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.  Zusammenfassung

Reflektionsseisiologische Untersuchungen ermoglichen eine Abbildung der
geologischen Strukturen des Untergrundes inrélinefe von mehrererKilometernaber auch
im nahen Oberflachenbereictburch eine Quelle wie eineWNibrator werden an der
Oberflache Raumwellen erzeugie sich innerhalb des Erdkorpers fortbewegen. Durch einen
Wechsel der geologischerci8chten,andert sich das Material und damit verandert sich die
akustische Impedanz. Raumwellaerdenhier reflektiert refraktiert und gebeugbies wird
an der Erdobd#lache durch Geophone registriert. Nach einer umfangrei&earbeitung,
dem Prozessieren, der seismischen Daten ergibt sich im Idealfall ein seismisches Querprofil
des Untergrundes, das die Lage von Schichten und Stérungen gut erkennen lasst und in dem
Storsignale wie Mehrfachreflektionen eliminiert odeenigstensgedampft sind. In glazial
gepragten Gebieten wie em Eisschild wird Ublicherweis&prengstoff als Quelle fir
seismische Erkundungen verwendet. Das hat Nachteile in Hinsicht auf die Sichedhaitf
die Produktivitat, daflir jede Registrierungein Loch gebohrt werden myss dem die
Sprengladung platziert wirdcerner wird unter Verwendung von Sprengstoff eine spezielle
Mehrfachreflektion generierMehrfachreflektionen stéren bei der Austueig der DatenEin
neuer Ansatzist einen Vibrator zu benutzesg kdnnermehr Untersuchungen an einem Tag
durchgefihrt werden bei gleichzeitigen Wegfall eines Sicherheitsrisikos. Aul3erdem sind die
Aufnahmenvon fast gleich hoher Qualitat bei einer geidh Penetrationstiefe.

Diese Arbeit befasst sich mitder Auswertung und Interpretatiorzweier
reflektionseismischerDatensétze, die 2011 inKonigin-Maud-Land, Antarktis entlang
zweier Profile erhoben wurden. Das Untersuchungsgebiet ist dedibkst Esschelf und der
angrenzende Halvarryggen, ein Eisdom mit 800Machtigkeit.Das erste Profil reicht vom
Fu3 desHalvarryggentber diegrounding ine weit in denEkstémen Eisschelhinein. Das
zweite Profil erstreckt sich langsseits, tber einen Teil ddwelfSc bis zur Deutschen
Antarktisstation Neumayer Ill. Damit reicht es bis zum Kontinentalhang der Antarktis, der
von einem Keil aus erstdéen Vulkangesteinssattiten bedeckt ist, abgesehen von einer

Sedimentschichtie ihrerseits auf dem Keil liegt.

Der glaziologischen und geologischen Interpretation geht das Prozessieren der
seismischen Daten voraus. Die im Feld aufgezeichneten Daten miussen einer umfangreichen

Abfolge der Datenverarbeitung unterzogen werden. Ein wesentlicher Aspekt dabei ist die
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Verbeserung des Signd&auschVerhéltnisses und n dem Zusammenhang die
Unterdrickung von Mehrfachreflektiondizw. Echos eines einzigen Reflektionspunktes im
Untergrund. Letzteres ist ein bedeutendes Problem in der SeismdtogiRkahmen dieser
Arbeit wurden aus den Rohdaten zwei seismische Querprofile erstlischiedene Ansatze

zur Eliminierung der Mehrfachreflektionen werden vorgestellt und get&statird gezeigt

das die Mehrfachreflektionen nur bedingt gedampft werden konnten. Das hé&ngt vor allem
mit der Aufnahmegeometrie zusammen, aber auch die geringe Uberdeckung eines jeden
Reflektionspunktesvirkt sich negativ auf die Ergebnissker Mehrfachreflektionsfilterung
aus.Trotzdem konnten die Resultdi@ eine geologische Interpretation genwtarden Die
Querprofile veranschaulichen die oben erwéhnten geologischen Charakteristika deutlich und
ermoglichen eine Interpretation des Untergrundes.
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.  Abstract

This thesis deals with processing and interpretation of data from a seismological
survey, on Eksbem Ice Shelf Dronning Maud Land, Antarctica. This data was obtained with
a new approach: using a vibrator to gemerspatial waves on ice, Vilm@ismics.One
advantageas that more energy is transmitted into the subsurface with a deeper penetration
thanthe typically used explosives in firn/ice covered areas. Seismic surveys are indispensable
for investigations with suice glaciological and geological objectives. Two profiles were
shot, one is passing a shear zone of two different ice flows and thedgpline, where ice
shields slidento water and contribute to the sea level. The second profile shows the buildup
of the continental basement and shelf sediments. An outstanding problem during processing
of this data was removal of multiple reflectiodgtenuation ofmultiples was reached and
seismic cross sections about two profiles whiaHline glaciological and geologicainportant

features are presentadd interpretd
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1 Introduction

Glaciersand polar ice shieldareplaying adecisiverole for the climate of the Earth.
Due to their attribute toeflect the solar radiatio(albedo)they prevent that Earth absorbs
solar heatThe result isa coolingeffect for climate Theyare alscan important reservoior
fresh waterandthey influencethe global and regionaea leveby their mass balance3he
mass balancesclude how muchice on theland (glaciers,ice sheefsand floating in the
water Geaice, icebergsand ice shelvgds available. They enable conclusions about the rate
at which ice forms on the land and how much fioevs with which speed into water. The
transition zondrom ice sheeto ice shelf called the groundingline”, plays a cucial role.
The change of environmenesultsin changesof the stressregimein the ice as thebasal
shear forcavhich greatlyslows theflow movementof the iceis removedThis in turnhas an
influence onthe speed with whickthe iceflows into the sealce core drillingin ice enable
paleoclimaticclimate reconstructions. Air bubbles the ice allow statements about the
composition of thetmosphere at the ting# inclusion Concentrations of certaisotopes in
theice coreallow conclusion®n tempeature rainfall distribution andvind direction These
parameters could be reconstructedthelast890,000 years, showing thae is an important

research object.

Seismic investigations can obtaigeological and glaciologicalobjectives for the
shalbw subsurface and its basemeAfter processing of seismic data from a survey it is
possible to produca strucural map of the subsurface downttnsof kilometersof depth,
depending on device deliveryio examine large areas.ge in the Antarctic most of
geophysical investigatiorare carried out usually from aircrafthat has logistic advantages
such as no need for heavy vehicles artdghamountof measurements per d&But seismic
investigations cannot be carried out by an airplane. Rade@ instead it is appropriatefor
ice but for geology objectiveg has problems with the conductivity. Better result willbe
achieved fom landbasedmethods. Normallyon ice sheet§ice grounded on land)r on the
connectedce shelvegfloating ice) or on glaciers explosivewill be used to produce seismic
waves éxplosive seismics). Unfortunatela hole has to be drilled in which to place the
explosivesfor every shot. This practice is more dangergostlyand time consuming=rom
a geophysical potrof view, a lot of the explosive energy gdbst due to scattering caused by
the firnT snow that survived one seasonal melting (ablation) perioan@sd of the seismic

waves triggered by explosives in fiwill beredirected to the surface and onlynaadl portion

14



travek directly downto the undergroundrFurthermore a strong, special kind of multiple
reflectionswill be caused by a source placed um#aththe surfacethe ghost.Ghostsare
reflectedby the surfaceéo-air boundaryand travel downwards.Multiples can overlap with
primary seismic signals and change their waveforms, or they appear as singlélewener

the geological interpretation will be interfered.

A new approaclon iceis the use of a vibratoV{broseismics) to record seismic
shds. Hofstede et al(2013 andEisen et al(2010 provedrecently that it work®n firn and
ice covered area#t enables records with alike richness in detail kxelosive seismics but
with a higherproduction rate and safety attte vertical motion mvents the ghosthe aim
was to record seismic reflections for a seismic survey for glaciological and geological

objectives.

This project wasaccomplishedy LIMPICS ("Linking microphysical properties to
macro features in ice sheets with geophysicahneues”) a junior researchgroup of the
Emmy Noether Programme from 20@# 2013. This programme was founded by the
Deutsche Forschungsgesehaft (DFG).LIMPICS islocatedatthe Alfred Wegener Institute
Helmholtz Centrdor Polar and Marine Resedr, Bremerhaven (AWI) and the Institute of
Environmental Physics, University of Heidelbelogth inGermany.

In August 2010, LIMPICS carried out a geophysicampaignon the alpine glacier
i Clbe Gni itsadcumuladtiordome. The aim was to testw geophysicameasurement
techniques (e.gVibroseismics) and to provide new physical propertiese to amalready
existing boreholeThe previously collectedoreholeradardataenables an estimation of the
amount of icebetweenunderneath the borehoénd thebedrock This is important because
older ice has a higher density and thus a higher seismic velocity for seismic waves. From the
drill core a density profile was produced that enables a calculation of seismic velocity

(Kohnen, 1972)Sothe quality of the results of Vibroseismics wagaluated.

First time Vibroseismics measurements on an ice shelf were carried out in the
2009/10 field season on Ekstroelce Shelf Dronning Maud Land (DML),Antarctica
(Kristoffersen, et al., 2010Jn 2011a Vibroseismicssurveywas carried outcquiringtwo
profiles. The first profile reaches fronHalvarryggen a local ice dome with ahicknessof
900m, to Ekstioem Ice Shelf(around 3km) with traverse of the grounding lif{€ig. 24).

15



The grounding line is the transition zone fram ice sheet to its swimming porticen ice
shelf The secongrofile is perpendicular to profilé and reaches from the turning powft
profile 1, northwardalongthe Ekstroen Ice Shelf,endingat the German Antarctic station
Neumayer lll(around 4Xkm). The north section of this profile includ@ssubrice outcrop
belonging toan unconformity oveying the continetal slope the Explora volcanic wedge.

This outcropis marked by seaward dipping reflectors.

The aim of this thesis is to process the seismic data of the Vibroseismic surveys, with
special interesin removing or attenuahg multiple reflectons. Two seismic profile sections
should be created, which allomgeologicaland glaciologicalnterpreation of the subsurface
in respect to the grounding éifprofile 1), theExplora Wedgéprofile 2) andotherfeatures.

16



2 Field of activity: Ekstroem Ice Shelf, Antarctica

This chapter gives an outline about the origin of Antarctieg. (1); it provides

geographical information and the geological formatbthe survey area.

ND

South Pole

DRONNING MAUD

JASTAN%;;;hCAz\ "
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(Valkyrie) /

\
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Ice-free rock
Ice sheet
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‘Amundsen-Scott (USA)

 Subglacial
Lake Vostok

Fig. 1; Antarctica withthe main geographic componeritée red filled area in the north is tfigkstroemice ShelfAdapted

from the British Antarctic Survey.
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2.1  Geological origin of Antarctica

Antarctica at present day is the result of a very long and complex process of plate
tectanics. It was a central component of the amalgamation of the supercontinent Gondwana its
breakup. Al fred Wegenerds book AThe origin
and lectures, which introduced the movement of continents, was the firsttampstep to
reconstruct th@aleogeographgf continents and oceans. Decades of scientific investigation
were necessary to understand this process. With the disclosure of the paleogeographical
reconstruction of Antarctica it was possible to make conatgsand assumptions about the
development of the supercontinents Rodinia, Pangaea, Gondwana and L&ieakigical
structures like rift systems which can overlap whole continents alsodhard to explain or
even unknown. Pangaea was a supercontinenthwtonitained all landmasses. St@or
spreading about the Atlantic magmatic province between Africa and America8Dda

ago led to split up Pangaea into two pafig.2) (Veevers, 2012)

Fig. 2; Pangaeaand Panthalassaluring the middle tdate Triassic withages(Ma) of breakupHeavy lines mark onsets of
seafloor spreading. The numbers in circles mark subsequent stages in which Gondwana splits up. Abbreviations in text
below. FromVeeverg2012.



The northern part was Lauras@ more uncommon Laurentiaontaining the recent
continents North America, Europe and Asia. The southern part was Gondwanaland or
Gondwana or very uncommon Gondwaniand contained South America (SAM), Africa
(AFR), Arabian Peninsula, IndigIND), Australia (AUS), Zelandia (ZEA) and Antarctica
(ANT). Panthalassa was the-alinbracing Ocean, including theeatrant NeeTlethys. 13 till
23 Ma later the breakup of Gondwana begun, stagEi@ ). Several parts of Gondwana
broke away from Antarctica due to ska@or spreadingAlthough the splitting of Gondwana
began in the Middle Jurassic, Antarctica was only isolated at the early Oligocene, about 29 to
33Ma. The result was circumpolar deep watexws, which led to a general cooling of the
oceans and started the glaciation of Antarcflcavver & Gahagan, 2003Pue to the fact
that 98% of Antarctica is covered with ice with an average thesenof two kilometers and
the severe climatic conditions mean annual temperatur85°C i the geology is only
roughly mapped and discoveredrig. 3). Antarctica is divided by the Transantarctic
Mountains which is the fifth large¢ mountain range of the world, into Wesind East
Antarctica Those mountains are in places completely covered by ice and snow. East
Antarctica is a Precambrian block whiégd composed predominantly of granitoid and
metamorphic rockaNest Antarctica caists of several terranes which have been added to the

East coast during the Ressogenesis and the Cenoz@Boger, 2011; Veevers, 201Rig. 4).
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2.1.1 Geology of the survey area

Boger (2011) presents inFig. 4 the relationship between tecio domains in
Antarctica and their correlatives within Gondwana. Besides it is shown that the Ekstroem Ice
Shelf belongs to the Archaean Grunehogna Craton which is a fragment of the Kalahari
Craton, the Precambrian shield of Southern Affigacobs, et al., 2008Yhe Grunehogna
Province was divided by the breakup of Gondwanepmisistof a granitic basement with an
age between 298@a and 282Ma (Barton, et al., 198#alpern, 1970)Riedé et al. (2012
suggest a total crustal thickness fromka4 (northward from Neumayer Ill) up to &&n
(southerrHalfvar Ridg@, estimated from gravity inversion. Above the basement there is a flat
layer of Mesoproterozoic sediments, tRéscherflya Supergrouplt contains both sub
aqueous and swudperial sedimentsntercalated with basaltic to andesitic lavas and lesser
volcaniclastic sedimerfBoger, 2011)

Mawson &

Na

Rocks with African affinities
. Rocks with Indian affinities
@ Rocks with Australian affinities

Rocks with no known affinities

5 Accreted pre- and post-Gondwana sediments,
—~_ arc and para-autochthonous terranes

! Archaean and Early Palaeoproterozoic
Complexes
C

Commonweath Bay Ni Nimrod
Denman Glacier R Ruker
G  Grunehogna S  Shackleton
Na Napier V  Vestiold

Fig. 4; tectonic domains of Antarcaddifferentiatedon he basi s of their affinities with

Gondwana. Modified aftaBoger(2011)
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2.1.2  Explora Volcanic Wedge

A 1700km part of a volcanic unconformity over the continental slope of Dronning
Maud Land was mapped laymultichannel marine seismic survey in 19A#z & Krause,
1982) The unconformity isan Explora Wedgewith seaward dipping volcanic unitand
uncertainbase is Fig. 5). A strong, positive magneti@nomaly(Riedel, et al., 2013}4 km
southward of Neumayer lll, at the margin of the landward extent of the wedge, indicates that
the extent of the wedge is along the gredd@onning Maud Land continental slope
(Kristoffersen, et al. submitted. The landward extent is uncertain due to gwvere
conditionslike floating ice sheets/shelves with several hundred meters in thickness. The

wedge was build up shortly before Gondadmmoke ugJokat, 2003)

o
o

Weddell Rift ‘

WEDDELL SEA
EMBAYMENT

Fvesfl 5 I
e ERSIH ELNE

Pl

Fig. 5; tectonicfeaturesof the Weddell Sea. Abbreviations are: AP, Antarctic Peninsula; Bl, Berkner Island Coialté
Land Nunataks; EWM, Ellswitn Whitmore MountaingStudinger & Miller, 1999)The olive filed area is the Eksem Ice
Shelf.
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2.2  Overview of the sirvey area, the Ekstroem Ice Shelf

The Ekstroem Ice Sheif part of the polaice shelvesdection2.3.1) of Antarctica. It
is located in Dronning Maud Land (DML), the Atlantic coastal zone of East Anta(Eiiga
6). The shelf reaches into tleastern Weddell Sea which is part of the southern Atlantic
Ocean and into the Atka Bay. It ranges about KOfrom 10,00°W to 6,25°W and about
170km from 70,25°S to 71,75°S (WGS84). The area is about &m30n size and thus one
of the smaller iceshelves of AntarcticéMuller, et al., 200Q) The floating ice shelves in the
coastal zone of DML are more or less flat, with an average height of gl@ove sea level
(Riedel, et al., 2012)To the east Ekstroem Ice Shislfbounded by the Hilar Ridge a local
ice dome. The southern boundary is Ritscherfiyamarginal region of the East Antarctic Ice
Sheet. In the West there akastaserandSorasentwo other ice domes.Ekstroemice Shelf is
subdivided by the Atka Bay and the northwestern paHadfvar Ridgeinto a small eastern
part (~200km2) and a major western part (~674002). There is a passage betweenftal
Ridge and Atka Bay that connects the two parthisTarea was first mapped by the
Norwegian Britishi Swedir Antarctic Expedition (NBSAE) froml949 till 1952 (Robin,
1958)and was named after Bertil Ekstrom, a Swedish mechanical engineer who died on 24.
Feb. 1951 because hdlf'om the edge of the Quar Ice Shelf, which is located in western
direction. The German Antarctic Station Neumayer Ill, which is open for the whole year, is
settled on the western part of the ice shelf, close to the AtkaFBz\6J.
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MODIS ice divide

—— MODIS grounding line

0 100
— — 1 Kilometers|

Fig. 6; overview of the survey area wighofile lines (red)elevation lines and groundinline (6), adapted froliklas
Neckel(2010)
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2.3  Glaciology

2.3.1 Ice sheet/shelf and grounding line

AANn 1 ce s he eized mass aiiceamdrsriow thiekeriough to flow under its
own weHhugheds, I®77)it may have als floating portions called ice shelvdsd. 7). Ice
sheets and ice shelves are active, dynamic components of the climate system of the Earth
(Greve & Blatter, 2009)since they have a cooling effect the climate. The grounding line
(Fig. 7 andFig. 6) marks the zone where the ice slides into the sea. So the grounding line is by
definition the transition from continental ice sheet to marine icd §hkbmas, 1979)The
term Alineodo is unfortunat e, since the groun
kilometers in width. In the following it is named grounding zone. It is a very iraport
subject in polar research. Basal shear forces prevent ice from sliding fast. In the grounding
zone a basal shear force does not exist. So the ice movement is accelerating and the ice slides
into water and contributes teea levelfrom that point. Thede flux in this zone gives
information about the rate with which the Antarctic Ice Sheet loses mass due to changes in
accumulation and ablatiofRignot, et al., 2011)iFor numerical models of ice shee
dynamics, ice sheet mass budgets-acean interactions, oceanic tides and subglacial
environments use the grounding zone for boundary condiijBignot, et al., 2011)Its
position can vary due tohanges in sea level and ice thickn@dsighes, 197,7Thomas,
1979.

«—— Evaporation
Ice stream

Iceberg
Sea ice

calving front _¢*

1"\
P

Fig. 7, anoutline of the Antardt ice system which marks the grounding line, modified &&elt, 20@). Ice streams are
parts of an ice sheet, where ice moves significantly faster than the surrounding ice. Their shear forces create creéasses. 90
of theAntarcticice discharge is drained through ice streafBamber, 200Q)although they account for only 20 of the
volume of an ice sheet.
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232  Fin

The top layer of most ice sheets and glaciers in their accumulation area is firn. That is
snowwhich has notmolten in the ablation perio@reve & Blatter, 2009)Firn consists of a
mixture of air and icecrystallites Unlike ice, it has a bigger porosity and is therefor
compressibleThus ice has a greater densifhis is an important factor for the propagation
of seismic wavesAt some depth, the firn is transformed into ice, dukstdensification(Fig.
8). Firn has a porosity of 60 to 0, which means that 60 to %0 of the volume is air, so the
densityis aroundo v QY at the first layering. This high porosity is the reason why firn
acts as an energy trap, much of explosion energy crackles here, firn actsassgaide
(Albert, 1998) Much of seismi@nergy is generally lost in the first few meters of the firn due
to inelastic deformation around the shot locatiDrez, et al., 2013)In ongoing time through
further snow accumulation the density whfrises up tap o @ Th and most of the air will
be pressed out. The continuous densification with depth causes a divindHadstede, et
al., 2013) At a density of aboup ¢ T (Stauffer, et al., 1985)ce with isolated air
bubbles existslce can get a density overm I 8The firnice-transformation is very

complex and depends on inter alia of the presence of melt water, the amount of accumulation,
temperature and other factors.

Seismic  Density Depth

. Recent
velocity  [ka/m?] Surface— <_
[m/s] [m] sSnow
970 350 01 —
)
-]
@]
—
o
Q.
®
=gye
=} y )
2820 830  60-110 — Er-‘ Yo 4med
@1 o~ AT recent air
Q1) =V,
e e} S0,
= O - o H
35,7 Ice is several
Srall IR hundred to
AN thousands of
v-. Lo years old
3255 915 150 — '

Ice

Fig. 8; a schematic outline how snow becomesaidded with root mean square (rms) seismic velocity from Halvfar Ridge

ice core DML-94 (Fernandoy, eal., 2010) Courtesy of Centre for Ice and Climate, University of Copenhagen, modified.
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3 Principles of seismic data processing

3.1  Fundamentals of reflection seismics

The basic idea liend seismic surveys is that at the surfaceén boreholesn impulse
will be produced. Asa result thesubsurfacegives a response and this response will be
recorded.After processing the recorded data, an image in form of a structural map of the
subsurface is generatetihere are several techniques whedn act as a sourcef such an
impulse like Vibroseismics gection 3.2) or explosives. Geophones something like a
microphon@ (Claerbout, 1985)serveas receivers they reord the seismic movement. The
impulse genet#on of energy at the surface (callstot) triggers space waves which travel
through ice andsoil like a ray. Thesewaves have a continuous amplitude loss due to
geometric spreading arattenuation Each time aseismic ray passeslsoundarylayer, the
wave passes through an impedance contrast intefffagel0). Impedance is the product of

velocity ' anddensity ” .

reflected S

incident P reflected P

refracted P V,>V,

refracted S

Fig. 9; a compressiorwave (Rwave) gets reflected atteoundary layergenerating reflected and transmitteddhd S

waves (shear waves)ourtesy of the Department of Earth Sciences, University Colleggohon

The amplitude here is scaled by a transmission coefficient, which is different for
upward and downward propagating waves. The factor of this coefficient depetids kind
of material of the layer, in particular of its density and its transmisstotity. The passage
through various layersesultsin a cumulative tramaission loss andb reflection, diffraction
and also to refraction. There are several kinds of seismic waves, for reflection seismics
compression waves {Waves)and shear waveare important. Pwaves aremore typically

used because they penetrate better and titangeigh fluids
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direct
wave

reflected
refracted

waves
LY
I, = pyv, ! ! Head .
l, = p,v, \ i wave
L, <1, C\i,\'/\gcg i, =90°

Fig. 10; simple model of the propagation ofWavesA direct wave propagatesong the airsurfaceinterface.A reflected
wave hasn exit angle that equals the incidence anigehis angé 90° in lower mediunit is called the criticalangle and a
critical refracted lead wave runs along the boundary between layer 1 and layidrehead wavecreates refracted wavea.
diving waveis a contiruously refracted wave that travels back to surface with a diffracted ray Pa¢hstar symbol denotes

the source, triangles mark receivers, arrows are wave ray pethisiyer, p = density, v = velocity¢ & angle of incoming

ray path

The amjitude of areflected waveis scaled by an angular reflection coefficient,
which depends on the medium of the lay@&ropagatingo thereceiver seismis waves lose
further energy by geometric spreadingbsorptionand attenuationA seismogram is the
record of all geophones, also called shot gatkeg.(L1). The geophones are often combined
to channelsind recordnetrace For the surveys in this thesmightgeophones are combined
to onechannel due to advantages in recardi So the shot gather Fig. 11 is a multichannel
systemand every channel is represented in this shot gather by a wiggld liaedistance
from the source to the firsthannel called firstgeophoneoffset, is 62.5m (Trace 1) the
channel spacing 25m and the total offset is about 15060 The geophones are arrangsd

only one side of the source

The shot gather ifig. 11 has not undgone any processingxcept a correction for
spherical divergece Eection4.2.4). At 0.25s (trace 1) inserts a reflection event down ®©0.
(trace 60), that is the ideed boundaryThe impedance contrast interface between the ice and
Mesoproterozoic sedimenis strong.That causes nitiple reflections of this boundarsome
traces (channelsyere removed because they were distor&dface waves are direct waves
which travel along the surfacd-ig. 10). Due to a rising temporalifferenceat recording at
eah geophong they occurcontinuously descendingp a shot gather. A diving wave is a

refracted wave with a diffracted ray path, see Eigo10.
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Fig. 11; a shot gathefromthe beginningf profile 1 (sedion. 4.1, Fig. 24) up to 1s twoway travel time (TWT)The
recordedchanneldisplayedas wigglelinesagainstTWT ofthe seismicwvaves Every time a receiver registers an impulse the
wiggle line dravsan amplitudeIn this picture the negative amplitudes are filled out with bl&diid black lines denot@

reflection or refraction.

After the processinghe seismicdatahas undergone an improvement of the sigoal
noise ratioand three main steps processing. WithDeconvolution every trace willbe
examined for a reflection everfstackingcompresses the dat@lume along the offsetthe
tracesof a common reflection poiill be resorted andtackedtogether.Thirdly, Migration
insures that rediction events will appear at their true subsurfagsitions The reward is a
seismic profileanimageof regional and local structures of the geology ofstlesurfaceSo
the processing has an important role and is different for every case Bhadgis a widefield
of possible applicatian for reflection seismics.The exploration industry usereflection
seismics for hydrocarbon surveys and development within a depth of af kon and
geophysicists use it fonvestigation of thdzarthGs crustal strature withina depth of up to
100km (Yilmaz, 2001)or for shallow surface investigations with a penetration depth of
several meterfor e.g.archaeologicasurveyslt is alsopossible to estimateastic parameters
|l i ke the Poi sson6s ,butdotthispurgosdt is ngcessarye work withc a |
shear waves in addition to the compression waves, whicimareally used for reflection

seismics.
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3.2 Introduction to Vibroseismics

Vibroseismicsmeanthat the source of ergyy which produces sanic waves will be
created by a vibrator. This vibrator is attactiedinstanceto a vehicle ig. 12). The plate
underneath the loafloor is loweredto theground. It creates a vibration with a duration of
severalseconds, called a sweefibroseismics are vergommon as reflection survey method

for the hydrocarbomxploration with a range from several hundreds of meters up tmtens

kilometers of depth.

Fig. 12, atruck-mounted vibratgrthe black rectangle marks the plate, which dlowered down. Photo frofmambrecht
et al.(2010.

The major differencecomparedto explosivesor weightdrop is the duration of the
impulse transmssion. Explosivesor weightdrop have a short impulse transmissiomile
Vibroseismicsweeps have duration$ several second$he motion of the vibrator is vertical,
so the impulse goes straight down in opposite to explosives. BExgsosi seismic SuUBYS
detonatein boreholes. The force is transmitted in all directions and a high amount of the
energy crackles in the firn layeBut the shot gathers have a higher resolution than
Vibroseismic shot gathers, because explosives clearly reach into highaericies, up to
600Hz and the energy of Vibroseismics are limited to the sweep frequency, the common
sweep frequency is 108z. The disadvantages of explosives are strong surface waves
respectively strong ground rolls atiee creation of a ghgst multple reflection created at the
surfaceto-air boundary Seismic waves triggered underneath the surface are reflected
downwards at this boundary. Vibroseismicsda highemreproducibility and productiorate,
because there is no borehole needed for exesand it is repeatable opposed to the use of

explosive sourcek every explosion has another charadieiour surveyibroseismicsweeps
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are in the range of 10 to 16x. LIMPICS has provedHhat Vibroseismicspenetratewell
throughfirn, while explosive are still necessary for a higher resolutigrsen, et al., 2010)
Furthermoret is also nordestructive and has advantages in logistics, costs and.SHfety
disadvantagesre that vibrators can ndie used in jungle or marshy areasd very hard

surfaces tend to distort vibrator sign@@Badallah & Fisher, 2009)

32.1 Sweep
Theinput sweepof a vibroseis sourcleas asinusoidalcharacte(Fig. 13a). The input

sweep frequency nmap can be exactly controllednd therebythe taperingat the end of the
signal( i wi n d towedudedruncation effects as Gibbs phenonfEiga 13b).

I
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(a) (b)

Fig. 13; an 8s, 16100Hz sweep with a taper length of 283. a) the sweep in time domain but the frequency range is 1
5 Hz for display purposes. b) the amplitude spectrum of the sweep.Baetan & Ziolkowsk{1990.

The instantaneous frequency a linearsweep as a time functiopo is given by

Baeten & Ziolkowski(1990

P .
n o woOEd“QE

00
2y, (1)

with @ 0 for tapering,”Q = first sweep frequencyQ2= last sweep frequency, T = sweep

duration and t = the. If"Q "Qthe sweep is called an upsweep and vice \eedavnsweep

30



Due to the facthat Vibroseismics do not work witla short impulse as source, an
additional processing step for the recorded seismic data is necessacypderrelation
(section3.2.9. Therecorded data yieldseveral informationthe sweep signal and reflast
signals from all reflectiopoints With cros€orrelation the long sweep sign@&ig. 13a) will
be contrat¢ed to a short impulse sign@ig. 14). That enables a distinction between the input
swe@ and the reflectivity eventsAfter that processa reflection eventappears apulsed
coherem input (peak amplitude)Autocorrelation gection 3.2.6 is a special case of
crosscorrelatiomnd is useful for detecting repeatipgriodswithin signals in the presence of
noise.The sweep idvand limited so theautacorrelation function is not a perfect impulse.
Resluting correlation noisearises, which can be reduced wittapering A more detailed
discussion oVibroseismiccorrelation is presented in sectidr2.2.2

Peak amplitude

Autocorrelation

Correlation noise

r'e A
—»Time
LI
width of
: primary peak :
Side lobes Major lobe Side lobes

Fig. 14; the contracted sweep after correlaj (Baeten & Ziolkowski, 1990)

3.2.2 Listening time

An important point is the recd length of the geophones and the duration of the
sweep. The recording length has to be the same lasgiveep duratie pl us t he
t i mEhe listening time is the final record lengHur this surveys a final record length of 3

was desired, the sweep length was 160 the total raw recording time had to bes.13
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3.2.3 Fourier Transform

A record of a traceo 0 where 0 is time,is in digital form nothing more than a time
series, tht is a discrete time functiofor a specific time a specific value of amplitude is
stored. With forward Fourier Transform the thdemain signal can be analyzed into its
sinusoidal components in the frequency{2 domamin(Yilmaz, 2001) each with a unique
peak amplitude, peak frequency and pHasge(Fig. 15). After Yilmaz (1987) the forward

Fourier transform is defined by

W] woQ Qo (2)

with:] ¢AANow we are able to create filters to remove undesired fregenVith the

Inverse Fourier lansform the corresponding time function is givegriiimaz (1987)

wo ®] Q Q) (3)

@1 is a complex function, it is expressed as two other functions of frequérityaz,
1987)

D] 01 Q (4)

whered 7 and%s are the amplitude and phase spectra. These are computed by the

following equationg(Yilmaz, 1987)

61 &1 o1 ! (5)

%ol AOADATTO T (6)
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where® 7 and® 1 are the real anémaginary parts of the Fourierrdnsform, further
details in Yilmaz, (1987 Appendix A. The basic theorems that are useful in vaio
applications of the Fourierr@insfornation in reference to two function® 0 andw 0 are

given in table 2.

Tablel Fourier Transform theoremgYilmaz, 1987)

Operation Time Domain Frequency Domain
Addition »wO Wo W W1
Multiplication WO WO ®] Z®]
Convolution 0O ZWO W] @
Autocorrelation WO Zw O SO
Derivate Q| Qo oW
Parseval 6s 0 BQO W1 BQ

Now we are able to produce synthesized trdoedurther processing. The Fourier

Transform applies to almost all stages of seismic data proc&3simgz, 1987)

amplitude
Fig. 15, an example for a filter using
time Fourier Transform. The upper panel shov
FFT: the sign& of a trace in time domain. The
il second panel shows the signal after forwa
Fourier Transform (FFT) in frequency
6.0 Hz P frequency domain. In panel 3 a notch filtés applied,
Filter: it filters out frequencies around 64z.
amplitude ) ) ‘
10 A After that the signal is transformed back |
\ / N time domai (the lowermost
P~ frequency
panel).Courtesy of School of Geology
Inverse FFT: . . .
Resultant filtered signal Geophysics, University of Oklahoma.
amplitude

W time
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3.2.4 Radon Transform

The Radon Transform (RT) is established 1917 by Johann R&Tomas become
very popular in tomography, image processing and even in seismic data processing. RT is an
integral transform, the integral of a function will be determined over all straight lines in a x, t
plane Fig. 16). Here he straight lines are defined as ray paramgteee sectio.3.7for a
more detailed discussion. The Radon Transform is the base of three important multiple
attenuation techniques, slant stack (linear RT), parabolic RThgpdrbolic RT (Gu &
Sacchi, 2009)The forward RT is given bYilmaz (2001)

o] Cji: 12’KEE) Z 0 Cji; QQ (7)

Q"D represents the CMP gathér € half-offset, t = two -way traveltime), andd Ufz) its
Radon transformy = stacking velocity, t is the intercept time).6 n CE defines the
traveltime curve in a CMP gather, assuming a horizontally layerd earth modeliath

slope.

|
t (sec)

Fig. 16; schematiodiagramof a forward Radon Transform (linear RT). Stacking along the ray parameter p maps the time
domain peaks into a strong energy focus in the Radon domain (dark solid circle). Conversely, stacking along p2 results in

negligible Radorenergy due to major mismatches with the traveltime slope of the major arrivals GudBacchi, 2009

The inverse RT is given by their integral expressitimaz (2001)

A BO "z 0 C)EZ o n GE QU (8)

"z "O"Y Q] T,with] =temporal frequengy denotes convolutian
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3.2.5 Correlation

Correlation quantifies, how much two or more traces are associated. The output is the
correldion coefficient i (for a 2D plot), ifi is zero, the traces are totally independent;isf
one the traces are identical and if it is minus one they are identical except the phase is shifted

by 180°. The correlation af 0 byi 0 is written inthe time domain aftevlari et al.(1999)

[0 l 0zl O (9)

3.2.6  Auto- and crosscorrelation

A crosgorrelation is the comparison of two independent traces. It compares two
(adjacent) traces with each other and measures #s@mblance as a function of tifag
applied to one of thertyilmaz, 1987) The result is the time delay between two traces. The
output depends on which trace is shifted and which trace is fixetdtmEaas crogorrelation
is not commutative like convolution. It is also used to determine the time where the trace is
similar to the source wavelet. That is important to push the sigimadise ratio and for
Vibroseismiccorrelation. This involvesrosscorelationof a sweep signal with the recorded
vibroseis tracgYilmaz, 2001) Crossorrelation of two complex functions 0 andw 0 is

expressed abelford et al.(1990)

%o Z, ot (10)

z is the timelag between ofo 0 relative tow 0 . The ternfée T is rather a discrete data set

than a continuous function, becausaendware data sets. This equation can be written as
Telford etal. (1990)

%0  Z %0 T (11)

Autocorrelation (also call ed n KcbreelatedaoritseNa v el e

at different times. Autocorrelation is given bglford et al.(1990)
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%o Z %o T (12)

3.2.7 Convolution

Convolution is a mathematical operator which delivers for two complex functions e.g.
two tracesw 0 andi 0 a third function which is a modified version of one of the two
original functions. It depict@an area overlapping betweend andi 0 as a function of

comparison.

Wwo zi o fow t (13)

Wherez denotes convolution anddenotes delay or lag. The two trace® andi 0 can be

written as conviutional product ©
[0 wozi o (14)
In seismics a recorded trace is the product of a spatial wave and its interaction with the
physical characteristics of the subsurface. A recorded txraceonsists of:
1 the sweep and its propagating effects in the Eadhd the response of the
recording systers] 6 h

1 the Eartlds impulse =Q0

the background noise& 0

WO 1 02Q0 &0 (15)

The background noise is another factdrich influences the seismogram. It can be

induced by humans through traffic, heawyachinery or by natural activities like the
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movement of the ocean, stress release in ice in the grounding zone or ice movement triggered
by ocean tidesAccording to assumjan no. 4 (see DeconvolutioB,2.8 it will be neglected
here.So the generated waveleto is convolved with the reflectivity functioR o . By the

way the Fourier Transforrof the seismogram respectively the trace will correspond to the

multiplication of the Fourier Transform of the wavelet and of the reflectivity.

»Q Q0 "Q (16)

3.2.8 Deconvolution
Deconvolution is the process of the reversal of the convolution, the deconvolution of

i 0 byi 0 will bewrittenas

ro 1ozi o (17)

The aimisto extracttheHah 6 s | mp u | & ffomthe reqorded sraee. @it is
possible to compress the wavéletdo into a zerelag spike,Q0 can be extracted. The
recorded wavelet gets converted into a spike, hence the name spiking deconvolution. After
that it will be correlated with the recorded trace. TiBizieeded to resolve closely spaced
reflections, so the temporal resolution will be improved. The way to do this is to design a
filter Q 0 such that a convolution between the filter and the initial wavelatasks the

Earthdés response; in time domain
07 | ‘0z Qz'| Qz‘| z'Q 1 2 Q0 0 (18)
with 'Q27] 1 Z'Qand the Dirac delta function o :

16 Qoz 0 (19)
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The Dirac impulsgé 0 is a neutral evé& in convolution(Mari, et al., 1999) This
works only if the wavelet is in minimum phase, so that energy is concentrated at the onset. If
the wavelet is not minimum phase, spiking deconvolution cacorvert it to gerfectzero
lag spike and hence the correlation with the recorded trace will not be correct. The length of
initial wavelet is required; if it is unknown it can be computed with an autocorrelation of the
seismogram. The filter of the sjuilg deconvolutionalso called operatpf 0 is the inverse
of the amplitude spectrum. If the amplitude spectrum of the input wavelet is zero for a certain
frequency, the inverse for zero is not defined and that results to artifacts produced by the
decovolution. To prevent this, a certain level of white noise is added to the input spectrum.
This is called prewhitening. Deconwwotkait i on
only if five assumptions are true, frohlmaz (2001)

1. The Earth is madep of horizontal layers of constant velocity

2. The source generates a compressional plane wave that impinges on layer
boundaries at normal incidence. Under such circumstances, no shear waves are
generated.

3. The source waveform does not change as it trandlsei subsurface; i.e., it is
stationary.

4. The noise compone#st O is zero.

5. The source waveform is known.

6. Reflectivity is a random process. This implies that the seismogram has the
characteristics of the seismic wavelet in that their autocorrelations and amplitude

spectra are similar.

Deconvolution is also used aslltiple removal technique. A more detailed discussion

is presented isection 3.3.4
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3.3 Multiple attenuation

3.3.1 Multiple reflections
A multiple is a seismic signal that has been reflected from more than one reflector

before beingecorded Fig. 17). Multiples are divided into two classes: shpath and long

path types. Shoypath multiples arrive almost at same time with their primary signal at the
receiver and change mainly the waveform, because theght nmterfere with it. Longpath
multiples arrive with some time lag. They appear in a seismic section as separate events.
Since they overlap with the primary reflection, and thus, masksgnformation, it is
necessary to remove them. Multiple remowvalain outstanding problem in seismic data
processingand many techniques were developed in the last decades. This chapter gives an

introductionto those techniques, which were tested and used in this thesis.

Short-path Long-path
multiples multiples
g # A A
. — B
131 =
= 8 € o
© & Lw
- = @ ==
> S8 gl 2 & 85
5 o 20 Je 2e g E3S
g g 5= 7= a= =62
i = S= 805 ES =2 E
) £ wn E
[y © ZE (-9 n i Surface

£ Base LVL or water layer

<.1: Other reflectors

Principal reflector

Fig. 17; several kindof multiples.They will be classlivided in shorpath and longpath multiples. FronTelford et al
(1990.

3.3.2 Sea floor multiple
Profile 1 and 2 on the ice shelf consistdirn-ice column, a water column and a sea

floor. In glacial overprinted shelf aretise sediments of the sea floor are compressed by the
former ice load and erosional features from ice streams like lineation and furrows are visible
(Stolldorf, et al., 2012)Thus, there is a strong pedance contrast interface between the sea
water and the sea flogrelm, 2003) Under this condition the water layer can trap energy for

a long distance that causes multiples with strong amplitudes. They are generated at the sea

bottom reflecting upward® the sea surface (ksa water boundary) reflecting downwards
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to the sea floor and reflecting upwards agé&iig.(18). This reflection can be repeated several
times, before the signal will be recorded. Generally, this scebatangs to the longath

multiple class, since the sea floor multiples appear as separate events in the seismogram, as in
this data.

Fig. 18; outline of a sealdor multiple reflection, of firstand seconérder. S = Source, R Receiver, fronYilmaz(2001)

3.3.3 Multiple removal strategies

There are two approaches for removing multiples, one is to exploitpeadicity
and apply a predictive deconvolution. The other approach for multiple removal is using
seismic traces after noahmoveout correction (NMO). The basic idea is that after applying a
NMO correction, the primary reflections are flat askig. 36 b, and their multiples are a
hyperbola. Thatesulsin a timemoveout and it is possible to sepi@ the multiples from the
primaries. Separation will be achieved through a transform of the NMO corrected CMP
gathers from the time () space (x) domain into another domain like frequencyi (f)
wavenumber (k) (Fourier transform) or time () ray paramger (J domain (Radon
transform). The flat events will be plotted into another quadrant as the multiples; a filter will
be applied to omit the multiplefor inverse transform. However, often the moveout
differences are very small. To compensate for théadiiantage, an overcorrection can be
applied either for the primary or for the multiple reflections. An overcorrection means that the
velocity is set too low for a seismic event, this results in a bending downward reflector in the
CMP gather and therefor@ a timemov eout . EchosE offer to ap
function in the NMO moduleAfter multiple removing through ahosen velocity based
method,the overcorrectiortan beremoved.In both profiles, the multiples are generated by
the icebed boundarynd by the sea floor. They are horizontal, strong in amplitude and have

almost no moveout difference.
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3.3.4 Predictive Deconvolution

The predictive deconvolution aims to predict the next occurrence of a multiple.
Therefore, a filter operat@® 0 has to be ésigned, that identifies the predictable part, which
represents the multiple of the wavelet and removes them. The filter provides an estimated
value based on present values at time (t) for a future tihee. ( | n EchosE t he
MCDECON (Multichannel deawvolution) and DECONF (Deconvolution in Frequency
domain) provide predictive deconvolution using the WidmarinsonrAlgorithm. For both
modules two important variables have to be provided. The length of the opérasémd time
lag { . Time lag | is the time where the first multiple occurs andis generously
estimated, containing the source wavelet. They can be computed with autocorrelation of the
seismogramlf there is at future timey a derivation from the estimated value, then it is a
primary eent, because it was not a predictable part, considering assumpti@nreibection

events are random.

3.3.5 Stacking

The most robust and effective way to suppress multiples is stacking NMO corrected
seismic gathergFoster & Mosher, 1992)This statement is true for latdsed seismic
surveys, because here is the limitation of normal incidence given. After the NMO correction
multiples have larger moveouts thanmparies. Theyre underorrected and, hence attenuated
during stacking(Yilmaz, 2001) When stacking is performed on NMO correctéMP
gathers, the primaries are enhanced, because of the superposition of ethenizesd offset
traveltime, while the multiples are spread over a range of time to produce smaller amplitudes.
The achievement depends on the moveout differences; they are smaller at near offsets and
| arger at far offset s |basecnethedsforstackirgreachwitba er al

different weighting. On marine data, stacking results in no multiple removals.

3.3.6 Fi Kfilter

An NMO corrected CMP gather will be transformed int6 K domain. If a velocity
function between the primary and muligvelocities was choseior NMO correction, the
energy of multiple and primary events aeparatelyisplayed in two different quadrants, due
to their different moveout©ne quadrant in I K planedisplaysthe overcorrected primaries
and the other coains theundercorrecteanultiples. The quadrant to which the multiples are
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associated will be zeroed infK space and the rest will be transformed backiint domain.
That produces a multiple free, NMO corrected CMP gatfigy. {9) . Il n EchosE,
ZMULT performs the F K transformation and suppress under overcorrected events,

depending on what the user wants to remove.

-10 0 10
Wavenumber (cycle/km)

Fig. 19; a synthetic CMP gathefrom Yilmaz(2001) The bottom panekhow the correspondingiF K spectra b) after
NMO correction using a velocity function between the multiple and primary trend; c) the result of zeroirigklgiBdrant
associated with multiples; d) the same as c, except that in addition to zerolafj theadrant, a portion of the right
quadrant in the R K spectra (denoted by R) also is zeroed to suppress aliased energy; e) the result of applying inverse
NMO correction to a; f) the result of applying NMO correction to e, using the primary vefaciiion; g) stack of c,
repeated to emphasize the strong events.

At near offsets there is no significant moveout difference between primaries and
multiples. Another disadvantage is that spatial aliasing occurs by Fourier Transformation,
because aliasedhergy is wrapped around and mapped to the wrong quaifiémeaz, 2001)

The portion of this quadrant has to be zeroed $patial aliasing effects rise through Fourier
transform of seismic events thia frequency (fhigher than the Nyquist frequenc§
"Q is the maximum threshold frequency, which is not aliased for a giverOdip},

medium velocity "Q  and CMP trace intervaBw (Yilmaz, 2001)

0
Y0 OB+ (20)
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With Yoo ¢ i, Yilmaz (2007) provides a table about frequency thresholds for
spatial aliasing for a velocity af 1 Tori i, for several dips and CMP tmiintervals. The

velocity range in this case study reaches fpom va i too T ndny i .

Table2; frequency thresholtbr spatial aliasing (Hz) for CI trace interval is 2%n. Modified fronmYilmaz 2001).

Dip Angle (deg) p T varii o 1T TNy |

p Tt UK pPXO
cTmd T8 Py
orJ C W QT
T1md C & T X

In our data the input sweep has a frequency ofHHD@nd there are layers with low

seismic medium velocities with gentle dips. Tbahcausespatial aliasing.

3.3.7 Linear Radon Transform (Slant-Stack) or W =mlransform

For filtering purposes in frequeneayavenumber space {FK filter), the wavefield is
decomposed with-B Fourier Transformation into its plaiveave components. Similar to this
process, there are other transformatimethods that decompose a wavefield into its plane
wave components. Thie n Transform produces a slant stack by transforming data in time
offset domain via Radon Transformin n domain ¢ = intercept timer) = slowness). Slant
stacking involves that linear moveout will be applied to the wavefield via coordinate
transformation Kig. 16). Therefore, this decomposing process is also called linear Radon
Transform. The amplitudes will be summed over the offset axis. Furthetheidfset axis
will be replaced with the ray parametgaxis.n is the inverse of the horizontahase velocity
and is defined bYyilmaz (2001)

n OE}v (21)
with O E-l= incidence angle ansl= seismic velocity. A linear moveout correction will be

applied to the datmm @ o0domain via coordinate transformatifyilmaz, 2001)
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T 0 nNw (22)

0= two-way traveltimew= offset andt is the intercept time @ 1. Finally the summingfo

the amplitudes along a linear path in tioféset domain is given throughilmaz (2001)

Ynht O aif N w (23)

YRt represents a plane wave.t 1| ®is the input dataj Ttequates to a plane
wave that treels vertically Fig. 20). Fig. 20 shows also that hyperbolas and lineamgsén

offseti time domain majs an ellipse respectively as a point in inter¢egjowness domain.

CDP Gather
C c 2§ X ™ p
C fod
% "
g
p=0 A
Plane Wave D
J ' Y
t Tel=-pX t T

Fig. 20; outline of a linear Radon Transform (Slant Stack). p is the ray parameter, capital letters are seismic
eventsin offsétt i me (x, t) domain and tTmggomand Anmpliudes ard Summed Bldng a slart,, DO i
linear path. A hyperbola in a CDP gather maps onto an ellipse irf th domain and a linear event as a poif¥iimaz,
2001)

Multiple attenuatbn with Slant Stack Transform is based on the prediction of
multiples. Attenuation of multiples is achieved with predictive deconvolutiori im)
domain. The application of predictive deconvolution is valid strictly for vertical incidence and

the zereoffset case; multiples are not periodic at nonzdfeets (Yilmaz, 2001) Taner
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(1980) recognizes that the arrivals of a primary and its multiples on a radial direction, the
dashed line inFig. 21, has equal time separations. A predictive deconvolution needs an
operator lengthl and a prediction lag , both variables are determined from the

autocorrelation of the slant gather, aftédmaz (2001)
'n | mp no (24)

with prediction lag 1 atry Tmandvu is the veloctiy of the primary reflection.

m M MumeE

jr

Y |

| \ ! |

w, e N
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()
g,
o — 3rd MULTIPLE h'd

Fig. 21; OffsetTime relationship of a portion of the wave front for horizontat#ear, from Tarer (1980)
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3.3.8 Hyperbolic Radon Transform (Velocity Stack)

The velocity stack transform is similar to the slant stack transform, discussiee
previous section. A Radon Transform (RT) will be applied to input data in itiro#set
domain with a hyperbolic moveout correction and amplituglds be summedup along
offsetaxis. As a result of this mapping, the offsais is replaced withhe velocity axis
(Yilmaz, 2001) The input data’® with # = half-offset, = two-way traveltime will be
transformed via Radon Transform with following transformation coordinaiés: where v
= stacking velocity and equals tweway zereoffset time. The relationship is given by
Yilmaz (2001)

o t - (25)
Mapping and summing over offset is achievedriignaz (2001)

6 oht Q "o T TUQXo (26)

whereQ (o represents the CMP gather andht represents the velocity stack gather. An
inverse transformation is possible through applying an inverse hyperbola moveout correction

and summing over velocityiven byYilmaz (2001)

~

[9:2(C)¢) 6 Oht 0 TQY0O (27)

Hyperbolas in timeoffset domain will be mapped as points in the velocity stack
gather and not as ellipse as in a slant stack gather. Now primary aimpleredents can be
distinguished by their different velocitiesSig. 22).
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ray parameter  (half) offset velocity

» h >V
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t
T=t—-2ph ( 5 4h2)1/2
T=|t"— 2%
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Fig. 22; left) Slant stack and velocity stack (right), mapping of a CMP gather (center). P = primary and M = multiple
reflectiors. G equals linear noise, R is a refracted arrival and t =-tmay traveltime. FrongYilmaz, 2001)

Fig. 22 shows an ideal case that does not hold in reality. A conveht@viR gather
of constant velocity stacked traces emphasizes the energy of events that follow hyperbolic
traveltime trajectories in the CMP gath@filmaz, 2001) A hyperbola of a reflection is
imagedincomplete after transformation in the velocity stack, due to discrete sensing along
offsetaxis and because of the finite streamer length. These and the density of hyperbolic
summation paths at near offsets cause smearing of the stacked amplitudebealaigdity
axis. That reduces the velocity resolution of two seismic events with little moveout difference.
To prevent amplitude smearing a time stretching function can be used. In other words the
coordinates in time direction will be stretched by setting candt  10. As result
hyperbolic events become more parabolic events in the velocity stack with the distinction that
the moveout of parabolic events are timdependen{Yilmaz, 2001) Another solution is a

hyperbolic NMO correction before summation, called Parabolic Radon Transform.
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3.3.9 Parabolic Radon Transform
After NMO correction using a hyperbola moveout correction, events with a moveout
(multiples) become parabola shaped. Theemion is given byilmaz (2001)

0 0 T1TQN (28)

whereo is the time after NMO correction, is the hyperbolic moveout correction velocity

function. Originally hyperbolic events are now approximately parabitnaz, 2001)

0 T N® (29)

with T = two-way zeraoffset time,r| defines the curvature of the parabd®equals hak

offset. Transformation is given bilmaz (2001)

o nht QM 1T NQ (30)

6 ARt is the resulting velocity gathef) "M represents the input CMP gather after

hyperbolic moveout correction. The inverse transformation is givéfilimaz (2001)

P h r r 2 1 7,
Q onnt o NG (31)

The summation runs along parabolas, their shapes depemdthe velocity. So it is
possible to limit the used parabolas for transformation of a certain velocity interval. Before
inverse transformation, the primaries and an arbitrary area aroemdwill be filtered out by
defining the range of their curvature. Only the multiples will be transformed back inoffset

ti me plane, and wil/l be subtracted from t
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3.3.10 Karhunen-Loeve Transform

The concept of the K L transform is that the offsétme data (gather) are
decomposed in components, the eigenimages. The first eigenimage contains the highest
degree of correlation with seismic events. The following ones have decreasingly correlated
events. The K L transfam is reached by forming a covariance matrix from the dot products
of all the pairs of traces in the gather. TTF
this matrix (EchosE Manual), which are the
primaries or multiples have the highest correlation from trace to trace in the gathers, hence
these events will map into the first eigenimdgyémaz, 2001) If a NMO correction apple
to the multiples, thewill be flat and primaries are overcorrected, if the moveout difference is
not too small. KLTRANS which compute K L transform in Echo$ offers to filter out the
flat events. After removal of the NMO correction a seismic gather only with primaries is
produced. It is also possible to go the other way around, which is to filter out events with
moveout, if a NMO correction was applied to the primaries. The difference of the normal
moveouts for primary and multiple events are critical. If the velocityesuare very close to

each other, as at near offsets, primary energy may also be filtered out as multiple energy.

offset(km)

Fig. 23; a) CMP gather with a primary at 02zereoffset time and its multiples, and three additional primarie3.4s,
0.8s and 1.X zeroeoffset times. The gather also contains béimited noise b) the same gather after NMO correction for
the multiples (300@n/s) and mutingc) the eigenimage associated with the first eigenvalue derived from (b), this eigenimage
contains the primary at 0.2 zereoffset time and its multipled) the difference gather derived from subtracting the first
eigenimage gather (c) from the NMO corrected gathergpy¥ame gather as in (d) after inverse NMO correctfporiginal
modekd gather as in (a) with the stretch mute as in (b). The gathers (f) and (e) are before and after multiple attenuation

using the K L Transformation FromYilmaz (2001)
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4 Applied seismic data processing

4.1  Vibroseismic dataacquisition

Two Vibroseismic surveywere carried out in 201Fif. 24). Profile 1 reaches fra
Halvfar Ridge to the Ekstroe Ice Shelf. Profile 2 is comtued from the turning point of
profile 1 and goes northward to Neumayer Ill Statidithough, profile 2 is nd a straight

line, it was treated as such.

TerraSAR-X
(c)DLR 2011

Fig. 24; the setting oVibroseismicsurveysProfile 1 strikein E-W andProfile 2 in SN direction.A TerraSARX image,
provided byHofstede et al(2013, modified

The data were takdoy a vibroseis source mounted to a truck on skis that was pulled
by a PistenBully Fig. 25). The vibrator was a Failing-¥100 with a weight of 16 tons and 12

tons peak actuator for¢Eisen, et al., 2010 he size of the base plate argasc® |  with a
reaction mass of 1784y and a stroke of 1€m (Hofstede, et al., 2013)

1.5 km,
60 channel
snow streamer

Failing Y-1100
Track

vibrator on skies =

vehicle -

Fig. 25; the PisteBully pulled the vibroseis source, whiwas mounted askis after that thesnowstreamer. From

Kristoffersen et al(submitteql.
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A snowstreamer in a straight line was pulled behind the vibrator truck. The
snowstreamer had a length of 1580nith 60 chanals and a channel spacing of B5(Fig.
26); (Hofstede, et al., 2013kight singlegimballedgeophones were dedicated to one channel.

XK sweep
V channel
, 1500m |
| |
! 62,5m

|25m| | |
60 59 58 57 4 3 2 1 ...I'
V.V V V /;/ Y V V V -

Fig. 26; setup of theVibroseismics Sury 2011. The streamer has a length of 150&nd the channel spacing of 26

Table3; Key factsof the Vibroseismics Survey 2011.

Profile 1 Profile 2
VibroseismicSurvey 2011 Grounding Line Explora Wedge
Halvfar Ridge to Eksbem Ice Southward to Neumayer Ill
Shelf
Start point WGS84] S 71.03328° S 71.02148°
W 7.64872° W 8.48255°
End point [WGS84] S 71.02148° S 70.53442°
W 8.48255° W 8.18176°
Total length [km] 30 41
Source sweep, 16, sweep, 10s
10-100Hz 10-100Hz
Sample rate [ms] 1 1
Taper [ms] 500 500
Record length [ms] 13.000 13.000
Geophones gimballed SM4, gimballed SM4,
14Hz 14Hz
Geophones per channel 8 8
Number of channels 60 60
Channel spacing [m] 25 25
Spread [m] 1500 1500
Distance from source to first geophone [m] 62.5 62.5
Fold coverage varying: 30, 157.5 7.5
Shot spacing [m] varying: 25, 50, 100 100

51



4.2  Seismicdata processing

This Chapter givesraintroduction to theconcept of seismic data processiing
relation to thisthesis Many steps are etessary to produce a seisnpmfile out of a
collection ofshot gatherdn Fig. 27, the processing flow chart fahis thess is outlined. Such
aflow chart is not definitgit can be changed in reganfl special properties of the datage
survey arear the research objectivesll processing steps which were applied for this thesis
shall be discussed her€he structure of this chapter is orientated loa tain steps of the
flow chart The software tht was used was Focus/EcBo$rom Paradigm, Housh, Texas,
USA. It is modular, like the flow chart ifig. 27.

At the beginningtiis necessaryo define a geometric modelrfohe record device
deliveryto assign the common refition midpoints (CMPJo shoot locationsAfter the raw
dat a wa frainRhe eedordiiscsby the programit hasundergone firspreparations
| n A, badishoand noisy traces were deletestatically corrections werepplied.Also
mutes to eglude parts that only contain noise or more noise than signal will be applied here.
| n f Gaescrilde how the signal waamplified by a spherical divergence correction. In
the next moddfFi | t er 0 un wa n ¢erefilered oueby segenat apgasons vof
fitkers. n ®CMoOrti ngo twereassgeed tortheigomraommsid points ig.
33). After the sorting it is possible to develop and establish a velocity Ifadihe surveyed
subsurface. TiB provides velodies of seismic waves for a certain depth and offset. This
erables normal moveout correctighMO correction)and thusmultiple attenation. The
removal of multipless an outstanding problem in seismic data processing. The theory of
multiples and of theiremoving will be discussed hergtackingis a compression of the data
by summing them along the offset direction, here we got a good first seismic profile
impression. After that we have a seismic profile which allows us geological interpretation and

analsis of many parameters.
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Fig. 27; processindlow chartfor seismic data processing.
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4.2.1 Acquisition geometry

In Chapter4.1, Fig. 26 depictsa scheme about trshoot georatry. This information

has to be stored ithe processing softwatgy defining a geometry modelhe data will be

linked to this model. It consists of three models

1 thestationmodel:that describes a line along the whole profile, which contains

the locdions of he stations (sha@nd receiver positions)
! theCMP

between the stations

model

t hat

cont ai

ns

t

h e

di

1 the shot model: it contains the record device delivewyith the given

parametersasfirst offset to geophone

4272 Readin
4.2.2.1 Demultiplexing

Seismic data are recordedsample order. That means the data is writtemlieain

the order they are sanegd| this is called multiplexed Considera six-channel system that
recorded sibsampledor each channeChannelsare namd in capital letters from A to F, and
samplesare numbexd from 1 to 6(Fig. 28). fiProcessing requires the application of

mathematical operations to all samples of a chan(@hdallah & Fisher, 2009Yhe data has

to be reorganized in a way that the samples for the same channel are stored smpetraed

by sample timeThe Society of Exploration Geophysicists (SEglpptedstandard formats

Sstanc

for digital recordingFor this survey the SEG fle format was used. It gives automatically a

demultiplexed output.

Sample ordered

A s A

B, B, B,
& G, Cs
D, D, D;
E, E, E,
Fy F, F;

E,
Ey

[

N

w

s 0 %>

S

E,
Fe

=

Channel ordered

G
G
G
o)
Cs
Cs

D,
D,
D;
D,
Ds
Ds

Fig. 28, Demultiplexing of seismigata Capital letters represent channels, numbers are samigledified after Gadallah &

Fisher(2009)
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4.2.2.2 Vibr oseisnic correlation

Let us assume the simple case of a horizontal layered \&#intthree layerss given.
The recorded trace of a Vibroseismic survey is a convolution between thé Eartrcal
incidence reflectivity series (also called impulse resppnand the sweep signal, or
equivalently the summation of the three reflection sefieesponses to the downward
traveling input sweepHig. 29). From the recorded trace weveto extract the reflection
series via crosscorreiagy the received signal with theveep.For this purposeve reed the
input sweep, whiclis often recorded by a sensoounted at the Vibrateplateor as in this
thesis, the raw data is cresgrrelated with a synthetic swegfKristoffersen, et a).
submited). The recorded trace does not indicate arrival times oteft i ons ( Aever
thereforeit will be crossorrelatedwith the sweep signal. Hnevent is detected zerephase
source signature is produced at the point that corresponds to the amvailf that event,

(Fig. 29, correlated trace).

A
Zero ti
ero time I I Reflectivity

e(t)
B

Sweep signal
sw(t)

Reflection A

' ” ’\ ’\ nMMMMMMMMMMM’ Reflection B

uc(t)
sum of reflections
recorded trace

convolution of
e(t) and sw(t)

Correlated trace

s(t) Seismogram
correlation of sw(t) and uc(t)

Fig. 29; a Vibroseisnic correlation outline. Signals from three geologic boundary layers are recorded (A,B,Cotfzyn
the input sweep at a given endelay Note the phase change of reflection B in both correlated trace and sGeepesy of
Petroleungeophysiceom modified.
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423 Edit

During recording some noiseuld occur, e. g. natural activities like strong wind and
influence some traces or the whaeismogramTraces could also be distorted by defect
geophonesThis should benoticed bythe operator in the survey log at least it is visible
during the processingt is recommendedo take two records at one shotpoiat backup
Which is the waytiwas handled in this survegeveral distorted tracesere selected and
deleted by the@rocessaralso whole seismograms. The best seismogram for a shotpoint was
selected for further processing.few shotpointsvere bad and not useBut traces have not
to be deleted if just a part of thamdistorted.A mute canbe applied to this partsothat the
distorted part is excluded from further processing. In the following there are several muting

applications.

4.2.3.1 Static corrections

Elevations have to be consated for a common datum level dfavel times
Differencesin elevations of the source and the receivers or between the shotpoints have to be
corrected with time shiftslhis was not necessary in our data, but timing errors of a geophone
occurred and haatbe corrected with time shift¥his wasalsodonemanually.If reflections
of a shot shifdown or upin comparison to adjacerdaw shotsa time delay was applidd the
shot to correct theposition of the reflection eventsn relation tothe previous iad the
following raw shot The icebottom and sedloor reflector was used to align the shots,

because theyereeay to identify.

424 Gain

Gainis a timevariant scaling of the traces. The aim isrtgorove weak signalsfor
display like automatic gain condi or to compensate amplitude attenuation for further
processing. A loss of amplitude cde caused byspherical divergence spreadingAn

exponential gain correction for spherical divergence spreading was applied.
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42.5 Filter
4.2.5.1 Top mute

A top muteor frontendmutewas applied to all raw shots to exclude the upper part of
a raw shot that contains only noisefractionsand surface wavefefractions can occur due
to the far distance between the sweep iamdpecially reai geophonesThey can interfere
with reflections of #allow reflectors. The mute zeros paf the traces, down to the time
where first reflections of primarseappearThe position of thenutewas set interactively and
applied to all shots. It was set cldgdo the first primary reflection, Ui to prevent the mute

from cuttingoff the primary reflectionn other shotsiot too closely.

MUTE INPUT MUTE OUTPUT
SHOT 2 2
CHAN 1 3 5 7 9 111315 17 19 21 23 25 27 20 31 33 35 37 39 41 43 45 47 49 51 53 S5 57 59 1 3 5 7 9 1113 15 17 19 21 23 25 27 20 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59

4se
by
' Ppree
>
NEn

Fig. 30; a raw shd of profile 1, a primary reflection is located at 0.2%vith following multiples between 0.4%nd 0.5
and so onThe top mutéblue line)was set carefully in respect to the varying positions of the primary.
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4.2.5.2 F1 Kfilter

Via Fourier Transform thesignals of theraw shos were transformed in the
FrequencyWavenumber (F K) space(Fig. 31). The wavenumbe(K) is the inverse of the
wavelength(a), 0  ¢*j _ and measuredicycles per unit distae.An F 1 K filter is very
commonin seismic data processiagdis used toeliminatecertain types of unwanted energy
like ground roll, diving and guided waves. These are coherent Igigaalsand can be
distinguished by their phase velocit@_ which causedifferent dips inthe F i K domain
Ground roll has a dispersive nature and appears in single events at the rim of Ke F
domain. The signals of reflections are typicaliatherin the midde of this displaywith
occurrencecontinuously so the parts arourtienwere cropped.Herewe useda dip filterto
excludethe unwanted ground roll and diving wav®éith F 1 K filtering it was possible to

filter out unwanted signals betwegsflections

Filter: FKFILT o WAVE NUMBER

SHOT 21
Compute FK CHAN 1 3 5 7 9 1113151719 2123 25 27 29 31 33 35 37 30 41 43 45 47 49 51 53 55 57 59
[} 00

| Pick Filter

_J Polygon 0.50
& Dip

Apply Filter

J Reject

o pass

Parameters:

Taper Linear —

Low Freq, Protection

Display:

FREQUENCY

i View Input

Restore Input

2.50----

Time
Time 3 00:

Fig. 31, araw shot & profile 1 (left) after transform into F K space (right).Instead of a polygon a dip filter was
establishedSignals outside the dip filtearea wereremoved.
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The result is shown iRig. 32, the signals of the raw shaeretransformed back after
applying a dip filter and only the energy of the reflection events was transformedtd@ck
As side effect some noise &ettop was created, a top matger Fi K filtering was applied

again.

FKFILT & WAVE NUMBER

SHOT 21 . . ~ -.5 ~-.4 -.3 -2 -1 0.0 A -3 3 4
CHAN 135 7 9 1113151719 21 23 25 27 29 31 33 35 37 35 41 47 45 47 49 51 53 55 57 59
T i

Pick Filter

2
-

Apply Filter

o
-

Parameters:

Taper Linear —
20
Lo

B0

a
ottt e

ENCY

Display:

I View Input
Restore Input

FREQU

40

Fig. 32; theraw shot fronFig. 31 after applyingthe dip filter. The diving wave and the ground &k filtered out and the
energy of reflections left.

4.2.5.3 Bandpass filter

To eliminatefrequencie®utside thebandwidthof theinput sweep (10 to 10dz) or
artefactsthat may have occurred after F 1 K filtering, a bandpass filter was applied
(Butterworth, 10 to 108iz). Bandpass filters are the most used frequency filters in seismic

data pocessing.
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42.6 CMP sorting
After the record ofa shot the vibroseis source and tereamemwere moved tirther
down the profile line. The shot spacing is small enough that the reflection points- are re
recorded with differenbffsets That is calledmultifold coverage. Profile 2 hasoverageof
7.5. Profile 1 was madime covered 7.5 times, netlie grounding zone with ltimesand in
the zone30 times.A common midpoint (CMP) is a reflection point halfway between the

source and receiver that is sharechbynerous sourcereceiver pairsKig. 33).

‘r‘ Recording
st ‘ Location Geophone System
Seismic Sources Array

of gather

Fig. 33, outline of a 2Dreflectionseismicsurvey. The gather marks a reflection point for all ray paths, called common
midpoint (CMP) and is here equal toettommon depthpoint (CDP) due to the flat reflector. Courtesy of eSeis Inc.

After CMP sorting thes points are grouped together wittspect to theimidpoints
The geometry model enables this rearrangement of all traces, because a trace is assaciated to
certain midpoint. As a result the whole profileis subdividedin CMP gathes and a
compression of the seismic dataa&ing the offset axiss achieved Fig. 34(a) depicts the
principle of QMP recordingoy means of stacking chaihe sweepsredisplayedon the S
line and thereceiveris displayedon the gaxis between FGIn case of a flat reflector with
every shot the half length of the streamer regdtéine subsurfaceyj ¢ (Fig. 34(b,1)). Fig.
34(b) outlines different types of CMacquisitiorand sorting
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Fig. 34(a); eachdot representa single trace with the time axis perpendicular to the plane of the page. Shot to geophone
(s,g),and midpoint to offset (y,h) coordinates are superimposed with the (y,h) plane rotated 45 degrees with respect to the
(s,9) plane. (b) solid triangles denote receiver locations and solid circles denote shot locations. x is the effectargtable
Edemt es mi dp o btesta depth pbintBrda fldt eeflector. Froviimaz(2001) modified
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4.2.7 Seismic \elocity

Seismic wave travels through the Earth and passes layedgdfefent material. As
outcome of this the wave travels withrying velocities This factenablesseismic profiling.
For a good interpretation it is necessary to know the velocities at each pointpathtbethe
seismic waveBut for this purposeve have to know thexactlithology for the whole profile.
Density data of firn antte along the profile linavill alsobe neede@ndthe temperaturand
salinity of the sea wateshould be measured to calculate its den8tgcecollecting all this
datawould be too elaborateve have to make good assumptions about tisenseivelocityin
a medium of a particuldayer, whichis named a#terval velocity. Only then we are able to

sayif a layer liesin this depth and estimate its properties.

4.2.7.1 Travel time and normal moveoutcorrection (NMO)
Let us assume that we hawaly one flat refectorand a layer betweem and the
surfacewith a thicknes®f "Q and a velocityf 0 (Fig. 35).

D

Fig. 35, NMO geometry for a single, horizontal reflector. Star denotes sourcegleigenoteseceiveris midpont, D is
depthpoint. The travel time is described by a hyperbola in equa#ion

Thetime thatthe seismic wavaeeds to travdlom the source tthe reflector(D) and
upwardsbackto a receiveit the surfacés calledtwo-way traveltime "Y® Y Considering
the Pythagoreamheoremthe equation ofYw “ds a function of offsetw which is the

distance from the source to the recejive(Yilmaz, 1987)
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The next geophone that records the same reflection has more offset. So the reflection
pathway increases in length and thus thenaigheeds more time to arriie the next
geophoneThat produces a hyperbolishapein a CMP gatherThe curvaturedependson

several factors:

- two-way travel time (TWT) with respect to offset,

- the twoway zeroeoffset time "Yw "Y, which is the time required for a vertical
signalfrom its source down to the reflectand back.

- dip of the reflector,

- the sourceeceiver azimuth with respect to the tdip direction and

- the complexity of the neaurface.

The difference between the twway zereoffset time and the twavay travel time at
someoffset “Yw "Yis called norml moveou{NMO, Fig. 36). To displaya reflection event
on its truepositionin the CMP gather, thaeflection pathway has to be corrected for its

normal moveousO  (Yilmaz, 2001)
30 YO'Y Y®Y (33)

Becauseof the reasons mentioned above, every offset needs its own velocity to

correct for normal moveouthe velocityat which the reflectionséine becomedlat (Fig. 36)
is the best correctiorand will be used 0 . It will be determinedthrough a velocity

analysis In conjunction with Equatior3@) afterYilmaz, (2007,

30 Y'Y p 0 Yoy p (34)

If the normal moveout correctiors appliedcorrectly, the reflections become straight
lines and only the multipk of then keep at least a roughly shape of a hyperb&dlto low
velocity would resulin overcorrecting, the emin Fig. 36b is thenbending upwardand a
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too high velocity would result in undercorrecting, the event would b#lbending

downwards.

T
A T
S

b .IIIﬁlhlﬂllnlllnlhﬂuﬂ s

I1IIIIIIIIIIIIII1III-1IIII
III I I I [T ETTTTRTIE

TRV SR O LT TR YRR G
W!IIIlIII!IL“IHIIIHI!‘IH”IIIIHIII]ILII

e TR o

Fig. 36; two CMP gathers, a ithout and b wittNMO-Correction fa offset x which involves mapping twaytravel time
t(x) onto zereoffset twewaytravel timet(o). FromYilmaz(2001)

4.2.7.2 Velocity analysis

Velocity analysis was done lwsual inspection of adjacent GMgathers, which was
stacked over a range of testlo@ties for NMO corrections. First, several velocisievere
applied forNMO corrections and stacking of the whole profile. The aim was to make a first
assumption in which velocity range the reflectors become flat and sharpegeir). In Fig.
37, the upper part of profile 2 is shown under usaigeifferent normal moveout corrections.
Here aretwo strongevents, the icgvaterand the sea floor horizonBig. 37 suggests thadn
approximatevelocity lies betweep T vdrj i andp x mdr i . After that a small number of
adjacent CNPs was selected and stacked again with several test velocities but with a smaller
interval ( T j i) within the rangeascertaineébove. This minstack panels aredisplayed
next to eactother, similar to Fig. 38, and velocities were picked where key events stimv

highest amplitude or greatest continuity.
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Fig. 37; four different velocitis wereapplied to profile 2red arrows indicatémportant reflectorsA) the velocity is too low,
the reflectors of the ice bed and sea bed are distdréeduse they are overcorrectd®) this velocity is better, because the
sea floor is now sharpengdut for the ice horizon igventhis velocitytoo low. C) herethe velocityis adequate to both
reflectors. D) through undercorrection, the lines bend downwerés,chCDP gather, so in overall impression the events
are dissolving.

A whole seies of timevelocities pairs wereollected for every fiftidt CDP. The
pairs were used to create a velocity mottelprofile 1 (Fig. 39) the ice bed reflector has an
average interval velocity about 3600s and the seadbr was estimated with 1600/s, but
with strong horizontal variatissi up to 2000m/s.In profile 2,the icehas an average interval
velocity ofp x xdj i and the sea bottom was estimated with vdrj i, this is nearly the

same velocity for the water columwhich was set here with 150@'s (Fig. 40).

Fig. 38; the first 250 CMP gathers of profile 1 with two different velocity functions. On the left side the vsloatiow, on
the right side is proper velocitg applied.
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