radon filtering; Ch&82)L For this reason, it is highly favoured
for post-stack noise attenuation. Although the @angf rejecting weak coherent signals is

always there for stacked data, in practice FX deglution is surprisingly strong.

The FX deconvolution algorithm (Gulunay, 1986) a@pl(a) a Fourier transform to each trace
of an input ensemble, (b) a complex Wiener pregiicfilter in distance for each frequency in a
specified range (Robinson and Treitel 1964; Treif4), and then (c) inverse transforms each
resulting in frequency trace back to the time dem&ach sample in the transformed data has
both real and imaginary components. Events withlairdips appear as a sinusoidally complex
signals along a given frequency slice. The outmge should have less random noise than the

input trace.

Migration

Migration is a process which attempts to correé tlirections of the geological structures
inherent in the seismic section. Migration redisites energy in the seismic section to better
image the true geological structures. It collap#es diffraction events in their apex and
repositions the seismic reflectors at their corrledtations. Bowtie structures are mostly

corrected by the migration process.

Through the migration process, the stacked data wagrated in time, using two different
algorithms: Kirchhoff migration and Steep Dip Exitli Finite Difference Time Migration
(Yilmaz, 1987). Kirchhoff Time Migration performsnaigration by applying a Green'’s function
to each CDP location using a traveltime map. Titawel maps relate the time from each surface
location to a region of points in the subsurfaceclkhoff Time migration uses a vertically and
laterally variant root mean square velocity fieltkfs) in time. It provides good handling of

steep dips, up to 90 degrees, and of horizontétiam of velocity along the line.
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A steep Dip Explicit Finite Difference Time Migrati algorithm uses explicit F-X spatially-
variant extrapolators to perform time migrationisTimigration is designed to be accurate up to
approximately 70 degrees of dip. It uses a vertcal laterally-variant interval velocity field in
time. The primary advantages of this approach acel dpandling of vertically variant velocities
and relatively steep dips, and fair handling oéfat velocity variation. An example of a seismic
line processed with Kirchhoff migration and withe€p Dip Migration is reported in Figures
4.17 and 4.18 for profiles 4 and profile 5, respety.
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Figure 4.17: Migrated time sections of profile 4 usg Kirchhoff Time Migration (A) and Steep Dip
FFD Time Migration (B).
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Time Migration (B).
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Processing of SH-wave profile

The SH-wave seismic profile was acquired coincidigntwith the P-wave seismic profile 5
between CMP291 and CMP595.

Data processing of the SH-wave survey was conductid) a sequence of steps similar to that
of the P-wave data, except that the SH-wave datandt require the refraction-based static
corrections. FK filtering was applied to SH-waveadto filter out Love waves which severely

contaminated the data. The time-to-depth conversias applied based on the stacking
velocities used in the processing. The processavg épplied to the SH-wave data are given in
Table 4.4.

Pre-stack Processing

The pre-stack processing processes include: vilsras@relation, geometry definition, trace
editing, amplitude gaining by AGC (250 ms), tracgiaization and bandpass filtering (30-40-
140-150 Hz).

Figure 4.19 compares between raw data with the pwamal superimposed on the recorded
signals (top) and raw data after the vibroseisetation process has been carried out (bottom).

After the vibroseis correlation events on the saigiata can be clearly identified.

Raw shot gathers from the SH-wave profile are shiowiigure 4.20A as well as the same shot

gathers after the pre-stack processing was castie(bottom).

FK Filtering

Velocity filtering is commonly used in S-wave dati@cessing to attenuate the coherent noise.
It is applied to reduce the effects of linear angvnoise (usually Love waves or refractions).
On some data, these linear arrivals are easily veth@r at least suppressed using slope

filtering techniques.

After applying a simple FK filter using a convemt#d, narrow slice, focusing on the dominant
linear surface wave arrival, the curved events idiately below the linear surface wave

arrivals become pronounced. Based on their arpadtern alone, they appear very reflection-
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like. Without a doubt these arrivals would move and stack coherently on CMP stacked

sections. Figure 4.21 shows a shot gather fronsStthevave profile before and after application

of FK filtering. The elimination of surface wavetime bottom of the Figure is evident.

Table 4.4: SH-wave seismic data processing sequence

Process step

Description

Data reformat

Vibroseis correlation

Geometry

Trace Editing

Top Muting

Spherical Divergence Correction
Automatic Gain Control
Bandpass Filter

F-K filtering

CMP sort

Velocity analysis

NMO correction
CMP Stacking

F-X deconvolution
Steep Dip FD time Migration

Time-to-depth conversion

From SEG-2 to ProMAX format

Correlated with pilot sweep

Defined using field notes and loaded to headers
Bad / noisy traces killed

Elimination of first arrivals and surface waves.
Multiply by 1/(t*v**2)

250 ms spatially varying window

Zero-phase Ormsby filters: 30-40-140-150 Hz
Eliminate Love wave in FK domain

Sorted from shot gathers to midpoint gathers

Integrated analysis of shot gathers, constant
velocity stacks, and semblance plots

Stretch mute 300%

Applied based on optimum stacking velocities,
Summed NMO-corrected CMP gathers
30-250 Hz

Using interval velocity field

Using single average velocity function
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Figure 4.19: Uncorrelated (A) and correlated (B) SHwvave data (shot points 1, 2, 3 and 4) shown to
first 1500 ms. Each shot point has 121 channels. &mel number 121 is the vibroseis sweep

channel.
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Figure 4.20: Raw shot gathers 1 (left), 2 (middlednd 3 (right) before (A) and after pre-processing
applied (B).

82



{fset (m) 120

o

dddd LT AT

. Y
].UU — e . Wt Wi Vi ipe tP e
— e TSR L [T

LT

Time {msc)

500

Ls b

! ¥ i i [
300 |0 Hybtards 4 AR T
oL LR O, | WbmpactL 1 [ ibhbapapIE

Offset (m)

e EREH iy ] N‘n..,lq'*_hu." T
! L PO L ST “'-.vpm.,,,.:.;:,:{: "

vn Lime {msc)

00

Figure 4.21: SH-wave raw shot gather before applyoy the FK filter (A), where coherent first
arrivals are evident, and after applying the FK fiter with some linear arrivals are eliminated (B).
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Velocity Analysis

Constant velocity stacks (CVS) is another methode$mic velocity analysis. It allows for
faster picking of velocities for maximum coheremceentire reflections. The velocity analysis
on the NMO corrected seismic data is conductedgutie CVS method as a first guess of
velocities. Two things are important when genetpt®VS plots: First the maximum and
minimum boundaries of the NMO velocities should sadficiently identified. The second
consideration when generating CVS plots (Figur@pi® ensuring that the velocity step-size is
small enough between sequential CVS plots (Bak8819rhe NMO-corrected data is stacked
and displayed as a panel for each different stackelocity. Stacking velocities are picked
directly from the constant velocity stack panelchposing the velocity that yields the best stack
response at a selected event. CVS has the disageatitat the velocity is approximated as
good as the distance between two test velocitiasitgives a general idea about the velocity of

the reflections of interest.

Velocity analysis on the SH-wave data was conduatedg CVS plots of the entire data set.
The range of constant velocities used was betw88rt@®800 m/s (suggested as the maximum
and minimum boundaries of the NMO velocities tolude the Vs shown by SH-wave data),

with 40 m/s step size.

Figure 4.22 shows CVS panels from the velocity ysialon our SH-wave data. The panels
show that the SH-wave data contain lateral veloedtgiations. However, coherent reflections,

most likely to be primaries, allow picking veloeisi (assigned to each panel) for different record
times. These velocities with times are used tonbttiee semblance velocity analysis of the SH-

wave data.

Table 4.5 provides the sequence of velocities anelst of some prominent reflections shown by
the panels in Figure 4.22. The velocities and forevided are used as reference points to start

the velocity analysis which is then carried outsemblance velocity plots.
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Figure 4.22: Several CVS panels (A, B, C, D, E ané) from the SH-wave profile. Each panel is

assigned the velocity value in m/s with which a cin reflection becomes most coherent.
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Table 4.5: Different velocities and times at whichthe velocities are picked for most prominent

reflections in the common velocity stacks (CVS) pais from the velocity analysis of our SH-wave

profile.
No. Time (ms) Velocity (m/s)
A 150 300
B 450 350
C 1100 450
D 1600 550
E 1650 650
F 1650 750

Figure 4.23 shows the smoothed stacking veloogly fof the SH-wave profile generated from
the semblance velocity analysis. The SH-wave vsloginges from 200 m/s in the shallow
parts to 720 m/s in the deeper part. Some horikgatation in velocity shown is the lower part

of the field, which indicates that Tertiary formats are characterized by higher Vs.
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Figure 4.23: Stacking velocity field of the SH-waverofile. Arrows on top show the CMPs at which
a semblance velocity analysis was conducted. Thever velocity value is about 250 m/s shown at the
top of the velocity field (Quaternary sediments). kgher velocity values are shown by Tertiary
sediments in the bottom left part of the velocityitld (about 750 m/s). Velocity ranges from 250 m/s

for Quaternary sediments to 850 m/s for Tertiary sdiments.
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CMP Stacking

Normal moveout (NMO) correction was performed ore t8MP gathers using stacking
velocities determined with constant velocity plftdmaz, 2001). The CMP gathers were then
stacked to produce reflection images, and to apply necessary display processing. The
location of the SH-wave section is highlighted bgaable arrow line on the P-wave section in
Figure 4.16 and can also be seen in Figures 1.24nd he SH-wave stacked section in Figure
4.24 shows reflections with varying degree of ne8oh. The most coherent reflections are
from the shallow part of the section. These reibes, highlighted by arrows on the left side of
the section, are from Lauenburg Clay. Other disnaous reflections are shown in the middle
of the section at 550, 1000 and 1600 ms.
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Figure 4.24: SH-wave stacked CMP section shows cta&flections of top and bottom of Lauenburg
Clay at 200 and 500 ms (the two arrows on the righgide). Other discontinuous reflections are also

shown.

As is often the case, conversion of the time sactm the depth section requires accurate
velocity information. A detailed velocity field deed by interactive velocity analysis is used in
converting the SH-wave time section in Figure 4&pto the depth section (B).
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Figure 4.25: SH-wave time migrated section (top) ahdepth migrated section (bottom). Smearing
effects due to the velocity field is evident in théottom of the sections. The Lauenburg Clay

(highlighted by two arrows on the right side) is sbwn between 200, 450 ms, and 30 and 70 m in top

and bottom sections, respectively.
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4.4 Vertical Seismic Profiling

A vertical seismic profile (VSP) is a measurementvhich a seismic signal generated at the
surface of the earth is recorded by geophones eg@irvarious depths to the wall of a drilled
well (Hardage, 1983). VSP has been employed to delermine the basic lithology and
velocity in the vicinity of the borehole. It invad¢ recording the complete waveform at
regularly and closely spaced depth situations ttraek average velocities with depth.
Subsequently, these average velocities can befdrared to interval velocities. Therefore, one
of the principal uses of the VSP is to determire\tariation of seismic velocity with depth in-

situ.

A VSP generally, gives better data than surfacensei methods, because the energy does not
have to travel as far and therefore undergoesaliéssuation. Consequently, the resolution of a
VSP is usually significantly better than that ofrfaue seismic data. The geologic models
interpreted from VSP are more accurate and thecitglmodels are more useful in building a

subsurface structure and stratigraphy than thaaeed from surface seismic data.

4.4.1 Zero-offset VSP

There are various types of VSP surveys used im$eisxploration (e.g. Zero-offset, Offset and
Walkaway VSP). Zero-offset VSP is applied in a ieaft(or near vertical) borehole using a
single source located near the well head. Mosh®MSP surveys performed are of the zero- or
near-offset type (Sheriff and Geldart 1995). Thevde direct-arrival times from the zero-
offset VSP can be used in a traveltime inversiogo@thm to obtain the P-wave interval
velocities (Stewart 1984). Similarly, the arrivathés of a source-generated mode-converted S-
wave can be used to obtain the S-wave intervakiuteds. Thus a good estimate of the P- and S-
wave interval velocities can be obtained from temzffset and offset VSP data. There is also
considerable information in the reflected (upgoingve fields of the VSP data. The corridor
stack from the zero-offset VSP can be used in aposite plot to help correlate seismic events
with well logs (Stewart and DiSiena 1989). Tablé Highlights some objectives of Zero-offset
VSP.
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Table 4.6: Some objectives of Vertical Seismic Pritihg (VSP) surveys (modified after Gilpatrick
and Fouquet 1989.

Objectives How achieved

Reflector identification
Surface-to-BH correlation Upgoing wave studies on zero-offset VSP

Increased resolution at depth

Time-depth conversion
Enhanced velocity analysis First break studies on zero-offset VSP

Log calibration

Multiple identification _ _
] Downgoing wave studies on zero-offset VSP
Deconvolution operator

Permeability studies Tube-wave analysis reseatatyst

The prime purpose of the present VSP data is imat sediment velocities as a function of
depth. These velocities are then used in time-fikdeonversion of surface seismic data. They
are also used in estimating physical parametersiratige lithologic delineation and mapping

process by tying them with surface seismic data.

VSP data signals

Four kinds of seismic signals are detected by gplymoe (receiver) placed in a well when a

source located on the surface is activated. THggals are:

(1) Direct waves causing the first breaks,

(2) Upgoing reflections,

(3) Downgoing reflections resulting from the reflea of upgoing waves, and

(4) Tube waves.
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The first arrival on a VSP trace is a direct afrivam above. The time of this arrival, together
with the change of the time of arrival with depth geophone is used for the velocity
determination.

Tube waves can be used for permeability studietheffractured rocks (Huang and Hunter
1981). Mjelde (1992) used high resolution tube vgateereveal layers that are too thin to be

detected by body-waves.

Noise in VSP records

There may be many types of noise in VSP records filiiferent sources such as cable waves,
geophone clamping, multiple strings of well casargl resonance in multiple casing strings,
mechanical and electrical noise, drill site workivattes such as welding, stacking pipe and
metal goods, and general rig site maintenance wrelwaves on VSP data. Other factors, such
as field geometry, precise depth control, recordiggtem gain, and correct depth sampling

should be considered.

4.4.2 Instrumentation and Recording of the VSP Data

In the present VSP study a vibrator seismic sowae located close to the wellhead and a 3-
component geophone (3-C) was lowered in the weickematic cross section of a typical VSP
field layout is provided in Figure 4.26.

The two Zero-offset VSP surveys at BH3914 and BHi3®@re carried out in 2005 (Rumpel et
al. 2005a). The profile depths was from 2 to 17@md from 4 to 302 m, respectively, with a
shot point interval of 4 m, recording length 12nsl sampling rate of 1 ms. The LIAG P-wave
vibrator was applied as the seismic source andetwiver was a single-level 3-C mechanically
clamped geophone. The sweep frequency was vamedrly from 20 Hz to 200 Hz. The
vibrator seismic sources were 9.85 m and 15 m offeen BH3914 and BH3786, respectively.

Details about the field layout are provided in Teadl7.
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Figure 4.26: Schematic cross section of a typicalSP field layout indicating a survey borehole,

seismic source, receiver, wireline and recording ssmograph.

Table 4.7: VSP data acquisition: equipments and pameters.

ltem Description
Instruments
Seismic source LIAG Kleinvibrator: MHV2.7
Sweep type 50-200 Hz Linear, 10 s
Recording Instrument Aladin (Antares Datensysteme GmbH, Stuhr)
VSP-sonde Digital VSP-Sonde, type No. 1306,
3-component (x,y,z, 14 Hz )
Reference channel P=Y
Geometry
Station Interval 6m (BH3914), 4m (BH3786)
Source — borehole distance 9.8m (BH3914), 15m (BH3786)
Instrument orientation 314N
Depth measured 176 (BH3914), 302 (BH3786)
Recording
Sample interval 1ms
Recording length 12000 ms
Pre-amplitude gain Data=128, Reference=136 dB
Field format SEG Standard
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4.4.3 VSP Data Analysis and Processing

The present VSP data, Figures 4.27 and 4.28, strongsfirst arrivals and upgoing energy. The
data is also contaminated by tube waves which hause muted before the data is stacked.
Nevertheless, the reflected tube waves can givs fon more permeable zones in the geologic

formations penetrated by the well.

The VSP data is processed to reduce noise, sepasatpgoing and downgoing wavefields and
generate corridor stack sections. A standard psiogsprocedure (Balch and Lee, 1984;
Hardage 1983) is followed to process the VSP datthé two wells. Table 4.8 shows the
processing sequence applied to the present daw.VBP data were processed using the
ProMAX software which was used for processing swefaeismic data. A module in the

programme was used (VSP Module).

Table 4.8: VSP data processing sequence.

Process Description
Vibroseis correlation Correlate with vibroseis sweep
Correlation for tool rotation Separate vertical component for further processing
Trace Editing Visually inspect shots and delete excessively nsimt
traces.
Bandpass Filter Apply zero-phase bandpass filter (40-60-200-250 Hz)
Spherical divergence corrections Multiply by 1/(t*v**2)
Picking of the first arrival Calculate first breaks
Wavefield separation Subtract downgoing wave energy from the total

wavefield to yield the upgoing wave energy
Deconvolution Design inverse deconvolution filter on the downgpin

wavefield and apply to the upgoing wavefield
Two-way traveltime correction Apply twice the first-break time to shift tracestveo-

way traveltime

NMO correction Apply one way NMO correction
Stacking Stack all levels into a single trace
Slicing Cross correlate with CMP data
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First, the raw data is correlated with the vibresaveep signal. Then the rotation correction to
the 3-C data was carried out to separate the redoréveform to its 3 components (X, Y and
Z; Figure 4.27). Of particular interest in the mnesstudy is the Z or vertical component (Figure
4.28). From the Z-component raw data, bad traces wamoved and first arrival times were
picked from the raw data (Figure 4.29). Trace egatbn was applied to correct for shot

strength variation and near surface geology chamfgss spherical divergence was corrected.
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Figure 4.27: The waveform is rotated and separatetb its 3 components: X (left), Y (middle) and Z
(right) components. A: The components of the VSP @H3914 and B: The components of the VSP
at BH3786.
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Velocity Determination

Picking of the first-break times of the first aalwvaves that travel at P-wave velocity provide a
time-depth profile for the sampled interval. Thesees must be picked as consistently and
accurately as possible (see Figure 4.29). The paldor error is much greater at shallower
depths because of poor coupling between the casidghe borehole wall, which leads to lower

signal-to-noise ratios.
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Figure 4.29: Processed VSP data of BH3914 (A) andHB786 (B). First break picking for velocity

calculation is shown by red lines.
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The average velocity of the direct wave for evenyrse-receiver pair is calculated by

v=r/t (4.17)

wherev is the interval velocity in depth between the seureceiver pairs, r is the straight-line
distance between the source and the receivergrart is the first break pick time for a source-

receiver pair (see Figure 4.30).

fo=3 ] Sowce

h 4 Receiver

Figure 4.30: Cross section showing the source atdlearth's surface and a receiver at depth h. The
source is offset a horizontal distance (x) from theeceiver. This configuration can be used to derive

an average-velocity-with-depth function.

This calculation assumes that the waves travel ftben source to a receiver with no ray
bending, therefore, the error in velocity calculatdecreases with decreasing distance between

the well and the source and with increasing depth.

The interval velocities derived above are plottedrigure 4.31 along with the lithological logs.
There is a good correlation between the lithologgl &he seismic velocity data from the two
wells. The both wells show a general increase p@nd \; with depth. The increase of velocity
with depth can be related to an increase in conggadncrease in density, decrease in porosity,

and/or changes in lithological composition.

There are some parts of, \dnd \, where the velocity decreases. The decrease otitiel

seems to be associated with local changes in digjyol
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Figure 4.31: P- and S-wave interval velocities (Vand Vs, respectively; in m/s) derived from VSP
data from BH3914 (A) and BH3876 (B), correlated wh the lithological logs of each borehole.
Velocities are in m/s; horizontal lines follow themajor geological units as shown by lithological
columns. LC = Lauenburg Clay; UMC = Upper Mica Clay; ULS = Upper Lignite Sand; HC =

Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower Mica Clay.
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Obviously, clay layers show lower velocity valudsan sand layers in both Tertiary and
Quaternary formations. Therefore, higher valueddcbe related to a decrease in clay content
and the low values in velocities could be relatedather high clay content in the Pleistocene

sand.

Wavefield Separation

Although different types of waves are recorded ly YSP, only reflected P-waves (upgoing
waves) are of interest here. Therefore, the upgeiage field must be separated from the
downgoing wave field. Reflections have a slope ajipoto the first breaks. By using this
difference it is possible to separate downgoing egatfrom upgoing waves. A variety of
techniques has been developed for this purposes Wer have tried to isolate the upgoing

energy from the downgoing energy. We looked atghiferent methods for the separation:
1- Median.
2- FK filter.
3- Eigen Vector filter.

After testing the three filters the Median filteroguces the best results. Figure 4.32 shows the

separated upgoing wave fields of the VSPs at BRI281d BH 3786, respectively.

Deconvolution

Because we know both the input and the desiredub(gpsingle spike), a Wiener filter can be

designed to remove surface multiples almost corlyl€ySP deconvolution).

Moreover, the downgoing and upgoing multiples diffeainly by an additional reflection at or
near the surface (which acts as a simple interfalsejefore, the upgoing multiples pattern will
be nearly the same as that of the downgoing maftjpbo the extracted upgoing wavefields
were deconvolved to increase the frequency bantvedt suppress noise, multiples and tube
waves. The selection of a good deconvolution openatndow size is based on its ability to

collapse the downgoing energy into a single, bamddd spike. The deconvolution design
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window was 200 ms with an operator length of 20 ansl 1% pre-whitening. Using the

designed deconvolution operator, the upgoing waldgiwere deconvolved.

Stacking

The traces of upgoing VSP energy are often statigether to yield the pattern of primary
reflections for correlating them with conventiorsalrface seismic data. Only the portions just
below the well geophone are stacked in a corritiks these portions are generally relatively

free of multiples.

The upgoing wavefields were corrected to two-wayetiand the corridor stacks of the two
VSPs are shown in Figure 4.33. They are better $lyathetic seismograms made for well log
measurements for relating reflections to interfabesause the measurements are made at
seismic frequencies and are not sensitive to l@ggincertainties. Stacks of the portions of

offset VSPs involving reflection points nearesthe boreholes are also used for this purpose.
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Figure 4.32: The separated upgoing energy, using wian filter, of VSP at BH3914 (A) and BH3786
(B).
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The corridor, a short interval following the filtrival in an upgoing VSP in the two-way-travel
time, was defined and the inner corridor was muldtk corridor stack, which is a summation

of some of the traces in the upgoing VSP, is reggefive times (Figure 4.33 c and f).
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Figure 4.33: VSP results at BH3914: (a) upgoing was, (b) upgoing waves corrected to tow-way-
travel time, with top and bottom mute; (c) corridor stack repeated 5 times; and BH3786: (d)
upgoing waves, (e) upgoing waves corrected to towayrtravel time, with top and bottom mute and

(f) corridor stack repeated 5 times.
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4.5 Time-Depth Conversion of Surface Seismic Data

Time to depth conversion is a process aiming atycimg a depth model, from a time
interpretation, of underground geological strucurBach of the time to depth conversion
processes relies on an underlying assumption aogity model and shows its own limitations

when checking the calibration to the geological&tres as seen in the wells.

As a last process, depth migration is applied éotittne migrated sections. This is shown in the
Figures 4.17B and 4.18B using the P-wave velocificfions derived from VSP at BH3914 and
BH3786 (Figure 4.31), respectively. The resultireptth migrated sections of profile 4 and
profile 5 are depicted in Figure 4.34.

Compared to the time migrated sections shown imrEg 4.17 (B) and 4.18 (B), the depth

sections provided in Figure 4.34 appear clearereaedts are better resolved.
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Figure 4.34: Poststack depth migrated sections ofrgfile 4 (A) and profile 5 (B) using interval

velocity functions calculated from VSP at BH3914 aoh BH3786



4.6 Development of Workflow for Velocity EstimationOptimized for
Geophysical Characterization

The velocity is the key parameter in seismic inigagton. Obviously it is a non-linear product
of all elastic properties for a given formation. elmostly one used in characterizing the
subsurface is the P-wave velocity which is thedststassociated with compressional stress and
has longitudinal attitude of motion. The S-wave esnsecond, is associated with shear stress
and has transverse motion. In seismic explorattmn yariation of velocity reflects variation in
elastic properties of the layers and hence vanaitiolithology. Estimation of the velocity is

important to express correctly reflections on fistalcked section.

The seismic velocity is also important for convagtseismic data from the time domain to the

depth domain, as shown in section 4.5, and isaalsaid for geological interpretation.

The seismic velocity of different geological fornags can be measured in the field by using
surface as well as well logging measurements.dtss measured in the laboratory (e.g. Prasad
and Meissner 1992). In the present study an intedraeismic velocity analysis has been
carried out from field data including surface armditical seismic profiling. A simple workflow
was followed to calculate as accurate as possit@evelocities of the highly heterogeneous

Quaternary sediments in the buried valley as weihdahe surrounding Tertiary horizons.

First, a velocity analysis on the NMO correctedadaft the seismic profiles (P- and SH-waves)
was conducted using the constant-velocity-stackSCwethod as a first guess of the velocity.
The range of constant velocities used was fromt@08000 m/s for P-wave profiles and from
200 to 800 m/s as maximum and minimum boundari¢seoNMO velocities, with 200 m/s and

50 m/s step size, respectively.

Second, the stacking velocities were hand-pickexnfrthe displayed semblance plot, as
mentioned before (see also Figure 4.35), smoothddisplayed in 2-D stacking velocity fields
for P-wave and SH-wave profiles as shown by Figdt&2 and 4.23, respectively. The velocity

fields were used to initially stack the seismicadat

Third, after DMO was applied, the semblance analyss repeated on the post-DMO CMP

gathers. New stack sections were created usingewestacking velocities and compared to the
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initial stacks. The new velocity fields were usedgenerate interval velocity fields (Figure

4.13), using Dix’s equation (4.16).
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Figure 4.35: A velocity spectrum before DMO corredbn (A) and after DMO correction (B). Blue
colour represents low semblance and red colour repsents high semblance areas.{ is the RMS

velocity and V,, is the interval velocity.

4.6.1 Comparison of CMP Seismic Velocity with VSP &ta

The use of the Dix equation to convert RMS stackielgcities to interval velocities is based on
the assumption of horizontal layers and constahdcitees between the layers. Therefore,
dipping structures and vertical and lateral velosifiriations can introduce significant errors
into the resulting interval velocity fields (Hajnahd Sereda 1981). As mentioned before, most

of the errors in the interval velocities will beusad by picking errors in the RMS velocities.

In order to evaluate the accuracy of interval vitleg calculated from CMP seismic data, they
were compared with the VSP interval velocity fuoos obtained in BH3914 and BH3786. The
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comparison can be seen in Figures 4.36, 4.37 &&] where the measured interval velocity of
the CMP 800 gather of profile 4, CMP 700 gathepraffile 5 and CMP 3500 gather of the SH-
wave profile (dotted lines) are overlain by the \Waffocity measured in BH3914 and BH3786
(solid lines), respectively. In all cases the V@3adshow detailed velocity information at a few

meter depths.
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Figure 4.36: Measured interval velocity from CMP 8@ of seismic profile 4 (dotted lines) compared

with the VSP P-wave (V) interval velocity function from BH3914 (solid line).
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Figure 4.37: Measured interval velocity from CMP 7@ of seismic profile 5 (dotted lines) compared

with the VSP P-wave (V) interval velocity function from BH3786 (solid line).
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Figure 4.38: Measured interval velocity from CMP 3®0 of seismic SH-wave profile (dotted lines)

compared with the VSP S-wave (Y interval velocity function from BH3786 (solid line).

The velocity functions displayed by the VSP datavshmore detailed information about
velocity variations with depth than that shown l®joeity functions of the CMP data. However,
both velocity functions show an increase in velpaitith depth which can be related to
variations in porosity and/or density. Discrepagsdievelocity values between the two velocity
functions can be seen at depths less than 100aasi& of the P-wave data. Incase of the SH-
wave the matching between the VSP velocity functiod the CMP velocity function is higher.
The discrepancies can be related to the way thefwaw has propagated in this part. However,
the comparison between the VSP interval velocitcfions and the interval velocity functions
of the CMP gathers shows that the velocity analgdishe surface data produced reliable

velocity functions which can further be used inrelaterizing the subsurface.

108



Chapter 5: Interpretation

5.1 Seismic Interpretation of P-Wave Profiles

Interpretation of geophysical data is deriving e, plausible geologic model that is
compatible with all observed data (Sheriff, 200B)e model is never unique and refining it
involves a sequence of somewhat arbitrary choi€ée. interpretation of a seismic profile

requires integration of the seismic section, vejocinformation, and lithological and

geophysical logs from nearby boreholes. Interpiatats also dependent on some general
geological and geophysical characteristics of thiessrface formations that are known from
studies in the area of interest or similar areasvéVer, in the present area of study, only few
deep boreholes that are near the seismic linesedlsas a few previous geological and
geophysical studies have made accomplishing abtelianterpretation of the seismic lines

difficult. Moreover, chaotic reflections are domman the glacial sediments that fill the valley.

The interpretation of the two seismic sections mffiie 4 and profile 5 is based on the depth

migrated sections displayed in Figure 4.34.

5.1.1 Profile 4

Profile 4 begins from the west side of the vall®anTangstedt village and runs eastwards
along an agricultural road to terminate at its east near Hasloh village on the west periphery
of the salt dome Quickborn which sits close to sheface in the east side of the valley (see
Figure 2.3). This profile is parallel and 1 km teetnorth of profile 5 (see Figure 1.3). The
length of this profile is about 3.4 km.

The detailed migrated seismic section reveals gotexrstratigraphic and structural framework
in valley fill sediments which extend between CMPamd CMP 750 (Figure 5.1).

One of the most prominent features in the seismitian is the bottom of the valley (event a)

which is characterized by a high amplitude reflactsignal and dipping from both the east and

109



west peripheries of the valley towards the axithefvalley. The maximum depth of the valley
is about 450 m - that is below CMP 200. The vaitegpproximately 2 km wide.

The dominant feature is the regional dipping of Trestiary horizons to the west direction

which is visible throughout the entire section. Tdegree of dip of the Tertiary horizons

increases with depth in the right side of the sectvhich indicates the location of the salt dome
in this part of the section. The valley sedimeiitafso shows conflicting dips from the east to

the west between CMP locations 760 and 510 and fnemwest to the east between CMP 260
and CMP 510 (events b and c, respectively).

In the valley secondary valley features are setwdmn CMP 150 — 250, from 50 — 75 m depth
(event b); CMP 600-750, 50-110 m depth (event @) lastween CMP 320 — 660, 25 =75 m
depth (event d). Beside of the mentioned featuigh Bnd less reflective packages can be
defined in the valley fill.

A well-defined event in profile 4 is a shallow eggtion with at depth of about 50 m. The event
appears as a flat event throughout the entiresecdtnd its position agrees with the boundary

between recent Holocene and Pleistocene.

A part of the valley in profile 4 between CMP 12€@daCMP 250 from 150 m to the bottom of
the valley is dominated by chaotic seismic facies.

The Tertiary horizons rise to the Quickborn salindoin the east. It is found that at CMP 900
the basis of the Quaternary is at 50 m (Figure Bdsis of the Upper Mica Clay is 100 m; basis
of the Upper Lignite Sand is 130 m; of Hamburg cieyl30 — 145 m; basis of the Lower
Lignite Sand is 300 m; the Lower Mica Clay is mtdran 300 m deep. There are obvious breaks
in the continuity of the seismic horizons of Tenfiatrata. These discontinuities in the horizons
are interpreted as fault planes and they are mariedhshed vertical to semi vertical lines in
the seismic section.

110



A L Common Depth Point E

b
g by

77

T

[€lcay Bl Tu [ES]sand —

Figure 5.1: A: Migrated depth section of profile 4and B: geological interpretation of the migrated
section showing identification of reflections withBH3914 superimposed. Dashed vertical to semi
vertical lines represent interpreted fault/fractures planes.a is the valley floor; b, ¢, and d are
secondary valleys; Unit5, Unit4, Unit3, Unit2 and Witl are interpreted seismic facies of the valley
fill. Tertiary units: LC = Lauenburg Clay; UMC = Upper Mica Clay; ULS = Upper Lignite Sand;
HC = Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower Mica Clay.
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5.1.2 Profile 5

Profile 5 begins from the west side of the vall@uth of the Tangstedt village and runs
eastwards along an agricultural road to termingits @ast end near Winzeldorf village near the
west periphery of the salt dome Quickborn. Thidifgras located south of profile 4, 1 km apart

from it. The length of this profile is about 3.0 km

The detailed migrated seismic section reveals gotexrstratigraphic and structural framework
in valley fill sediments which extends between CRI® and CMP 1200 (Figure 5.2).

One of the most prominent features in the seismitian is the bottom of the valley (event a)
which is characterized by a high amplitude reflattsignal and is dipping from both the east
and west peripheries of the valley towards its.akiee maximum depth of the valley is about
450 m - that is below CMP 600. BH3786, located &FC780, taps the valley bottom at 412 m.
The Ellerbek valley is roughly 2.5 km wide.

The regional dipping of the Tertiary horizons te tlvest direction is also evident in profile5
with less degree compared to that in profile 4. Vakley sediments fill also shows conflicting
dip from the east to the west between CMP locat&iitsand 600 and from the west to the east
between CMP 500 and CMP 600

In the valley secondary valley features are sedéwdsn CMP 500 — 750, from 50 — 100 m
depth (event b) and CMP 1030-1150, 50-150 m deetent c). Beside of the mentioned
features high and less reflective packages carefiieedl in the valley fill. Strong reflections are

present at depths of about 60 and 90 m in the ypgeiof the valley.

The seismic unit (LC) is interpreted as Lauenbulay@vhich is confirmed by BH3786. Other
strong reflection events are not evident in theehole lithological log and show a gentle
dipping from east to west. These events can bepirgted, through gamma-ray log, as being
due to lithological changes and/or erosional sedaé\lso they can be interpreted as being due

to changes of compaction in the sediments.

A part of the valley in profile 5 that is betweeME 450 and CMP 650 from 150 m to the
bottom of the valley is dominated by chaotic setsfacies. The location of this structure in this
profile seems to be an extension to the same phemmmin profile 4. This structure might be

interpreted as a deep secondary valley which twspteviously deposited glacial sediments.
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Strong breaking and displacement of Tertiary harizdo the left of the valley, are shown by
the section. They are interpreted as verticaléey dipping fault planes and marked by solid
lines. These faults or some of them are most pigldle to erosion of Tertiary sediments by
subglacial meltwater (or may be due to meltingrofaeberg), which formed a space with steep
dipping walls and made the Tertiary horizons tgbled by gravity force resulting in breaking

and swelling of these horizons.

5.2 Combined Interpretation of P- and SH-Wave Profes

The P-waves clearly image the sediments in andideutthe valley but fail to trace the

boundaries in shallow levels and some fault planeSertiary sediments. Some geological
features in the shallowest units were also diffidal interpret on the P-wave sections. The
ability to resolve shallow subsurface sedimentsritgcal for groundwater pollution assessment

since such sediments protect the groundwater froface contaminants here.

Figure 5.3 displays a part of the P-wave profil@eft) and the SH-wave profile. Both have
been scaled to match horizontally and verticallge ©bvious features in both profiles is the
Quaternary — Tertiary boundary which dips from wésdt 140 m depth) to east direction.
Layering of Quaternary sediments below 50 m is enidin both profiles, while shallower

layers can be traced only on the SH-wave profilults can be traced on both profiles. An
integrated interpreted geological cross sectioshiswn in Figure 5.4. The geological features

traced on both profiles are compiled in this gemalgcross-section.
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Figure 5.2: A: Migrated depth section of profile 5and B: geological interpretation of the migrated
section showing identification of reflections withBH3914 superimposed. Dashed vertical to semi
vertical lines represent interpreted fault planes.a is the Ellerbek valley floor; b and ¢, and
secondary valleys; Unit5, Unit4, Unit3, Unit2 and Witl are interpreted seismic facies of the valley
fill. Tertiary units: LC = Lauenburg Clay; UMC = Upper Mica Clay; ULS = Upper Lignite Sand;
HC = Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower Mica Clay. The double arrow line

above the section highlights the corresponding lotian of the SH-wave section.
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Figure 5.3: A: Part of profile 5 that is analogousto SH-profile (CMP 291 to CMP 595; left panel)
and the SH-wave profile (right panel). Both are imged and vertically positioned so as depths
correlate (common mid-points numbers on P- and SH-awve sections are different). B: the seismic
sections are overlain by geological interpretationPrincipal interpreted stratigraphic boundaries
and faults are marked. Boundaries on the SH-profilesshow an interpreted shallow reflection in the
Holocene sediments (purple horizontal line super igosed on two sections). Black vertical lines
represent faults interpreted from both sections wHe purple vertical lines represent faults
interpreted only from SH-waves. The oval shape orhe bottom right of the two sections compares

the reflection configurations which are chaotic inthe P-wave section and well horizontal in the SH-
wave section.

115



Comumon Mid-point Number

W 350 450 550 E
D i i i
B |
~aalian !
LC
Wt — — — __“"""--..lm_
e T
- o~ Uni?
= — '-ﬁ
E 2004 UNG "h-‘_-_"""'-...._ e -
= i e Unia
= “~ e
‘\. Hﬁ_ -1
300
uLS Unit4
HC [ S —— -
LLS / TN Units
400 -

Figure 5.4: Geological model along seismic profild (between CMP291 and CMP595) based on the
integration of P- and S-wave depth sections. Purpleoloured lines, both faults and geological
boundaries, are interpreted only from the SH-wave pofile. Unitl to Unit5 are layers interpreted in
Quaternary sediments bounded by unconformities (daéd thin lines). LC = Lauenburg Clay; UMC

= Upper Mica Clay; ULS = Upper Lignite Sand; HC = Hamburg Clay; LLS = Lower Lignite Sand.

5.3 Integrated Interpretation

Combined data analysis and interpretation apprsadie/e become a good practice in
subsurface characterization. By combining differgadphysical methods in conjunction with
geological and/or hydrogeological data charactédmaof the subsurface structure and
processes can be improved.

5.3.1 Surface Seismic and VSP Data

The zero-offset VSP data is directly comparabléhtoCMP seismic data by splicing the VSP
corridor stack section into the surface seismitieecFigure 5.5 shows the corridor VSP stack
at BH 3914 compared to the seismic reflection prafiat CMP 820. A prominent reflection at
125 ms is the top of the ULS. The reflection frdme bottom of the ULS/ top of HC and from
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the bottom of HC/ top of LLS at times of approxielgt165 ms and 175 ms, respectively, are
coherent in both surface seismic and VSP data.riéssef high amplitude reflections around
and below 200 ms are evident within the LLS layehjch suggest velocity and/or density
variations within the LLS layer. There are no refiens on CMP data that compare in relative

amplitude. There are, however, lower amplitudeegfbns of CMP data.
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Figure 5.5: VSP corridor stack section at BH3914 diged into the profile 4 seismic section (CMP
820) showing close match of Hamburg Clay (HC) reftgions. Other reflections around and below
200 ms, within the Lower Lignite Sand layer, are edent in the VSP and to lesser degree in the
seismic section of profile 4.
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The VSP at BH3786 is compared to the seismic g&fihs shown in Figure 5.6. The bottom of
the Pleistocene sediments is confirmed to be mha of 450 ms, as shown previously, on the
CMP stacked section of profile 5 (Figure 4.17). éherent reflection marked by the arrow in

Figure 5.6 is evident on both datasets. The réfledtom top of the LC has higher reflectivity

on CMP data and low on VSP data. The base of théslgbvious on both the CMP data and
the VSP. A series of lower amplitude reflectionanfr300 to 450 ms seems to match well and
are indicative of the lithology, the velocity anor /[density variations within the Pleistocene

sediments.
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Figure 5.6: VSP corridor stack section at BH3786 diged into the profile 5 seismic section (CMP
780) showing a good match of the base Quaternary #&Be Q) signature. An excellent match is also

found at 300 ms; the arrow on the right side marks coherent reflection of both datasets.
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5.3.2 Surface Seismic and SKkyTEM Data

Figure 5.7 shows a SKyTEM resistivity cross-sect@bong a flight line close to the seismic
profile 4 superimposed by the interpretation ofss®gc profile 4 and the lithological log of
BH3914. Most of the seismic interpretation bounelmare in good agreement with the SkyTEM
resistivity cross-section. The LC as interpretemfrseismic data and confirmed by BH3876 is
in agreement with the resistivity section whichwhdhis layer in the depth range between 60
m and 80 m with 5 to 28m.

Figure 5.8 shows a SKyTEM resistivity cross-sectong a flight line close to the seismic
profile 5 superimposed by the interpretation ofssgc profile 5 and the lithological log of
BH3786. The seismic interpretation boundaries areelasonable good agreement with the
SKyTEM resistivity cross-section. The LC as intetpd from seismic data and confirmed by
BH3876 is in agreement with the resistivity sectiamich shows this layer in the depth range
between 60 m and 90 m with 5 to 28n. The bottom of the seismically interpreted unis 1
clearly confirmed by the resistivity data near Bid3786 which shows a high resistive layer
(100Qm) extending from the bottom of the LC at 90 m dejpt about 150 m depth. This layer
(Unit 1) can be considered as a good aquifer, neagalmds with fresh water and covered by LC.
Seismic Unit 2 can only be seen in the resistigggtion close to the BH3876; there it has a
resistivity of 20 to 402m. This layer can be classified as a poor aquiéengared to seismic
Unit 1.

The valley boundary in the west side is well mappgdseismics and confirmed by the

resistivity profile.
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Figure 5.7: SkyTEM resistivity cross-section acrosthe valley along a flight line close to the seismi

profile 4 superimposed by seismic interpretation oprofile 4 to 300m depth, and lithological log of
BH3914. LC = Lauenburg Clay; UMC = Upper Mica Clay; ULS = Upper Lignite Sand; HC =
Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower Mica Clay; C=clay
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Figure 5.8: SKyTEM resistivity cross-section acrosthe valley along a flight line close to the seismi

profile 5 superimposed by seismic interpretation oprofile 5 to 200 m depth, and the lithological log
of BH3786. LC = Lauenburg Clay; UMC = Upper Mica Cly; ULS = Upper Lignite Sand; HC =
Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower Mica Clay; C=clay
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5.3.3 Seismic Data, Lithology and Well Log Data

Well logging is a technique used to make continumudiles or point measurements of some
physical and chemical properties of the surroundouks at discrete depths down a well. The
measurements are made by lowering different typgwabes (a sensor connected to a cable)
into the well. Well logging techniques include stisiity, gamma-ray, etc. Log interpretation is
carried out by examining the magnitudes of the n@dponses for clues to the lithology. The
gamma log (Figure 5.9 E) responds to clay contemd, the resistivity log response (Figure 5.9
F) is inversely proportional to water content/pagoand also to clay content. A low resistivity
coupled with high gamma-ray response, for exampldjagnostic of clays. Aquifers, of clean
sands and gravels, are characterized by relativigly resistivity and low gamma responses.

The texture of the logs provides hints to the déjmosl environment.

Figure 5.9 (1) shows the results of seismic profileVSP at BH3914 and the lithological
column of the same borehole. Resistivity amdy logs and gamma-ray pattern are also shown.
The Hamburg Clay (between 160 and 175 m depthherithological log correlates very well
with the seismic data. Below 200 m there are nmgés in the lithological log shown, but there
are changes in gamma log and seismic data. Therefos changes in acoustic and radioactive
properties can be related to changes in porositjoanithology, because gamma ray changes
with clay content and hence, porosity. VSP showeflaction below the depth of the well. This

is one of the benefits of VSP applications in imagsubsurface below drilled holes.

Figure 5.9 (2) shows the results of seismic profilethe VSP corridor stacked section at
BH3914 and resistivity and gamma logs and gammasadtern. Holocene sediments shown by
borehole logs and other geophysical data as hetereagls zone extend from the surface to the
top of the LC at depth 60 m. The Lauenburg Claglaiut 60 to 90 m in the lithological log
correlates well with the seismic data, resistidtyd gamma logs. The bottom of Unit 1 (top of
Unit 2), as interpreted from seismic section, gitdeof 150 m is shown by almost all data sets
except the lithological log. The bottom of Unitt®g Unit 3) at about 220 m depth is shown by
seismic data as well as by the gamma-ray log. fAtld@50 m, bottom of seismic Unit 3 (top
seismic Unit 4), is shown by all data. The bottdntait 4 (top Unit 5) at about 300 m depth is
clearly confirmed by all datasets. Unit 5 is boteahat the base of the Quaternary which is only
shown by seismic sections and confirmed by lithmlalglogs. The chaotic seismic Unit 5 at the

bottom of the valley may be gravel to coarse sard (utz et al. 2009).
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Figure 5.9: Seismic results of profile 4 (1) and mfile 5 (2) and lithological and geophysical logsfo
BH3914 and BH3786: (A) part of seismic reflection epth section; (B) VSP corridor stack section;
(C) lithological log (D) Gamma ray patterns; (E) Ganma ray log and (F) Resistivity log.
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Chapter 6: Estimation of Physical Parameters

6.1 General

In chapter three some physical characteristicociks are discussed. In the present chapter the
challenge of estimating those physical parameters - and S-wave velocity functions with
depth, derived from borehole and surface seisniag, deill be taken up. The properties of the
sediments are estimated and discussed in relatigartation with depth. The parameters to be

evaluated include:

. Petrophysical parameters (porosity, clay contedtdansity),
. Hydraulic Conductivity and

. Elastic parameters (shear modulus, bulk modulg}, et

Keeping in view the geological models interpretednf surface seismic data, each
sedimentary layer can be assigned an average wvéltree above physical properties.
The values of different physical parameters eseahan the present study should be

considered as approximation.

6.2 Petrophysical Parameters

6.2.1 Porosity

Porosity of unconsolidated rocks can be estimatech foorehole as well as surface seismic
measurements using velocity — porosity empiricidti@nships which have been discussed in
chapter 3. These relationships are mostly limitedertain types of rocks and/or to areas where
they were derived. Some relationships require scomsiderations to be reliable, e.g. the rock
most be isotropic (equation 3.1 after Wyllie et #056). Still, some velocity-density relation-
ships may be applicable to the present QuaternadyTartiary sediments, e.g. equation (3.3)
after Morgan (1969).
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Using velocity information derived from VSP dataqsities are calculated for sediments in and
around well BH3914 and BH3786. The results aretgdbin Figure 6.1 A to be correlated with

other parameters and with the lithological logs.

The velocity-porosity relation after Morgan (1968ave irrational results for Holocene
sediments in BH3914 (0-70m depth). Therefore, tonede the porosities of sediments in this
range; equation 3.4 (after Salem 1990) has beeredppsulting in reliable porosity values for

this part of the subsurface.

The porosity log of BH3786 shows a general decraasporosity with depth within the
Pleistocene sediments, whereas, the porosity IdgeoTertiary sediments in BH3914 does not
show clear variations with depth. However, variasian porosity within individual lithological
units are evident here. The average values of jiprfos different lithological units is given in
Table 6.1. Porosities of Quaternary unit 5 andidertLLS and LMC have not been estimated

since they were not measured by VSP.

6.2.2 Clay Content

The clay content is estimated from gamma-ray logssured in BH3914 and BH3786. The
estimates of the clay content are obtained thragations (3.8) and (3.9) and are shown in
Figure 6.1 D. The Figure shows the clay contenthef Quaternary sediments invaded by
BH3914 and the clay content of Tertiary sediment8BH3786. It is obvious that the clay
content is very high in Quaternary and Tertiaryelalayers (Lauenburg Clay and Upper Mica
Clay, respectively) in which the clay content i90% close to the wells. Pleistocene sands as
shown by the lithological log of BH3786 (Figure 6(2)) show the lowest clay content
compared to the clay content shown by Tertiary sghigbper Lignite Sand and Lower Lignite
Sand). In Pleistocene sands the clay content iatdi% whereas, in Tertiary sands it is up to
15%. This reveals that the Pleistocene sands hatterkhydrogeological properties than the

Tertiary sands.

6.2.3 Density

The validity of velocity-density relationships imited to specific lithologies or a certain depth

interval. The relationship between P-wave velo€ity) and density () derived by Hamilton
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(1971; equation 3.12) for soft, unlithified (marjneediments from 0 to 500 m depth is

considered to be applicable for the present enmigont.

Using this formula the density of the Tertiary a@daternary sediments is calculated from P-
wave velocities derived from VSPs in BH3914 and BHR The resulting velocities are plotted
in Figure 6.1 B. The Figure shows a general in@easlensity with depth in BH3786 whereas
BH3914 does not show such phenomenon. Density foBH3914 shows sharp variations.
These variations can be related to variations timliogical compositions as shown by the
lithological log. Clay layers (UMC & HC) show highdensity values but sand layers (ULS &
LLS) show smaller density values. Density log in3186 shows smooth variation with depth
as well as variations within formations. This snfootcrease may be related to an increase in

compaction, matrix density or pore fluid densitglwdlepth in the Quaternary sediments.

Higher density values are shown by till in the kwaér part of both wells, while, the LC in
BH3786 shows lower density. Variations in densityhim individual sediment units may be
related to lithological variations. The averageuesl of density of different sediment units are
provided in Table 6.1. The density values of LL8 &MC are compiled from Gabriel (2006).

6.3 Hydraulic Conductivity

Hydraulic conductivities of different Quaternarydafertiary sediments in the study area are
estimated using the hydraulic conductivity — velpaielation (equation 3.16) after Fechner,
(1998).

The results are shown in Figure 6.1C. It can ba& skeat Holocene sediments (till and silt) as
well as LC and HC are characterized by low hydmactinductivities, whereas, sand formations
are characterized by higher hydraulic conductisitidNevertheless there are variations in
hydraulic conductivities within single units, e.Bleistocene sand in BH3786 has various
hydraulic conductivities below 200 m. ULS in BH394Hows low as well as high values of
hydraulic conductivities. These variations in hydi@ conductivities can be related to

variations in lithology.

Table 6.1 shows also the average hydraulic condtie of the Quaternary and Tertiary
sediments penetrated by BH3786 as well as BH391d.|@west value is shown by LC, about

6*107 (m/s), whereas the highest value, about 6.9*@@/s), is shown by Quaternary sands.
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Figure 6.1: Results of physical and petrophysical grameters calculation from P-wave interval
velocity function (1): at BH3914 and (2): at BH3786(A) Porosity log calculated using the velocity —
porosity relation after Morgan (1969); (B) Densitylog calculated from V, interval velocity function
derived from VSP data using the velocity-density epirical relation after Hamilton (1971); (C)
Hydraulic conductivity calculated from velocity values using the equation of Fechner (1998), (D)
Clay content calculated from gamma log using equath 3.9 (after Western Atlas 1985); and the
lithological logs of BH3914. LC = Lauenburg Clay; 5 = Pleistocene Sands; UMC = Upper Mica
Clay; ULS = Upper Lignite Sand; HC = Hamburg Clay; LLS = Lower Lignite Sand; LMC = Lower
Mica Clay.
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Table 6.1: Average porosity, density and hydraulicconductivity values of the different geological

units in the study area from empirical calculations

Lithological unit Porosity Density Hydraulic conductivity
(in fraction) (kg/n?) (m/s)
Holocene 0.38 1929 5*10
Lauenburg Clay 0.58 1935 6*10
Unitl 0.44 1795 3*18
Pleistocene Unit2 0.24 1950 8*10
Sands  Unit3 0.21 1790 9*18
(Quaternary) Unit4  0.10 1975 20*16
Units = ----- 2050 69*10
UMC  0.47 1820 10*18
ULS  0.46 1810 9*18
Tertiary HC 0.45 1840 4*19
LLS = - 1858 25*10
LMC - 1858

6.4 Elastic Parameters

6.4.1 Elastic Moduli

Elastic moduli, in particular the shear modulus ¢pg bulk modulus (k), Young’s modulus (E)
and Poisson's ratio are calculated using P- an@v@wnterval velocity functions (vand \%)
derived from Vertical Seismic Profiles at BH3914daBH3786 and calculated density data
(sections 4.4 and 6.2).

The shear modulus (u) is calculated using equat®®l). The calculated shear modulus
functions at BH3914 and BH3786 are shown in Figu@&A. The two Figures show a general
increase of the shear modulus values with deptls iflgrease is likely to be related to some

increase of the sediments hardness due to incoéasenpaction with depth.

The bulk modulus is calculated using equation (8.Z3he results of the calculated bulk

modulus of sediments penetrated by BH3914 and BBIZi#8 also given in Figure 6.2B. The

results show some increase of the bulk modulusegalith depth especially by Quaternary

sediments at BH3786. The increase of the bulk mmzdwith depth can be related to the

increase of seismic velocity with depth as weliragease in density and decrease of porosity
with depth.
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Using equation (3.27) Young's modulus is calculafed Tertiary and Quaternary sediments
from the P- and S-wave velocity and density funtiof BH3914 and BH3786. Poisson's ratio
is calculated using equation (3.29). Calculatedeslas functions of depth of Young’s modulus

as well as Poisson’s ratios are provided in Figy2C and D. the average values of elastic
parameter values for different sediments unitgaogided in Table 6.2.
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Figure 6.2: Elastic moduli derived from P- and SH-vave velocities (\ and V) and densities
measured (1): at BH3786 and (2): at BH3786. A is ¢hrigidity modulus, B is the bulk modulus, C is

Young's modulus and D is Poisson's ratio. LC = Laugburg Clay; PS = Pleistocene Sands; LMC =
Lower Mica Clay.
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Table 6.2: Average values of elastic parameters dfifferent lithological units observed in the

Ellerbek valley and it's surrounding Tertiary horiz ons.

Lithological unit U (MPa) K (MPa) E (MPa) c
Holocene 0.15 5.0 0.7 0.47
Lauenburg Clay 0.23 3.8 0.65 0.48
Unitl 0.28 4.5 0.83 0.47
. Unit2 0.39 55 11 0.47
P'fgt‘;ig?farsy?”ds Unit3 0.55 5.5 16 0.45
Unit4 0.68 6.5 2.0 0.45
Unit5
uMC 0.30 5.0 0.8 0.31
ULS 0.42 4.8 1.2 0.30
Tertiary HC 0.54 5.1 1.6 0.31
LLS
LMC

6.4.2 \,-Vs Relations

Vp versus ¥

To study the correlation between &d \ the values of the two parameters measured by VSPs
are crossplotted in Fig.6.3. Although the data {moiare somewhat dispersed, the P-wave
velocity still correlates linearly with the S-wawelocity. Using the least-squared regression
method, the linear relations derived from VSP vigyoftinctions of BH3914 and BH3786 are,

respectively:

Ve =0.23V, + 24.0 (m/s)
V¢ = 0.65\} — 696 (m/s)

V, and \, generally increase with depth, e.g. due to a @seravith porosity. Figure 6.3A
shows \4 versus \ of BH3914 data. A medium correlation’(R 0.5) is shown between,\&nd
V.. R is the correlation factor. Obviously, Tertiary sednts are dominated by high, ¥nd \,
values. On the other hand Quaternary sedimentsir@ig.3B) are dominated by lowey, ¥nd
V; velocities. This can be related to low porositd #mus less hydraulic conductivity in Tertiary
sediment compared to high porosity and possibly Higdraulic conductivity in Quaternary

sediments.
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Figure 6.3: The plot of P-wave velocity () versus S-wave velocity (Y of BH3194 (A) and BH3786
(B). The regression linear functions are: \=0.23\,+24 (m/s) and \(=0.65V,-696 (m/s), respectively.

These equations represent the lines in the FigureR? is the correlation factor.

V/Vs ratios

V/V; ratios versus depth are calculated by dividingby Vs interval velocities versus depth
functions derived from VSP data from BH3914 and BBR (see Figure 4.31). The calculated
V/Vs values versus depth at the two boreholes are showigure 6.4. Average Y Vs and
V/Vs values are given in Table 6.3.

It is obvious that the YV, ratios decrease with depth (Figure 6.4). Howewéhin units, there
sometimes increases of thg/V; values are observed M data versus depth can be divided
into two types: steep variations found from toghad well to bottom of Holocene deposits, and
gentle variations from bottom of the Holocene te émd of the measured depth of the wells. A
pronounced increase in¥ values can be observed within Pleistocene sartsigeba depths
150 m and 200 m. This is due to the increase jnn\this zone, which may be related to a
change in lithology.

V/V; ratios range between 3.0 and 5.0 in Tertiary dsageQuaternary sediments (Table 6.3).
This range is close to that described in the liteeafor saturated unconsolidated sediments
(Gardner and Harris, 1968; Eastwood and Casta@&3; Meissner et al. 1985).
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Figure 6.4: P-wave and S-wave velocity ratio (YV,) versus depth and lithological logs of BH3914
(A) and BH3786 (B) showing a general decrease in,¥ ratio with depth. LC = Lauenburg Clay;
UMC = Upper Mica Clay; ULS = Upper Lignite Sand; HC = Hamburg Clay; LLS = Lower Lignite
Sand; LMC = Lower Mica Clay.

Table 6.3: Average values of Yand Vs (in m/s) and of P-wave and S-wave velocity ratiov(/V)
ratio for the Quaternary and Tertiary units. P-wave velocity (V,) and S-wave velocity (\) values

have been derived from VSP data.

Lithological unit V, (m/s) Vs(m/s) Vp/Vs
Holocene 1650 340 5.0
Lauenburg Clay 1590 370 4.3
Unitl 1660 410 4.1
Pleistocene Sand Un!t2 1780 440 4.1
(Quaternary) Un!t3 1800 530 3.4
Unit4 1870 570 3.3
Unit5 2000* 650* 3.1
umMC 1700 390 4.4
ULS 1710 470 3.7
Tertiary HC 1680 450 3.8
LLS 1900*
LMC

Note: values marked by stars have been estimatedoim surface seismic data since they were not
measured by VSP.

132



2-D V,/V, ratios can be calculated by dividing the 2-D in&velocity of P-wave profile 5 by
the 2-D interval velocity field of SH-wave profil@he 2-D P-wave velocity field used in
calculating 2-D V/V; ratios is the part of the field extending betw&wP 300 to CMP 600 to
depth of 500 m to match the 2-D SH-wave velocigldi Figure 6.5 shows that all the, W,

and \,/V fields vary vertically as well as in lateral ditens.

The V, field (Figure 6.5A) shows velocity values rangimgtween 1350 and 2850 m/s. It shows

a general increase of velocity with depth and eadibided vertically into three zones:

- Low velocity zone from 0 to 200 m depth,
- Medium velocity zone from 200 to 400 m, and

- High velocity zone from 400 to the end of the smrti

There is a clear anomalous velocity zone acrossTémiary-Quaternary boundary below
CMP500 at 400 m depth with average velocity of 14@8. Looking horizontally at the vV
velocity field it can be seen that the Tertiarynfiations have higher velocities than the

Quaternary formations.

The V; velocity model (Figure 6.5B) also shows a generalease of the velocity with depth. It
shows a better resolution of the velocity changg,horizontally there are large differences in
velocity distributions. A low velocity anomalousreis found within the Quaternary part at

about 150 m depth with average velocity of abouit B0s.

The V,/V ratio range (see Figure 6.5C) calculated fromehedocities varies vertically as well
as laterally. The 2-D YV, ratio field shows a better distinction betweerfedt#nt formations. A
general decrease in ¥ ratio is evident. The shallow part shows homogeselateral
variation whereas the deep part shows more heteettgein V,/V, ratio values. The ratio
variations fit the Tertiary-Quaternary boundaryeTWalues vary between 2.0 and 6.8, with an
average value of 4.0 which is typical for shallomopconsolidated materials. A low,NV/ ratio

is evident in the bottom of the Quaternary sedisient
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Figure 6.5: 2-D interval velocity fields of P-waveprofile 5 (A), SH-wave (B) and the P-wave and S-
wave velocity ratio (V/Vs) (C). The 2-D P-wave interval velocity is resampté(between CMP300 to
CMP600) to match the 2-D SH-wave velocity field. Alfields are superimposed by the integrated
interpretation of P- and SH-wave seismic data showim Figure 5.4.
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Vp/Vs versus depth

A general decrease of s with depth is observed in the two wells. This fiela is
demonstrated in Figure 6.6. Examples of regredanas for the wells are given in Table 6.4.
The lines are fit from top to bottom of the measuTertiary and Quaternary at BH3914 and
BH3786 respectively.

I I ) I T T T
(] 100 200 300 400 o 100 200 300 400
Depth (m) Depth (m)

Figure 6.6: P-wave and S-wave velocity ratio ¥V versus depth from BH3914 (A) and BH 3786
(B). The regression lines, fit over the whole welare shown (/V=-0.01z+5.1 and WV =-0.7z+5.2,
respectively, when z is the depth in meters).

Table 6.4: Representative line fit equations for YV, versus in BH3914 and BH3786.

Well Representative line fit equation; z in meters
BH3914 W/V=-0.01z+5.1
BH3786 WV=-0.72+5.2

Vp/Vs versus and Vs

Figure 6.7 shows W, versus { as a cross-plot. The plot demonstrates that sedarere
significantly separated into clusters. Tertiaryyslare better discriminated from Tertiary sands
as shown in Figure 6.7A compared to the discrinmmabetween Quaternary clays and sands as

shown in Figure 6.7B. The data plotted in Figuréd e provided in Appendix (A).
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Figure 6.7: P-and SH-wave velocities are determinedsing full waveform VSP from BH3914 (A)
and BH3786 (B). Plots of P-wave and S-wave velocitgtio (V,/Vs) versus P-wave velocity () show

tendency of the data to form clusters which correlte to certain types of sediments.

Figure 6.8 shows the plots of /M versus \{. The plots show that, the Quaternary sediments
show higher correlation between/Vs and \, (R? = 0.9) than Tertiary sedimentsiR 0.6).
The plotted data in this Figure is provided in Apgie A.
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Figure 6.8: Correlation between P- and S-wave veldg ratio (V pNS) versus S-wave velocity (Y
from BH3914 (A) and BH3786 (B).
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Chapter 7: Discussion

7.1 Overview

Over the last few decades geophysical methods bbeee used extensively to aid in solving a
wide range of hydrogeological problems. Taking adage of the fact that the different
geophysical methods are sensitive to different s, the geophysical methods are used in
solving three main objectives: hydrogeological magphydrogeological parameter estimation

and hydrogeological monitoring.

The main goal of the present study is to use aygiated approach of geophysical methods to
image and characterize the Quaternary aquifertatiaj sediments that fill the Ellerbek Buried

Subglacial valley as well as the surrounding Teytheorizons.

Geophysical data acquisition, processing and img¢gipon were highlighted in the previous
chapters. This chapter discusses the result ofyttophysical methods applied to image and
characterize the Quaternary aquifer systems inrtigle Valley and its surrounding Tertiary
sediments. Integrated interpretations of geophygieda as well as correlation with other

similar and related studies are also discussed.

7.2 Surface Seismic Profiling

Processing of the P-wave seismic profiles

2-D high resolution shallow seismic reflection led were acquired over high complex
structure filled and covered with heterogeneousiglasediments; therefore it required much
effort to generate improved images of the subsarféc seismic processing stage standard
processing operations have been applied to thengetkata. But significant improvements have
been achieved by applying dip-moveout (DMO) proicessTo image reflections in regions of
such high structural complexity it was necessaryesort to either partial pre-stack depth
migration or DMO processing (Hale 1984). Deregowdki86) claimed ten benefits for DMO
processing however, common offset f-k DMO schenifier(@otfors and Godfrey 1987) was

tested which has improved the seismic data by edition of dipping effects and attenuation of
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noise. The partial migration character of the DMg@2mtion suggests it is best applied before
doing the velocity analysis and the stack (Veek@d72. Significant improvements of velocity
spectrums were observed after application of DM&2 (Sigure 4.35) which can be related to the
improvement of the seismic data due to noise adbou by DMO. Consequently, this resulted
in improvement of the migrated seismic sectionsottmer words, application of DMP lowered
the level of migration noise (Notfors and Godfr&38T). It was observed that DMO followed
by post-stack time migration becomes approximagejyivalent to pre-stack migration, but at

significantly reduced computing cost (Jakubowic9Q).

Conventional velocity analysis of CMP gathers afeg. Sheriff and Geldart 1995; Yilmaz
2001) was carried out on the seismic data to caeuthe interval velocity functions.
Consequently, a simple and effective workflow falocity estimation was developed. This
workflow comprises three steps: (1) CVS analysee (Baker 1999) was done first to select
certain velocities for certain reflections; (2)léating Yilmaz (2001), semblance gather analysis
was conducted before and after DMO applied to Seigtata and (3) the resulting RMS
velocity functions were converted to interval vélpdunctions by Dix’s equation (Dix 1956).
The reliability of the interval velocity functiorderived from surface seismic data was checked
by interval velocity functions derived from VSP dal here were good correlations between the
velocity functions.The common offset FK DMO data were then stackedgushe RMS
velocity functions resulting in good stacked sawiioThe NMO stacked sections in Figures 4.15
and 4.16 reveal complex structures characterizeditigactions or bowtie reflections which

required migration processing to be eliminated.

Migration process greatly improved the images o seismic profiles by collapsing the
diffraction events in their apex and repositioniee seismic reflectors at their correct locations.
This is, particularly, evident comparing the shagfethe secondary channels within the
Quaternary sediments before and after migrationo Types of migration algorithms were
applied to collapse the diffraction events. The e migration for steep dips (up to 50°;
Soubaras 1996) gave a better result than the Kof€hime migration (Schneider 1978). This
may be due to the fact the FD algorithm allowedintdude lateral and vertical velocity
variations and provided images that were free gbmartifacts. After time migration, the data
were depth converted to image the subsurface ithdeging interval velocity functions derived
from VSP data. Interval velocity derived from VS® supposed to be more accurate and

therefore useful in depth migration that the veloderived from CMP seismic Data.
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Processing of the SH-wave seismic profile

An experimental 2-D SH-wave profile (about 750 mdpwas carried out (coincident with P-
wave profile 5 between CMP 291 and CMP 595) in ptdéest the potential of S-wave seismic
in imaging buried valley structures and to image 8hallow situations in which P-wave
reflection exploration is ineffective (see Youngdadoyos 2001). The processing flow of the
SH-wave profile is shown in Table 4.4. The mainhtem of SH-wave data was Love wave
which is very evident across the seismic recorde (&Sigure 4.21A). Love wave in SH-wave
gathers can be compared to Rayleigh wave in P-gatleers. However, Love wave velocity is
closer to S-wave velocity than Rayleigh wave velo$ to P-wave velocity. To deal with the
Love wave recorded in the present SH-wave data,typwes of processing were applied to the
shot gathers: f-k filtering (e.g. Sheriff and GetdE995) to minimize Love wave amplitude and
top mute to remove what is remain. In acquisititage the SH-wave profile was carried out
with SH-wave streamed laid on asphaltic road (fastr slow geology) to suppress Love wave
(Haines and Ellefsen 2006). Even though the stilomge wave that interfere with the direct
arrival SH-waves (Figure 4.21B) was successfullpnielated, the shot gathers are still noisy
(may be with mode converted waves) which seem tstdeked with the primary reflections as
shown in the SH-wave stacked sections (Figure 4Pd)s uncertainty can be related to the
situation in the field regarding the source ancenemrs coupling with the locations and also to
the heterogeneity of the surface soil. However aberall image shown by SH-wave profile for
the subsurface is good since confident events wbdeafter CMP stacking can be tracked and

confirmed by P-wave profile.

Interpretation of the seismic data

In general, the use of 2-D seismic data in imadigied valleys showed variable results.
However, the 2-D seismic imaging of buried vallegs be improved by acquiring the data with
several vertical stacks at the shot points (Galetiedl. 2003) and high CMP fold (Lutz et al.
2009). These factors can improve the signal-toeno&io and resolve internal structure of
buried valleys. Using 24-fold seismic profile, Gabret al (2003) successfully imaged the
internal structure of the Ellerbek valley near Beveillage, north of the present study area.
Lutz et al (2009) pointed out that using 2-D setsdata with fold up to 81 the internal structure
of buried valley fill can be resolved. The qualdl seismic data, collected for buried valleys

investigation, is also varying. Jorgensen and Sa&ode(2006) pointed out that onshore seismic
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data is poorer than offshore seismic data whichpeaistheir geological interpretation. In
combination with borehole and other geophysicahdétis, however, possible to construct
detailed geological models (Jorgensen et al. 2@D®)er authors e.g. Wolfe and Richard (1996)
observed that seismic reflection surveys over aeluvalley did not show fine stratigraphic
details. They related that to the attenuation ef ligh-frequency seismic waves, needed for

high resolution, by glacial materials.

In the present study area two 2-D P-wave seisnotiles were acquired with high resolution

parameters (Table 4.1) resulting in high fold dgé- and 75-fold) and the processing flow
used generated good quality seismic sections. &iseng reflection profiles are located across
the valley axis (Figure 1.2). They show useful infation about the valley infill stratigraphy

and the substratum. They clearly indicated theegmes of the buried valley by revealing the
Tertiary/Quaternary (the valley floor) and the Blietene/Holocene boundaries which are
characterized by high amplitude reflections at mmaxih depth of about 450 m and 60 m,

respectively.

The Valley substratum — Tertiary Stratigraphy

The substratum has been cut by subglacial erosiomakimum depth of about 450 m (Figures
5.1 and 5.2. They consist of Tertiary deposits mapeof sands and clay layers of Marine
environment. These deposits are shown by the dithohl log of BH3914 which shows abrupt
shift in lithology from clay dominated layers tonsadominated layers. They can easily be
traced from the well log to the coherent reflecsioon the seismic data. Coherent seismic
reflections are related to impedance contrastsiwére associated with bedding that represents
the geologic structure (Sheriff and Geldart 1998nost all lithological boundaries recognized
in the BH3914 (252 m) correspond with seismic facieits. The seismic facies below the well
are confirmed from previous work (e. g. Scheel.€2@06). The dip of Tertiary horizons due to

the Quickborn salt dome emplacement is very cleéine seismic sections.

The Valley infill stratigraphy

The stratigraphy of the valley infill sediments dam discussed based on the seismic profiles
(Figures 5.1 and 5.2) with lithological log and gaairay control provided by BH3786 placed

closed to the middle of the valley as well as datien with the results of other studies. The
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seismic facies of valley infill sediments can beidied into five basic seismic facies units (Unit
1-5). Mitchum et al (1977) defined seismic faciestaias mappable three dimensional seismic
units composed of groups of reflections whose patara differ from those of adjacent facies
units. These units have no clear lithological baures as shown by the BH3786 lithological
log. On the other hand, they show strong reflestiom the seismic profiles. They must probably
represent multiple erosional events (Lutz et a0 Gamma-ray log shows abrupt changes in
size of deposited sediments corresponding to th@rmaflections on the seismic data

indicating changes of the depositional environment.

Unit5 represents the sediments deposited at therbatf the valley up to 150 niJ@50-300 m)
thick. It is a chaotic to an irregular stratifiegicfes unit. Usually, chaotic facies found in the
bottom of the valley fill and it has been descrilmbed on seismic data by many authors.
Kluiving et al (2003) and Praeg 2003 interpretesl ¢haotic seismic facies at the bottom of the
valley with the help of well data as gravel to aeagrained sand. Similar interpretation, based
on 3-D seismic data has been done by Lutz et A3RMDifferent lithological compositions
have also been interpreted to the chaotic faciéiseabottom of valley fill. Gabriel et al (2003),
using 2-D seismic and gravity data, interpreteddhaotic seismic facies at the bottom of the
Ellerbek valley on profile 1 as Boulder Clay (segufe 1.2 for the location of the seismic
profile 1). O'Cofaigh (1996) described the chadtcies at the bottom of the valley fill as is
typically comprises the basal member of infill @odbe the collapse and slumping of unstable
sediments along the valley flanks. The upper boynaé this unit is easily identified as a
erosional truncation. Here, this chaotic layemigipreted as coarse grained sands with gravel

based on the present seismic data correlated wWi8vB6 lithology (Figure 2.2A).

Unit 4 is a layered and stratified seismic faciethwigh amplitude reflections in profile 4 and

of low amplitude reflection in profile 5. Seismiacies unit3 lacks internal reflections and
therefore no stratified change in acoustic propsrtit is interpreted as no change of lithologic
facies (Sheriff 1980). Unit 2 is characterized bgderate amplitude and laterally continuous
reflections lie conformably below their top boundddnit 1 similar to unit 3 also does not have
internal reflections and therefore no stratifiedmpe in acoustic properties. Units 4 to 1 mostly
consist of finer sands (as gamma-ray log showsargéfining upward) than that compose unit

5, and represent horizontally stratified sediments.

Comparable observations on the lithology of thdrsedtary infill of buried valleys were made
by e.g. Huuse and Lykke-Anderson 20000, Kluivinglet2003, Praeg 2003, Lutz et al. 2009.
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They interpreted the buried valley fill as chaotigturbed seismic facies most likely represents
glaciofluvial sand, while the well layered seisrnfacies is glaciolacustrine/ Glaciomarine fine
grained sediments and displaying onlap fill. Simigaiccession was also described in north
Germany by Ehlers et al (1984).

Figure 7.1 shows chaotic or deformed and inclineftections highlighted by the rectangles.
These chaotic zones extend between CMP 120 and Z3@fand between CMP 450 and CMP
650 in profile 4 and profile 5, respectively, frdralow 100 m to the bottom of the valley. They
can be interrelated in two different ways: (1) themuld represent strata deposited on top of
dead ice as described by Stephan (1974) and Gi@3®). During deglaciation, collapse of ice
and sediment into the channel might be stillechatihottom of the channel for some period of
time (Kehew et al. 1999, Kozlowski et al. 2005,g8vsen & Sanderson 2006). Sediment from
more recent glacial events may be deposited owerfilled channel, leading to crosscutting
relationships that would be hard to explain withth& presence of buried ice (Kehew et al.
1999). Gradual melting of the buried ice creates fmal valley form, destroying the
characteristics of the original valley sedimente libedding planes; (2) the other possible
explanation for the chaotic structuring and dippieflection in the western parts of the two
profiles is that it might be a different valley ¢smdary?) that could be trace by the chaotic area
(valley B below CMP 600 in Figure 7.2) which itdatéon to the major valley (valley A) and to

the fault system need to be explained.

CMP Number E
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200

Depth (m)
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Figure 7.1: Part of the migrated seismic sections :Afrom profile 4 between CMP 120 and CMP
300; B: profile 5 between CMP 450 and CMP 650 shoshaotic curve-like reflections in the areas

marked by the rectangles.
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Figure 7.2: A simplified geological section interpeted from profile 5 to illustrate a possible large

secondary (?) valley (B) within the major Ellerbekvalley (A).

Two systems of faulting are interpreted from segsdata: (1) faulting Tertiary deposits - Pre-
Quaternary Faulting - is shown in migrated sectibprofile 4 below the buried valley (Figure
5.1), and (2) fault system to the west of the wallghown in Figure 5.2). The former fault
system was most probably due to salt structuresctohic events, whereas the later can be
related to gravitational sliding of the western @l the valley due to erosion of Tertiary
sediments by subglacial meltwater (or may be dueetling of a buried iceberg), which formed
a space with steep dipping walls and thus, theidrgrhorizons were pulled by gravity force
resulting in breaking and moving of these horizalusvn slope. It can also be related to
reactivation of previously existing faults that dam evident by the presence of Marine Mica
Sand (Figure 7.3; after Scheer et al. 2006) wisdlound in the west of the valley protected by

faulting against post-faulting weathering activgtie
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Figure 7.3: Geological section across the Ellerbekalley showing the Quaternary sediments fill the
Ellerbek valley as well as Tertiary sediments. LC sLauenburg Clay; UMC = Upper Mica Clay;
ULS = Upper Lignite Sand; HC = Hamburg Clay; LLS = Lower Lignite Sand. The arrow points to

Marine Mica Sand which appears on the west side dfie valley.
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Combined interpretation of P- and SH-wave profiles

The Ellerbek buried valley and underling Tertiagdisnents have also been mapped by SH-
wave profile to a depth of about 400 m. AttenuatwnSH-wave signal in the low velocity
sediments (Bexfield et al. 2006) may be the reagdmiting the depth. On the other hand, P-
wave failed to interpret geological boundarieshia shallow part. Therefore, combination of P-
and SH-wave seismic profiles (Figure 5.3) increabesscope of interpretation by providing
different levels of resolution: SH-wave profile s shallow reflection and adds more
information about faulting in Tertiary sedimentswBve mapped deeper to the bottom of the
valley as well as Tertiary sediments. Decreasingtiabsampling interval on the SH-wave
survey (0.5 m) allows obtaining high resolution gaeaof the subsurface. Combing P- and SH-

wave profiles conclude a detailed subsurface stracghown in Figure 5.4.

7.3 VSP and Seismic velocities derived physical ganeters

Most of the VSP surveys performed are of the zeraear-offset type, which is primarily used

for velocity determination (Stewart 1984) and scefeseismic correlation. Two zero-offset

vertical seismic profiles (VSP) were carried outBR3914 and BH3786. They were used in
deriving P- and S-wave interval velocity modelsg(ife 4.31) of Tertiary and Quaternary

sediments. These velocities were then used in idgrigome physical properties of the

sediments and therefore characterizing the grouteiveajuifers. The velocities were also used
in depth imaging of the seismic data. A three comegmbs (3-C) uphole geophone was used in
acquiring the VSP data permitted to generate coesteshear wave component in addition to
the P-wave component. Therefore, convertedwére combined with yto give additional

information on lithology.

To demonstrate the usefulness of VSP data in ttete@uary and Tertiary aquifer characteriza-
tion they need to be correlated with other geom®sand geological data. The two corridor
stacks produces from VSP data at BH3914 and BH3#®fire 4.33) were spliced into surface
seismic lines for correlation and integrated intetation. Both datasets show excellent
correlation of major seismic events in Quaternaywell as Tertiary sediments as shown in
Figures 5.5 and 5.6.
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As mentioned before, Mand \, models derived from VSP data are compared withvéhecity
models derived from CDP seismic data. The bothsddéashow acceptable matching which
means the reliability of the velocity analysis afface seismic data. This enables quantitatively
use of these velocity fields in characterizing gneundwater aquifers in the study area. The P-
wave velocities observed by VSP are in the rang@02®00 m/s. Likewise; the S-wave
velocities are in the range 250-650 m/s. Thesecitds can be compared to velocities
calculated from similar sedimentary environmentsreHare some examples of ¥n/s) form
other studies: 2100 — 2400 for saturated till (HE®86); 1550 — 1740 for saturated sediments
(Omorinbola 1983); 1457 - 2060 for saturated glesga@iments (Salem 1990); 1350 — 1550 for
saturated glacial sediments Silver and Linkebac®72); 1700 — 2800 for Boulder Clay
(Stuempel et al. 1984); 1600 for Lauenburg Clay 2Bd0 for Till (Gabriel et at 2003); 1300-
1800 for saturated sand and 500-2800 for clay ig-2€:05). Examples of Mm/s): 536-863 for
saturated glacial sediments (Salem 1990); 110-bb&lay (Fertig 2005). Most of the work
done to estimate velocity of sediments from shakaigmic data was for marine sediments (e.qg,
Hamilton 1978, 1979). The average values of P-waedocities derived from global
compilations of marine sedimentary rocks are conypnbetween 1500-2200 m/s (Hamilton
1978) and for S-wave are < 1500 (Hamilton 1979yuké 4.31 shows significant increase of
interval velocities of P- and S-waves,(&nd \;) with depth which can be related to several
factors. Yilmaz (2001) pointed out that severatdex influence interval velocity within a rock
unit with a certain lithologic composition: e.g.rpcshape, pore pressure, pore fluid, confining
pressure and temperature. Increase Oh\saturated sediments can be due to variatioriseof
grain size (Stuempel 1984), consolidation (Meissteal. 1985) and to decrease in porosity
(Bourbie et al. 1987 and Schon 1998). Howeverntbst likely explanation for the increase of
velocity values with depth, of the present data,that unconsolidated sediments have
experienced a significant reduction in porosityhmitepth due to compaction; the principal
compaction mechanism is most probably ice sheetagithe Quaternary. However, velocities
obtained form the seismic data fall within a rarrgasonable for unconsolidated saturated

sediments.

The interval \j and \, models and ¥ V; ratio (Figure 6.4) provided constrain on possible
variations in the subsurface physical propertiedépth of 300 m. Empirical relationship
between ¥ and \; is evaluated by regression analysis which showsd gelationship in
Tertiary sediments and poorer in Quaternary sedign@rigure 6.3). In this evaluation, only one

trend line is attempted to be derived for each vildlle correlation factors between ¥nd \,
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are 0.6 and 0.5 in BH3914 and BH3786, respectiviglgicating that there may be similar
factors controlling Y and \4. Such analysis was carried out by Castagna &©985( for clastic
sediments and by Hamilton (1979) for water satdrasnds. Statistical relationships have also
been carried out betweeny/Vs, V, and \,. The cross plots between/Vs and \; show poor
correlation (R = 0.6) in Tertiary sediments but strong correlati® = 0.9) in Quaternary
sediments (Figures 6.8). This indicates that thennfiactor controlling the WV ratio in
Quaternary sediments is the variation i &d, consequently, the factors controlling its
propagation in Quaternary sediments. On the otaed lthe factor controlling the ¥ ratio in
Tertiary sediments may be the variations in botloaity types. Because pVand \; increase
with decreasing porosity (Domenico 1984) ang\W is directly correlated to porosity (Han et
al. 1986), therefore, the high/¥s (low V) values at depth range 150-180 m and most probably
below 270m (Figure 6.4A) may indicate high porogityes.

The combined use of Vand \; relationship as lithology indicator is based oé tact that
seismically derivable parameters are very sensitidéhology variation. A very demonstrative
case shows that Limestones, sands and shales degetlyeseparated in ¥V,/Vs) domain,
while they overlap on the \scale (Garotta 1999). Similarly, Tertiary and @uaary clays and
sands are separated iR(V,/Vs) domain as shown by Figure 6.7 but there is atilloverlap.
However, the idea shows a promising result in usiegsplots of different y/— V; relationship

to differentiate between different lithologies.

An approach to estimate physical and hydrogeolbgiagperties from seismic data using well-
known equations modified for unconsolidated sedisiewas deployed. In-situ estimated
physical parameters include porosity, bulk densityd hydraulic conductivity. Applying

equation 3.3 (after Morgan 1969) to P-wave intemebcity (V) derived from VSP yields

porosity values which range from 0.45 to 0.47 fertiry sediments and from 0.21 to 0.58 for
Quaternary sediments. The lower end of the rangbefQuaternary porosity (0.21) probably
represents porosity of a relatively clean clastigt ({Pleistocene sands, Unit3). The high
velocity value is shown by Lauenburg Clay. On tkieeo hand Tertiary aquifers show medium
to high porosity values which may be due to finedsand/or sand intercalated with clay (the
composition of Tertiary deposits as described byeSc et al (2006). Porosity estimates

obtained from seismic velocity data fall withinange of values reasonable for sandy aquifers.

In-situ bulk density as a function of depth wascokdted for Tertiary and Quaternary sediments

from V, velocity functions derived at BH3914 and BH3876jng a linear density-velocity

146



relationship (equation 3.12; after Hamilton 197The density range of Quaternary sediments
is higher (1795-2050 km/inthan in the Tertiary sediments (1820-1858 Ky/mhe higher end

of the density range of the Quaternary sedimenqesents the density of the sedimentary unit
at the bottom of the valley (unit 5). Similar valleas calculated for boulder clay at the bottom
of the valley below the seismic profile 1 (Gab2€l06) indicating that the density of different
valley fill sediments can not be used as an indic&r sediments. However, densities of
sediments calculated for Tertiary and Quaternatysware comparable to those calculated by
others authors (Wuestenhagen et al. 1990, Harsg €994, Gabriel et al. 2003). Both decrease
of porosity and an increase of density with depthraore evident in Pleistocene sands fill the

Buried Valley than in the Tertiary sediments.

Hydraulic conductivity deduced fromy\ndicate that Pleistocene sands exhibit higheuesl
whereas, LC exhibits the lowest value. This sitratreflects presence of a good aquifer
structure in the Quaternary Valley: high productovepermeable sands (aquifer) covered by
high impermeable clay layer (aquitards). Nevertb®ledue to heterogeneity in Quaternary
sediments there are variations in hydraulic conditgt(Figure 6.1) indicating that hydraulic
conductivity is highly sensitive to heterogeneitine reliability of the hydraulic conductivity
measured from seismic data can be checked if cadpaith hydraulic conductivity measured

by other methods (e.g. pumping test, which is desdrand many hydrogeological textbooks).

Elastic properties of the sediments are determined from knowledgahef seismic wave
velocities of the medium (Gassmann 1951). The sheadulus, the bulk modulus, Young's
modulus and Poisson’s ratio were estimated frorsnseivelocities and density values. The all
parameters show clear increase with depth whichnintig attributed to increase in compaction
of sediments with depth. The,Vs are used to compute Poisson’s ratio accordingjt@gon
3.27. The values ranged among 0.44 and 0.49 andeayeclose to the limit of 0.5, indicating
that the bulk compressibility of the sedimentsasyvlow. The high values and low variability
of Poisson’s ratios indicate that the bulk comptelty of the Quaternary sediments is mostly
controlled by the pore fluid than by the elastiop®rties of the sediment framework. The values
of Poisson’s ratio calculated here are typical atugs previously derived for unconsolidated
saturated sediments (e.g, Stuempel et al. 1984sd¢iei et al. 1985). The shear modulus in
Quaternary sediments shows average value of 0.48 &M in Tertiary sediments 0.42 MPa.
Average Young's modulus of Quaternary sedimenis4sMPa and of Tertiary sediments is 1.2

MPa. The increase of Young’'s modulus with depth meayattributed to the increase of stress
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which produces more deformation in the rock madrid reducing the pore spaces. Due to that

Young’s modulus increases.

7.4 Other Geophysical Data

General valley fill stratigraphic models can beedetined by lithological logs, whereas, more
detailed 1D as well as 2-D stratigraphy can berdeted by surface and borehole geophysical
data calibrated by the lithological logs. Resisfivimodels derived from airborne
electromagnetic methods show consistency with gierdc data (Figures 5.7 & 5.8) down to
depth of about 200 m. It is clear that Tertiaryyclayers as well as the Lauenburg Clay are
shown by low resistivity layers (5-268m). On the other land, Tertiary and Quaternary sand
show higher velocity values (> 30m). The short coming of the electromagnetic meshiod
this area is the penetration depth. The depth okfpation of electromagnetic methods is
limited by the clay layers at shallow depths whigtp the electrical current (Tezkan et al. 2009).
They related the shallow depth to the use of selalitromagnetic transmitter (50 m by 50 m).
To overcome the problem of shallow penetration lddpzkan et al (2009) proposed using of
larger electromagnetic transmitter (400 m by 400 They applied the larger loop in Cuxhaven
resulting in mapping the bottom of the valley apttle309 m, where the small loop could
penetrate only few tens of meters in their studdaaHowever, the resistivity structures shown
by Ellerbek valley confirmed the interpretationtbe seismic interpretation and successfully
map the Lauenburg Clay.

Assumptions on seismic features

The evolution of the Ellerbek buried valley can delained in the following hypothetical

schematic illustration.

Figure 7.4,1 shows the Pre-Quaternary situationnvthe Tertiary horizons were not eroded by
subglacial melt water drainage. There might be iptsssdrainage system or faulting and
fracturing and /or a pre-existing open or burietleyacutting in the Tertiary sediments running
parallel to the direction of the present buriedesal This hypothesis can be inferred from the
theory mentioned by many authors that: (1) the gesleep valleys are following pre-

Quaternary drainage system or structures like ifaplfe.g. Jargensen and Sanderson 2006,
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Stackebrandt 2009) and (2) the deepest incisiantivé older sequences is strongly controlled

by the neotectonically active Central Europe sudrsie zone (Garetzky et at 2001, 2003).

Figure 7.4, 2 shows the valley structure depositibithe Pleistocene glacial sediments. The
erosional surface steeply dips in the west sidegamdy dips in the east side. Thus, the Tertiary
sediments in the west side had been pulled dowpedhy the force of gravity as shown by
arrows. Stackebrandt (2009) pointed out that tlmgny shape of the channels was altered by
gravitational sliding and other reworking processé&se valley cut the pre-Quaternary
sediments (Tertiary) to depth about 500 m. Galatell (2003) show a depth below 360 m of
the valley by seismic profile 1. This may indicatéference in depth along the valley as a
characteristic of the glaciated valleys which hdmnghly irregular longitudinal profiles with
multiple occurrences of lows and thresholds (Jagerand Sanderson 200Bhe arrows in the
Figure show a proposed gravitational sliding dimttue to excavation of Tertiary sediments
by glacial ice sheets. The shape of the valleyrfloan be related to many factors e.g. the
erodability of the substratum (Jgrgensen and Saodeé2006). The eastern flank of the valley is

steeply dipping at Tertiary sands and gently todiger the Tertiary clays (e.g. Hamburg Clay).

Figure 7.4, 3 shows the present day structures tatedepositional of the Pleistocene sands and
the Holocene sediments cover. The faulting showthigifigure may be interpreted due to down
slope movements of the Tertiary sediments. Thdl isdidiments are interpreted to consist of
five major seismic facies of Pleistocene sandseg@ly fining upward, which represent the
groundwater aquifer, and covered by Lauenburg @hich represents the aquifer seal. The
Figure shows also secondary structures discusséd be secondary valleys (the structures
below CMP 600 and CMP 1200) or deformed structtire $tructure B below CMP 600) due to
melting or thawing of buried block of old ice. Thiag of buried block of old ice might be the
cause of gravitation sliding and mass flow of thatemial of steep valley flanks into the valley
(Stackebrandt 2009).
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Figure 7.4 Hypothetical schematic illustrations forthe interpreted structural evolution of the
Ellerbek Valley: (1) the Pre Quaternary situation; (2) after the Tertiary horizons were eroded by
glacial activities and (3) the present day situatie. Red boundaries are secondary valleys. LC =
Lauenburg Clay; UMC = Upper Mica Clay; ULS = Upper Lignite Sand; HC = Hamburg Clay;
LLS = Lower Lignite Sand; LMC = Lower Mica Clay. Numbers 1-5 represent sediment units of the

valley infill as interpreted from seismic data.
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Chapter 8: Conclusions and Recommendations

8.1 Conclusions

Buried valleys occur across Northern Germany, yesystematic study has been completed of
the scale, style, and hydrogeological significantahese aquifer types. The present thesis
reviews geological, hydrogeological and geophydicalwledge of the Ellerbek Valley aquifers
in North Germany. The Buried valley is incised inf@rtiary deposits and filled with

Pleistocene glacigenic deposits.

The geophysical methods carried out offered pdg&si for imaging the structures and
geometry as well as obtaining representative physiend hydrological properties of

unconsolidated saturated sediments of Quaternahy artiary formations

The 2-D high-resolution P-waves seismic reflectiorofiling has yielded high-resolution
images of the Ellerbek buried valley, a complexision cut the Tertiary horizons and filled
with glacial, glaciofluvial and glaciolacustrine diments showing general fining upward
sequence. The fill is mainly composed of gravel emarse sands at the bottom of the valley to
fine sands towards the top with small amount oyxlaVithin the main valley there are other
sub-valleys with different geological and geophgkicharacteristics. The valley is comparable

to buried valleys elsewhere in formally glaciateekes.

The SH-wave reflection profile has been contamihaty many types of seismic noise,
particularly Love waves. However, it has been fabte for imaging stratigraphy at the
Ellerbek valley because SH-waves are very sensitiveompositional contrasts such as the
interfaces between the sand aquifers and clayadgsitIn contrast to P-waves, SH-waves are
largely insensitive to pore fluids, and thus areaféected by the water saturation in the valley.
The SH-wave reflection method provides good imagfethe valley stratigraphy to a depth of
about 400 m. The seismic images provide the thekmé the Lauenburg Clay and underlying
Pleistocene sands in the valley and indicate tinatetare lateral variations within these layers
that may affect the areal extent of their hydrabkdaviour. The Tertiary-Quaternary boundary
below the seismic profiles has also been delinedtkd SH-wave seismic images suggest that

the Quaternary sediments show greater lateral dgaeity than Tertiary layers, in agreement
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with P-wave images. This information can providgarant constraints for hydrogeological
modeling. Because, the Lauenburg Clay layer is dated by clay composition may be
coherent enough to prevent flows from or near tinfase. SH-wave data also added more
information to P-wave data especially in the shedlst part of the subsurface. Combined

information of P- and SH-waves profiles show maoetaded images of the subsurface.

The VSP derived velocities are likely to be repnéatve of the seismic velocities of the drilled
section. The VSP corridor stacks show detailed &sag the subsurface that match the surface
seismic sections. The velocity models derived feeismic data provide possible variations in

the subsurface lithology and physical propertiethefsediments.

Results from geophysical surveys of the Ellerbelleyastudy area provided valuable
information on the hydrogeological framework of tRéeistocene sandy aquifers and the
covering low permeable clay layer. The Lauenbugy alnit probably forms a confining layer
over much of the aquifer, and thus plays a sigaificrole in the hydraulic behaviour of the

groundwater flow system.

In addition to the mapping of the aquifer and tealed units, geophysical data formed the basis
for estimating the physical characteristics of #wuifer by applying well-known equations.
Ranges of values for these physical parametersptadile for unconsolidated saturated

sediments were obtained.

The results of this study demonstrate geiphysical methods, especially seismics, can &g us
to image the sedimentary architectafeinconsolidated glacial sediments aquifers, eviean

the lithologic contrasts betweanits are subtle

8.2 Recommendations

Based on the results of this study, future seismflection studies should be dominated by
shear waves because they show superiority to P-wlate in providing useful information

regarding aquifer stratigraphy inside the burielieya

The present SH-wave survey collected data thatsepsrimposed by Love waves which can be

related to the geophone-surface coupling, or mpeeiically, to the surface layer that should
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have high velocity, (i.e., compacted soils, coremtasphaltic ground), to suppress Love waves

which are normally generated with SH-waves.

The present SH-wave survey used large offset wimoduced gathers that suffer from arriving
waves other than SH-waves. Also the penetratiothdeps not deep enough to map the bottom
Quaternary valley. Therefore the field setup usethis survey needs to be enhanced for future

surveys.

Other problem in this present SH-wave seismic data the noise related to rain and winds,
which required that many shot-gathers had to beechfrom the data. This, in turn, decreases
the resolution of the seismic sections. Thoughent@gels could perhaps be reduced by carrying

the data in times when there are no or not muchanad winds.

The high resolution P- and SH-wave seismic prdjilwere processed using ProMAX, a
programme designed to process seismic data madthcted for deep investigations, like oil
explorations. Therefore, using a program desigoedHallow seismics to process the data may

enhance signal to noise ratio.

Although the present 2-D P- and SH-wave seismia tiafls yielded good information on the
Quaternary sediments in the study area, uncertaimtthe true dip and lateral extension of the
individual reflectors can be resolved with more fadence by applying 3-D seismic surveying.
Therefore, 3-D shallow seismic surveying is recomdegl to be carried out for further detailed

images of the sediments therefore their hydrogecdbgarameters should be varied.

Considering the information gained from VSP datthia study, carrying out cross-hole seismic
surveying using the existing wells may be usefuleitrapolate the estimated physical and
petrophysical characteristics of the sedimentso&dary valleys within the buried valley might
be of superior hydraulic characteristic if theyefil with coarse sands or gravels, therefore, more

detailed investigation targeting these channelsilshize carried out.

More investigation boreholes should be drilled tarrg out a proper and detailed

hydrogeological and geophysical measurements fiaora reliable and comparable studies.
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APPENDICES

APPENDIX A

The following tables provide ) Vs and \,/V values from BH3914 (Al) and BH3786 (A2)
used in Figures 6.6 and 6.7.

Al:

Depth (m) V,(m/s) Vs(m/s) V,/Vs Depth(m) Vy,(m/s) Vi(m/s) V,/Vs

2 703.8 123.8 5.7 89 1825 372 4.9
5 800.7 159.9 5.0 92 1799.7 375 4.8
8 919.5 169.5 5.4 95 17542  379.3 4.6
11 1066.9 185.8 5.7 98 1676 383.7 4.4
14 1178.7 207.3 5.7 101 1619 407.8 4.0
17 1228 359.4 3.4 104 1571.7 407.4 3.9
20 1304 421 3.1 107 1597.8 410.1 3.9
23 1390.4 463.1 3.0 110 1660.9 413.1 4.0
26 1547.8 469.2 3.3 113 1734.7 4125 4.2
29 1755.7 403.4 4.4 116 17375 417.8 4.2
32 1974.3 411 4.8 119 17145  426.3 4.0
35 2106.6 438.3 4.8 122 1678.7 436.8 3.8
38 2158.8 455.4 4.7 125 1616.4 4424 3.7
41 2228.7 440.5 5.1 128 1585 454.6 3.5
44 2216.9 442.5 5.0 131 15705 464.8 3.4
a7 2169.8 405.5 5.4 134 1601.5 474.8 3.4
50 1988.8 405.8 4.9 137 1635.3 475.1 3.4
53 1831.1 403.2 4.5 140 1720.9 481.9 3.6
56 1680.1 388.1 4.3 143 1784.8 485.4 3.7
59 1628 388.7 4.2 146 1836.2  469.3 3.9
62 1632.7 387.9 4.2 149 1801 483.4 3.7
65 1698.4 388.3 4.4 152 1782.4  485.9 3.7
68 1740.3 386.3 4.5 155 1752.3  465.2 3.8
71 1756.4 384.2 4.6 158 17485 521 3.4
74 1720.1 378 4.6 161 1758.7 521 3.4
77 1701.9 374.1 4.5 164 1751.1  517.7 3.4
80 1681.5 372.2 4.5 167 17441  521.2 3.3
83 1715.8 370.2 4.6 170 16459  517.8 3.2
86 1769.2 367.1 4.8 173 16459 517.8 3.2
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A2

Depth (m) V, (m/s) Vs (M/s) V,/Vs Depth (m) 4 (M/s) Vs (M/S) Vp/Vs

2 1622.4 416.7 3.9 154 1725.1 392.1 4.4
6 1616.3 356 4.5 158 1735.5 351.7 49
10 1616.3 356 4.5 162 1718.8 348.7 4.9
14 1618.1 305.8 5.3 166 1718.8 348.7 4.9
18 1631.4 263.6 6.2 170 1747.1 360 4.9
22 1655 2447 6.8 174 1779.9 3856 4.6
26 1685.7 254.2 6.6 178 1771.6 446.8 4.0
30 1722.4 282 6.1 182 1752.4 4547 3.9
34 1741.1 3236 54 186 1736 456.4 3.8
38 17515 354.4 4.9 190 1736 456.4 3.8
42 1769.5 3732 47 194 1744.7 461 3.8
46 1794.4 375.8 4.8 198 1775.9 470.3 3.8
50 1769.2 357 5.0 202 1798.5 4819 3.7
54 1730.6 3388 51 206 1815.1 496.3 3.7
58 1659.5 3262 5.1 210 1833.2 5146 3.6
62 1595.6 319.6 5.0 214 1846.7 540.5 3.4
66 1559.4 3271 4.8 218 1831.7 539.8 3.4
70 1548.9 3522 44 222 1820.9 536.4 3.4
74 1548.9 3522 44 226 1801.8 532.9 34
78 1550.3 385.7 4.0 230 1788.6 530.2 3.4
82 1565 408.8 3.8 234 1776.9 528.9 3.4
86 1600.8 4142 3.9 238 1773.1 530.4 3.3
90 1632.5 409.9 4.0 242 1773.1 530.4 3.3
94 1644.8 395.8 4.2 246 1779.6 535.2 3.3
98 1646 376.1 4.4 250 1800.9 544 3.3
102 1638 366.1 45 254 1830.4 554.4 3.3
106 1625.4 379.1 43 258 1865.8 567.6 3.3
110 1614.6 3935 4.1 262 1833 583.6 3.1
114 1614.6 3935 4.1 266 1774.8 582.8 3.1
118 1616.1 404 4 270 1758.5 581.6 3.0
122 1635.5 415.1 3.9 274 1758.5 581.6 3.0
126 1680.5 426.4 3.9 278 1788.5 580.8 3.1
130 1690.1 437.8 3.9 282 1840.2 577.6 3.2
134 1670.1 438.8 3.8 286 1913.3 5815 3.3
138 1670.1 438.8 3.8 290 2016.4 6059 3.3
142 1679.2 435.2 3.9 294 1970 5494 3.6
146 1696 430.6 3.9 298 1805.2 456.9 4.0
150 1698.8 4171 4.1 302 1805.2 456.9 4.0
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APPENDIX B

The following tablesB1 andB2) provide porosity, density and hydraulic condutfiwalues
from BH3914 and BH3786, respectively.

1. Porosity (b) @=-0.1356In(Vp)+1.3231 (after Salem 1990).

2. Vpkm/s = 1.917km/s 9*0.566 (after Morgen 1969)

3. Densityp)  p(kg/m’)=1135/, km /s)- 19( (after 1971)

4. Hydraulic Conductivity (K) Log K = 0.004332 V- 12.825 (m/s) (after Fechner

1998)
B1:

Depth L)) P K Depth ()] P K
(m) (fraction) (g/cm3) (m/s)*10° (m) (fraction) (g/cm3) (m/s)*10°
2 0.43 1.96 0.0002 89 0.48 1.88 12
5 0.42 2.17 0.00044 92 0.48 1.85 9.36
8 0.41 2.23 0.00144 95 0.48 1.8 5.95
11 0.39 2.08 0.00626 98 0.47 1.71 2.73
14 0.37 2.19 0.0191 101 0.47 1.65 1.54
17 0.36 2.14 0.0312 104 0.46 1.59 963
20 0.35 1.99 0.0667 107 0.46 1.62 1.25
23 0.35 1.86 0.158 110 0.47 1.7 2.34
26 0.33 1.87 0.759 113 0.47 1.78 4.89
29 0.32 2.06 6.04 116 0.47 1.78 5.03
32 0.30 2.05 53.4 119 0.47 1.76 4
35 0.29 2.2 200 122 0.46 1.72 2.8
38 0.28 2.26 336 125 0.46 1.64 1.5
41 0.28 2.34 676 128 0.46 1.61 1.1
44 0.28 2.33 601 140 0.46 1.76 4.27
47 0.28 2.27 375 143 0.46 1.84 8.07
50 0.29 2.07 60.17 146 0.47 1.89 1.35
53 0.47 1.89 12.8 149 0.46 1.85 9.48
56 0.47 1.72 2.84 152 0.46 1.83 7.88
59 0.47 1.66 1.69 155 0.46 1.8 5.83
62 0.47 1.66 1.77 131 0.45 1.59 0.951
65 0.47 1.74 3.41 134 0.45 1.63 1.3
68 0.47 1.79 5.18 137 0.45 1.67 1.82
71 0.47 1.8 6.08 158 0.45 1.79 5.62
74 0.47 1.76 4.23 161 0.45 1.81 6.22
77 0.47 1.74 3.53 164 0.45 1.8 5.76
80 0.47 1.72 2.88 167 0.45 1.79 5.38
83 0.48 1.76 4.05 170 0.45 1.68 2.02
86 0.48 1.82 6.91 173 0.45 1.68 2.02
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B2:

Depth )] K Depth L)) P K

(m) (fraction) (g/cm®)  (m/s)*10° (m) (fraction) (g/cm®)  (m/s)*10°
2 0.52 1.65 1.6 154 0.30 1.77 4.45
6 0.53 1.65 1.6 158 0.32 1.79 5.47
10 0.53 1.64 15 162 0.35 1.78 4.93
14 0.50 1.65 1.53 166 0.30 1.76 4.18
18 0.46 1.66 1.75 170 0.24 1.79 5.54
22 0.41 1.69 2.21 174 0.23 1.83 7.68
26 0.34 1.72 3 178 0.26 1.84 8.08
30 0.31 1.76 4.33 182 0.29 1.82 7.07
34 0.29 1.79 5.22 186 0.32 1.80 5.84
38 0.26 1.80 5.79 190 0.30 1.78 4.95
42 0.21 1.82 6.92 194 0.25 1.79 54
46 0.22 1.85 8.99 198 0.21 1.83 7.38
50 0.26 1.85 8.88 202 0.18 1.85 9.25
54 0.33 1.82 6.91 206 0.15 1.87 0.1
58 0.45 1.77 4.7 210 0.11 1.89 0.13
62 0.57 1.69 2.31 214 0.12 1.91 0.16
66 0.63 1.62 1.22 218 0.15 1.91 0.15
70 0.65 1.58 9 222 0.17 1.89 0.13
74 0.65 1.57 8 226 0.20 1.88 0.12
78 0.62 1.57 8 230 0.23 1.86 9.6
82 0.56 1.59 9 234 0.25 1.84 8.38
86 0.50 1.63 1.29 238 0.25 1.83 7.45
a0 0.48 1.66 1.77 242 0.24 1.82 7.18
94 0.48 1.68 1.99 246 0.21 1.83 7.66
98 0.47 1.68 2.02 250 0.15 1.85 9.47
102 0.49 1.68 2.12 254 0.09 1.89 0.13
106 0.52 1.67 1.87 258 0.07 1.93 0.13
110 0.53 1.65 1.65 262 0.15 1.94 0.2
114 0.53 1.64 1.48 266 0.25 1.89 0.13
118 0.50 1.64 15 270 0.28 1.82 7.3
122 0.42 1.67 1.82 274 0.23 1.81 6.2
126 0.37 1.72 2.85 278 0.14 1.84 8.4
130 0.40 1.75 3.76 282 0.14 1.90 0.14
134 0.44 1.73 3.14 286 0.14 1.98 0.3
138 0.42 1.71 2.57 290 0.14 2.10 0.81
142 0.39 1.72 2.81 294 0.14 2.11 0.9
146 0.39 1.74 3.33 298 0.14 2.05 0.5
150 0.34 1.74 3.42 302 0.14 1.86 9.89
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APPENDIX C

The following tables (C1 and C2) provide elasticapaeters values from BH3914 and BH3786,
respectively.

Formulas used for calculating elastic parameters

5. Shear modulugy

/’1 = pr52

6. Bulk Modulus (k)

k=p0,(v7 - H4V)

7. Young’s Modulus (E)

8. Poisson’s Ratiod)
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C1:

Depth n k E c Depth n K E c

(m) (MPa) (MPa) (MPa) (ratio) (m) (MPa) (MPa) (MPa) (ratio)

2 0.03 0.93 0.09 0.48 89 0.25 5.79 0.75 0.48
5 0.04 1.08 0.11 0.48 92 0.25 5.41 0.74 0.48
8 0.06 1.82 0.19 0.48 95 0.26 5.24 0.77 0.48
11 0.07 2.29 0.21 0.48 98 0.28 4.9 0.81 0.47
14 0.09 2.94 0.28 0.48 101 0.35 5.04 1.03 0.47
17 0.27 2.82 0.79 0.45 104 0.34 4.66 1.01 0.46
20 0.35 2.93 1.03 0.44 107 0.32 4.48 0.95 0.46
23 0.4 3.05 1.15 0.44 110 0.3 4.5 0.89 0.47
26 0.41 3.91 1.19 0.45 113 0.31 5 0.9 0.47
29 0.33 5.83 0.98 0.47 116 0.31 5.01 0.92 0.47
32 0.32 7.04 0.96 0.48 119 0.33 4.86 0.96 0.47
35 0.33 7.21 0.98 0.48 122 0.34 4.55 0.99 0.46
38 0.37 7.72 1.08 0.48 125 0.34 411 1 0.46
41 0.39 9.4 1.15 0.48 128 0.38 4.11 111 0.46
44 0.4 9.57 1.19 0.48 131 0.41 4.12 1.19 0.45
47 0.31 8.47 0.92 0.48 134 0.43 4.3 1.25 0.45
50 0.33 7.51 0.98 0.48 137 0.42 4.41 1.22 0.45
53 0.28 5.32 0.81 0.47 140 0.42 4.8 1.23 0.46
56 0.26 4.55 0.77 0.47 143 0.42 5.09 1.22 0.46
59 0.32 5.15 0.93 0.47 146 0.39 5.43 1.14 0.47
62 0.32 5.18 0.93 0.47 149 0.42 5.31 1.24 0.46
65 0.3 5.37 0.89 0.47 152 0.42 5.05 1.22 0.46
68 0.31 5.8 0.9 0.47 155 0.39 5.06 1.15 0.46
71 0.26 5.12 0.77 0.47 158 0.5 4.96 1.45 0.45
74 0.26 5.02 0.77 0.47 161 0.54 5.38 1.56 0.45
77 0.28 5.35 0.81 0.47 164 0.55 5.57 1.6 0.45
80 0.28 5.32 0.82 0.47 167 0.53 5.19 1.53 0.45
83 0.27 5.53 0.81 0.48 170 0.54 4.69 1.55 0.45
86 0.26 5.79 0.78 0.48 173 0.52 4.6 1.52 0.45
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C2

Depth k E c Depth n k E c

(m) (MPa) (MPa) (MPa) (ratio) (m) (MPa) (MPa) (MPa) (ratio)

2 0.29 4.06 0.84 0.46 154 0.27 4.99 0.8 0.47
6 0.27 4.08 0.79 0.47 158 0.24 5.22 0.72 0.48
10 0.21 4.09 0.61 0.47 162 0.22 5.14 0.65 0.48
14 0.15 4.16 0.46 0.48 166 0.21 4.99 0.63 0.48
18 0.12 4.31 0.34 0.49 170 0.23 5.24 0.69 0.48
22 0.1 4.52 0.3 0.49 174 0.27 5.53 0.8 0.48
26 0.11 4.79 0.33 0.49 178 0.32 5.53 0.95 0.47
30 0.14 5.1 0.42 0.49 182 0.36 5.35 1.07 0.47
34 0.19 5.23 0.55 0.48 186 0.37 5.15 1.09 0.46
38 0.23 5.29 0.67 0.48 190 0.37 4.99 1.09 0.46
42 0.25 5.44 0.75 0.48 194 0.38 5.07 1.11 0.46
46 0.27 5.69 0.79 0.48 198 0.4 5.35 1.18 0.46
50 0.26 5.69 0.77 0.48 202 0.43 5.56 1.26 0.46
54 0.23 5.46 0.69 0.48 206 0.46 5.7 1.34 0.46
58 0.2 5.11 0.6 0.48 210 0.5 5.85 1.46 0.46
62 0.18 4.48 0.53 0.48 214 0.54 6.02 1.58 0.45
66 0.17 3.96 0.49 0.48 218 0.56 5.94 1.62 0.45
70 0.17 3.67 0.5 0.48 222 0.55 5.79 1.6 0.45
74 0.19 3.57 0.57 0.47 226 0.54 5.68 1.57 0.45
78 0.23 3.54 0.69 0.47 230 0.53 5.5 1.53 0.45
82 0.27 3.62 0.78 0.46 234 0.52 5.37 15 0.45
86 0.28 3.89 0.82 0.46 238 0.51 5.26 1.48 0.45
90 0.28 4.15 0.82 0.47 242 0.51 5.22 1.49 0.45
94 0.26 4.27 0.77 0.47 246 0.52 5.27 1.52 0.45
98 0.24 4.31 0.7 0.47 250 0.55 5.46 1.59 0.45
102 0.22 4.36 0.66 0.47 254 0.58 5.74 1.68 0.45
106 0.22 4.25 0.66 0.47 258 0.62 6.09 1.8 0.45
110 0.24 4.13 0.7 0.47 262 0.65 6.18 1.88 0.45
114 0.25 4.03 0.75 0.47 266 0.64 5.71 1.86 0.44
118 0.27 4.03 0.79 0.47 270 0.62 5.13 1.78 0.44
122 0.29 4.17 0.84 0.47 274 0.61 4.97 1.76 0.44
126 0.31 4.54 0.92 0.47 278 0.62 5.26 1.79 0.44
130 0.33 4.77 0.97 0.47 282 0.63 5.8 1.83 0.45
134 0.33 4.61 0.97 0.46 286 0.67 6.58 1.94 0.45
138 0.33 4.43 0.96 0.46 290 0.77 7.76 2.23 0.45
142 0.33 4.51 0.95 0.46 294 0.7 7.94 2.05 0.46
146 0.32 4.67 0.94 0.47 298 0.62 7.32 1.8 0.46
150 0.3 4.71 0.89 0.47 302 0.39 5.67 1.14 0.47
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