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ABSTRACT

This research project is based on the processidgraerpretation of nine 2D multichannel
seismic profiles from Isfjorden, which is the lasgdjord in Western Spitsbergen. These
profiles were acquired in eastern part of Isfijordeith NNE-SSE orientation during the
geophysical surveys in 2008, 2009 and 2010 by thigddsity of Bergen. The first part of the
thesis describes the processing of the seismig ddii¢e in the second part a broad seismic
interpretation was done in order to define the reeditary packages and type of geological
structures present in the subsurface based on thalgiined framework of seismo-
stratigraphy of Spitsbergen.

During the seismic data processing, removal ofngtnwater bottom multiples was one major
challenge. These strong water bottom multiples wergerated because of the high velocities
in the sea bed, which are around 4000 m/s in tindysarea. The shallow water depth (100-
300 m) leads to short distances between the mestipthich causes the actual arrivals to be
masked by multiples. These multiples were remoweditéerent processes applied during the
processing flow. A spiking deconvolution filter wased to remove the bubble pulses. The
data were then subjected to the multi-channel regsnedictive deconvolution, a process that
estimates a filter for removal of the water bottomltiples. Shot and receiver assemblies with
CDP position were calculated and the rest of theenpresent in the data was attenuated by
applying various types of filtering such as F-Keiing and time variant BP filtering. In order
to improve the signal to noise ratio, some othexcesses e.g. velocity analysis, pre-stack
migration and final frequency filtering were cadieut on the seismic data. The processing of
the seismic data removed most of the multiple gnargl depicts the geological structures in
the subsurface down to approximately 2.5 or 3 $¥¢T).

In the second part, the processed seismic data imergppreted with the main focus on
identification and investigation of the sedimentaungcessions, which also helps in obtaining
a better understanding of the tectonics of theystagka. The identification of different
sedimentary successions present in the subsurfasenestly done on the basis of previous
studies carried out in the study area. The intéedresedimentary successions include
Carboniferous—Tertiary units (2 sec TWT) lying twe Devonian and deformed metamorphic
basement. Poor resolution of the data preventaindriterpretation of the deeper successions
and the basement. The deepest reflector interpretagsumed to represent the top of Hecla
Hoek which has been observed in some of the psofilthe presence of sills (dolerite
intrusions) was interpreted as a result of refleiwith strong amplitudes. These occur from
Triassic up to Tertiary, but are more prominentha Cretaceous succession. The Tertiary
deformation observed in the successions is compredsand includes thrusts, backthrusts,
imbricates, duplex structures, pop-up structuresfanlt-bend folds, which suggest complex
kinematics. Several decollements are assumed fwdsent at different levels. The Tertiary
succession seems to be more deformed and shortamepgared to the Cretaceous and
Jurassic successions. This intensity of deformaseems to decrease towards the north,
which may indicate the location of the transitianthe foreland. The different structures
interpreted, such as thrusts, backthrusts, duptstesy and thrusts sequences represent very
complex geometries which are oblique to the reabtacal transport direction. Therefore, the



actual transport direction is difficult to identififom the interpreted structures. Several
possible structure and decollements present irsSidaand Permian remain uninterpreted as a
result of poor resolution of the seismic data.
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1. INTRODUCTION

1.1 Research objectives

The aim of this research work is to set an initiamework for general understanding of the
subsurface structures and tectonics of the areaa.iiVolves processing and interpretation of
nine 2D multichannel seismic profiles, acquiredimigithe Svalex course of 2008, 2009 and
2010 by University of Bergen. Emphasis was laid@moval of sea bottom multiples which

were dominant in the seismic raw data obscuringsdiemic reflections. The main objectives
can be outlined as follows:

* To perform the seismic processing of the raw saisthaita in the field in a way to
enhance the signal to noise ratio. This also iresudhaging the subsurface to get the
useful geological information.

» Interpretation of seismic data in order to identfyd define the sedimentary packages
present in the subsurface along with geologicakstires present in the area.

1.2 Study area

The study area is located in western Svalbard igl.1). The acquisition of the seismic data
was done in Isfjorden in central Spitsbergen. Syalbs an archipelago in the Arctic Ocean,
located about midway between Norway and the Nodie Rt latitude 74° to 81° North and
between longitudes 10° to 35° East. The main islanduding the study area “Isfjorden” are
Spitsbergen, Nordaustlandet, Barentsgya, Edgeayasg Karl's Land, Prins Karl's Foreland,
and Bjgrngya. The total area of Svalbard is 62Kk

Spitsbergen has a complex tectonic history withldéiest major tectonic event related to the
Tertiary opening of the Norwegian-Greenland SeaeBland slid passed Svalbard creating
transpressional stresses related to transform menealong the Spitsbergen fracture zone.
This resulted in the formation of Spitsbergen fald thrust belt and a foreland basin in
Spitsbergen. Figure (1.2) shows the geologicalwogerand stratigraphic groups in Svalbard.

1.3 Seismic data

The seismic data used for this thesis project c@apra set of nine NNW - SSE trending 2D
mutlichannel seismic profiles from Isfjorden, Swalth (figure 1.3a & b). The seismic data
acquisition was done by the Department of Eartler8@ (UiB) as part of Svalex course
2008, 2009 and 2010 (Mjelde, 2008 & 2009; Svalexser reports). Few of the profiles shot
in 2009 were just repeated in 2010. An additioedlas E-W trending multi-channel profiles

from Isfjorden has been used for correlation angpstt for the seismic data interpretation
part (Mjelde, 2008; cruise report).



Furasia Basin

Barents Sea

Figure 1.1: Map showing the location of study area and theosuding areas (regional settings, (bathymetry/goaphy)).
The study area is located within the red circlethi@ inset view, the image defines the WesternsBergen fold and thrust
belt (WSFTB, (bold line)) and the dark area showes $fpitsbergen Central Basin. KR = Knipovich RidgerIKfjorden,
modified from Faleide et al. (2010).
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Figure 1.2: Map showing the geological overview with lithoatgraphic groups and major lineaments. The blatargle
marks the location of the study area. BFZ = Billaffgm Fault Zone (modified from Dallmann, 1999).
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Figure 1.3: The location of multi-channel seismic profilesleoted in Isfjorden under the Svalex, 2009 & 20fifute 1.3 a)
and 2008 (figure 1.3b). The red marked lines weeglun this study project for the processing amerpretation, and that the
other lines were used as support in the interpogigmodified from Mjelde, (2008 & 2009); cruiseoats).



2. GEOLOGICAL BACKGROUND OF SVALBARD

2.1 Introduction

Svalbard has a very rich, diverse and long geoldgstory that makes it appealing for
geologists. It is a place where a great varietg@blogy can be studied and much can be
learned about the development of tectonic featares sedimentary environments through
time as well as the drift of continents across Haeth’s surface. Svalbard is situated at the
uplifted north-western corner of the Barents sh&lfmore or less complete stratigraphical
succession ranging from Late Precambrian to Eaelyidry is present in Svalbard. The oldest
till deposits on Svalbard were probably depositégnvSpitsbergen was situated close to the
South Pole, some 600 million years (MY) ago, arel ibd Devonian sandstone of northern
Spitsbergen was deposited when Svalbard was aoetEquator, some 350-400 MY ago.
Figure (2.1) shows the simplified geology, struatutineaments of Svalbard and the
distribution of strata in geological time scalen& the vegetation cover is so sparse and the
glacially eroded landscape so fresh, there araraamis bedrock sections that span more than
11 km (Hjelle, 1993|ng0dlfsson, 2004).

\. Approximaks weshbsrn
=ddgs of major
.‘I'h.ro IA-ERFUSE e IE SorucEures

Te=rtimare shakka

Cartoniferaus- Crebaceous
P ladormm cover shaka

Dreevonian shakba

SO km S,

Figure 2.1: Map of Svalbard showing structural lineaments atrdta distribution of Svalbard, blue circle reprgs the
study area (Source: Hjelle, 1993).

2.2 Evolution of Norwegian—Greenland Sea

The western continental margin of Svalbard began d&velop when major plate
reorganizations took place in the North Atlanticdafrctic at the Palaeocene - Eocene
transition, and Greenland commenced relativelyhweatd movements as a separate plate.
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(Talwani & Eldholm, 1977; Srivastava, 1978, 198&s3onsohn & Piepjohn, 2000). Initially
the western Spitsbergen margin developed as aesheaargin and as an obliquely rifted
passive margin associated with the Hornsund Faaurie4AHFZ) (figure 2.2), which is parallel
to it (Faleide et al., 1996).

Figure 2.2: (a) Different features like, KR-Knipovich Ridge, MfMolloy Fracture Zone, MR-Molloy Ridge, SFZ-
Spitsbergen Fracture Zone, and HFZ-Hornsund FaurieZb) Tertiary sediments and location of upliftedement along the
western Spitsbergen. IF-Isfjorden, VM-Van Mijenfjen, Dark grey colour-Tertiary sediments, Lightygoslour-Tertiary
fold belt (Faleide at al., 1996; Ritzmann et alQ20Manum & Throndsen, 1986).

Since the late Cretaceous, the Spitsbergen comginemargin has been affected by the
evolution of the North Atlantic region. To undersfathese phenomena we can divide the
evolution of North Atlantic into three stages:

i. Palaeocene stage
ii. Eocene Stage
lii.  Oligocene-present

A brief review of theses stages is discussed below:

2.2.1 Palaeocene stage

Before the opening of the Norwegian-Greenland &agenland belonged to the Eurasian
plate and there existed a land bridge between NG@réenland and Svalbard (Talwani &
Eldholm, 1977); Tessensohn & Piepjohn, 2000). $&&-fspreading on the western side of
Greenland took place in the Early Palaeocene amgprtb the evolution model of the
Labrador Sea. Since that time Greenland movedeamdhntheast, oblique to Ellesmere Island
with minor sinistral strike-slip motion along theaiés Strait that is defined as the boundary
between the North American plate and Greenland/dStava, 1985; Tessensohn & Piepjohn,
2000; Oakey & Stephenson, 2008). The Norwegianidaee Sea underwent rifting and



dextral wrench movements along and old zone of wesk during that time, the De Geer
Zone, shown in the figure (2.3), (Srivastava, 13deide et al., 1993).

Figure 2.3: The sketch of De Geer Zone during Mid-Tertiary Skehja Fracture Zone, HFZ-Hornsund Fault Zone (&ale
et al., 1993).

2.2.2 Eocene stage

Reorganization of the plates took place in the Néktlantic and Arctic regions, when the
sea-floor spreading began in Baffin Bay, Norwedizneenland Sea and in the Eurasian Basin
(Talwani & Eldholm, 1977; Srivastava & Tapscott,869 Tessensohn & Piepjohn, 2000;
Oakey & Stephenson, 2008). The spreading systentheot.abrador Sea/Baffin Bay and
Norwegian-Greenland Sea were connected in a jupletion south of Greenland, that started
to move northward (Tessensohn & Piepjohn, 2009 asparate plate oblique to Ellesmere
Island and Western Spitsbergen. This caused tha omanpressive deformation within the
Eurekan and West Spitsbergen fold belt system$ mdrGreenland (Tessensohn & Piepjohn,
2000; Oakey & Stephenson, 2008). During the latages of West Spitsbergen fold belt
(WSFTB) development, formation of synsedimentargbgn structures was followed or
accompanied by compressive deformation which tol@cep along the western coast of
Spitsbergen (Steel et al., 1985).

2.2.3 Oligocene to present

The West Spitsbergen Fold belts and Eurekan bedaadive when spreading in the

Labrador Sea Baffin Bay system finished in theiestrlOligocene and a transtensional regime
took place along the De Geer Zone. Generation @aoic crust then started between Svalbard
and Greenland. Greenland became part of the Nartarigan plate and began to move to the

8



WNW relative to Eurasia (Talwani & Eldholm, 1977yiM@astava, 1985; Srivastava &
Tapscott, 1986; Tessensohn & Piepjohn, 2000). Nbrfaating, collapse of the earlier
compressional structures, down-faulting of blockstbe western side of Hornsund Fault
Zone and formation of the final graben geometrypesed due to oblique extension along
western Spitsbergen since earliest Oligocene (Hdr& Dowdeswell, 1988; Myhre et al.,
1992). Thinning of the continental crust of the tges Svalbard margin occurred due to the
extension of the area, causing subsidence and adatiom of a thick pile of Cenozoic
sediments on the outer part of the continentalfshel

2.3 Tectonic setting

The tectonic of Svalbard consists of several lineatsy provinces and fault zones as shown in
the figure (2.4) e.g. western basement provindes,central Tertiary basin, the northwest
basement province, the Devonian basin, the eabts@ment province and eastern Paleozoic
and Mesozoic platform area. The provinces are bedirahd intersected by several north-
south oriented fault zones (Siggerud, 2008).

SCALE / MALESTOKK 1:3 000 000
o 20 40 60 80 100
km

Northwestern
basermientas
provinga

TECTONIC OVERVIEW
TEKTONISK OVERSIKT

Figure 2.4: The main tectonic lineaments, fault zones andipo@s on Svalbard (source Siggerud, 2008).
These fault zones are presented below:

* Lomfjorden-Agardbbukta fault zone.
 Billefjorden fault zone.

* Breibogen fault zone.

» Raudfjorden fault zone.

» Isfjorden- Ymerbukta fault zones.

A small series of horst and graben structures eb&@aferous age are found to be associated
with Isfjorden-Ymerbukta fault zone (Siggerud, 2R0&estern Svalbard continental margin
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is primarily a sheared margin with components ain$pression and transtention. Shear
movement in the late Devonian and folding in edrlrtiary are the two major tectonic
episodes that may be considered as the most inmpogf@isodes in the development of
Svalbard (Steel & Worsley, 1984). There has beédcawic activity on the north western part
of Spitsbergen in the Tertiary and Quaternary t{Ei&en, 1985). The tectonic framework of
Spitsbergen is dominated by a series of NNW to 8&&nhted lineaments, formed by several
tectonic episodes.

The tectonic activity has taken place during mdsthe geological period but mostly it

happened in the earliest and latest phase of satimdeposit period, in Devonian,

Carboniferous and early Tertiary (Steel & Worsl&984; Eiken, 1985). Based on tectonic
and depositional history, the geology of Spitsbengay be divided into following units:

2.3.1 Pre-old red Basement

The oldest formations, the so-called Basement,udich Precambrian, Cambrian and
Ordovician rocks occur as a belt along the wesstcoaSpitsbergen, in a large area between
Wijde-fiorden and Hinlopenstretet in the north, a®ll as in the northern part of
Nordaustlandet and in the southern part of Bjgrn@ix@ Precambrian bedrock of Svalbard is
more than 570 MY old, and there is evidence of aggxk mountain-building and metamorphic
episodes (Orogenies) dating from ca. 1700, 100068@0dVY ago. The mountain chains have
disappeared long time ago due to erosion, and igftais the inner and deeper parts of the
rocks. The Precambrian rocks on north-western ISgmigeen are generally very strongly
metamorphosed. This means that they have once llhe@d deep in the crust where they
melted and re-crystallized due to high pressure tengperature in the subsurface (Hjelle,
1993;Ingolfsson, 2004).

These basement rocks have normally suffered stnoomements and alterations. They were
folded (figure 2.5), displaced along faults, andtlgpametamorphosed, (chemically altered
under high pressure and temperature) at depth.eflvbgh lie at the surface today may have
lain as deep as 20 km below the surface at tha&t tibaring the Silurian and Devonian, when
the Caledonian mountain chain was uplifted, largetipns of the basement came to the
surface, while overlying rocks were removed by iersDallmann, 2009).
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Figure 2.5: Folded granitic gneisses and amphibolites of Pglaxerozoic age in the basement rocks of Ny-Faresl
(Dallmann, 2009).

2.3.2 Silurian (mountain building)

Folding and faulting on large-scale occurred whea tontinental plates collided during the
Silurian age in the region which subsequently faintiee North Atlantic (the Caledonian
Orogeny). All rocks on Svalbard that are older thate-Silurian are therefore folded and
metamorphosed. Granites intruded in the older rdcking late Silurian. The highest peak on
Svalbard is Newtontoppen (1714 m), consists of [&tkirian granite. Palaeomagnetic
research has shown that at this time Svalbard a@ddd at the Equator. The metamorphic
and igneous rocks system, which was the resulbh®fGQaledonian Orogeny, is traditionally
called the Hecla Hoek series. The name Spitsbergeaning the Pointed Peaks, comes from
the wild and rugged Hecla Hoek terrain on northiees Spitsbergen (Hjelle, 1993;
Ingdlfsson, 2004).

2.3.3 Devonian (erosion and sedimentation)

Northern Svalbard began to subside during the DeworPeriod and the Caledonian
mountains were eroded away by rivers. A total ofrenthan 8000 m thick sandstones,
conglomerates and shales were deposited in neag-gmyironments, deltas and lakes. The
Devonian beds often consist of characteristic austone (Hjelle, 1993ngolfsson, 2004).
The red color implies dry period, desert-like cltmaAt this time, 360-400 MY ago Svalbard
was located just north of the Equator. The Devorsasalled “the Age of Fishes”, and fossils
of primitive fish, the first known vertebrates haween found on Svalbard.

2.3.4 Carboniferous

Svalbard was a relatively flat and undulating terrduring the early Carboniferous time

period, with lakes, lagoons and alluvial plainseTwvalbard plate drifted from desert climate
to wetter, more tropical climate during the Carlbertus. Coal seams with plant fossils found
in the carboniferous sandstone in the central gfaBpitsbergen document swamp vegetation
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during that period. Alternating deposition in sball marine sea and on land occurred on
Svalbard during Middle and Upper Carboniferous. §kyp, dolomite and anhydrate were
deposited due to strong evaporation in dry and &saip climate. Gypsum beds, dolomite,
limestone and breccia are the typical rocks frorat time in Svalbard (Hjelle, 1993;
Ingolfsson, 2004).

2.3.5 Permian

Permian beds on Svalbard resemble the Carbonifenoosr most beds, with marine shallow
water deposits in areas that became dry perioglic@lblomite, anhydrate and gypsum
formation got renewed due to intensive evaporatioring the dry period. Along the north
coast of Isfjorden and Linnedalen these Permiars laed found to have numerous fossils of
shells and sponges (Hjelle, 1998)gdlfsson, 2004). Figure (2.6) shows the regional
palaeogeography of the Svalbard and Barents SeaénPermian.

Legoed
e= TR
Erzitnmoa-departion
) covenaeta!

Coastalahaiow Goet!
-Zsml

|
-Ellmﬂ

Sadntone
I-' Fhuvial ball
| caac ot berrosts Fomt
T s

Sifinny ghila

Ehae
s Carbonats' v, buikips
7T Spaag apkiey
Bl piliges
e 1]
Enaui T erde e
Sapepebe arjari myder
Mooied Burmemna s g SR iy
HaPRall YR FURE

CART M TER YA

Extranive rach
mihane isch
.ﬁ s asa meaaderhi

Figure 2.6: The Late Permian regional palaeogeography of @vdland Barents Sea (source Worsley, 2006).
2.3.6 Mesozoic

Svalbard drifted from A?!N to about GOEN during the Triassic, Jurassic and Cretaceous
Periods. The Mesozoic was considerably globallywmearthan at present, and with higher sea
levels. The climate of Svalbard was temperate amdidh throughout this time. The Svalbard
Mesozoic deposits are mostly marine alternatingh wérrestrial deposits, and volcanic
intrusions towards the latter part of the Era. Mokthe Svalbard area was covered by a
shallow sea during the Jurassic and lowermost Gzetss. The sedimentary rocks consist
mostly of marine shales, often very rich in fosaihmonites, belemnites (squids) and
bivalves. Svalbard had extensive sand alluvialnglaluring the period of early Cretaceous.
During that time plants remains preserved abungantlthe sandstone. The remains of
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Dinosaurs suggest a mild climate at Cretaceous wafithndant vegetation (Hjelle, 1993;
Ingolfsson, 2004).

2.3.7 Tertiary (folding and sedimentation)

Svalbard and Greenland collided in the CretaceodsTartiary transition periods, some 65-
60 MY ago, causing intense folding of the Svalbaest-coast strata, as well as the formation
of a depression basin to the east where sedimemtaticurred. The geology of the central-
southern part of Spitsbergen, from the Isfjordeeaato Storfjorden is dominated by the
Central Tertiary Basin (CTB). Lower Tertiary degesin the basin mainly consist of
sandstones, with numerous coal seams. The Longyearplacier today erodes a Tertiary
coal seam, and plant fossils can be sampled freiinahtal moraine. When the plate pressure
started to diminish, Svalbard was subject to irgefailting and volcanism. Basaltic lava
flows occur on northern Spitsbergen. The climate&Seélbard got successively cooler as a
consequence of the slow northward drift, and bezafis late Tertiary global cooling (Hjelle,
1993;Ingolfsson, 2004).

2.4 Central Spitsbergen Basin (CSB)

The Central Spitsbergen Basin is a foreland bdsanh was formed when Greenland slipped
past the opening of the Svalbard North Atlanticulasg in trans-pressional and trans-
tensional movements in the Eocene period (Steeld&sWy, 1984). The Central Spitsbergen
Basin is approximately 200 km long and 60 km widd & bounded by Lomfjorden fracture

zone to the east and West Spitsbergen Fold andstieit in the west. The Central

Spitsbergen Basin (CSB) is characterized by varibetiary settings (Steel et al., 1985).
There was greatest sediments infill (schematic gkaishown in figure 2.7). These sediments
were transported dominantly from west when the @érpitsbergen Basin (CSB) was

marked by transtensional stresses in the earlyiddlemPalaeocene (Steel et al., 1985).

Figure 2.7: A schematic illustration of the infill of Tertiafipreland Basin (modified from Helland-Hansen, 1990
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Due to the uplift of the western margin of Cent&gitsbergen Basin (CSB) there was a
significant change in the tectonic setting from deakcene to early Eocene. The Central
Spitsbergen Basin (CSB) can be considered as mfordasin from Palaeozoic time, with a
mixed cyclic infill of continental and marine clastdeposits (Steel et al., 1985; Ngttvedt,
1993a).

2.5 West Spitsbergen fold and thrust belt (WSFTB)

The West Spitsbergen folds and thrust belt (WSF§B)ne of the main geological features

located along the western coast of Spitsbergen.f@itmeation of the West Spitsbergen Fold

and Thrust belt is related to Cretaceous-Tertiamymressional-transpressional deformation,
which was induced by relative movements of the Acagr and Eurasian plats during the

opening of North Atlantic (Talwani & Eldholm, 1973%rivastava, 1985; Johansen et al., 2007
& Faleide et al., 2008). As a result, the Centrpitsbergen basin (CSB) formed, it also

caused the 50 km wide and 300 km long fold andsthibelt (figure 2.8) along the western

coast of Spitsbergen (Eiken, 1985; Steel et aB51.9

w basement- | R E
western | involved fold- central zone | foreland
hinterland | thrust cﬂ:lplexl | province

o ' p"x oL Res
L NB ¢
7 C

_~ 950 km

]
— 2 2

Figure 2.8: The generalized cross section of the WSFTB. FGaRddundet Graben, OL-Oscar Il Land, IF-IsfjordeB- N
Nordfjorden block. T-Tertiary, J-C Jurassic and Gretas, Tr-J — Triassic and lowermost Jurassic, Cafoniferous and
Permian, Ca-Lower-Middle Carboniferous), D-Devonidro(n Braathen et al., 1999).

The opening of the Norwegian-Greenland Sea occuksden the reorganization of major
plates took place in the North Atlantic and Arateused the Tertiary tectonic activity along
the western Spitsbergen (Talwani & Eldholm, 197 yé&tava & Tapscott, 1986; Tessonsohn
& Piepjohn, 2000). The West Spitsbergen Fold andithbelt formation was associated with
uplift and erosion in the area along the westerastof Spitsbergen and clastic sediments
accumulation in the Central Tertiary Basin (Staehle 1985; Dallmann, 1999). Sediments,
deposited in the Tertiary Central Basin are delts@posits of the Van Mijenfjorden Group
(Steel &Worsley, 1984; Ohta, 1992).
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The Tertiary deformation was dominated by compogssh ENE-WSW direction and this
deformation was transferred in Paleozoic and Masaoata (Dallmann, 1999). The slope of
the southern post Caledonian strata leads to thpedalecollement of southeast Spitsbergen
(Bergh & Anderson, 1990). The West Spitsbergen Fwid Thrust belt can be divided into
different zones having different tectonic naturee Eocene to Oligocene development of the
fold belt also includes the formation of small sedntary basins with a more complex
structure in the westernmost part of the area (atin, 1999). In the west of Svalbard a
passive continental margin was formed when the i@aed continental plate was separated
from Svalbard in the post Eocene (Steel & WorsliE384). Figure (2.9) shows some of the
structural features related to the fold and thbet.

(a) | S {b)

Figure 2.9: (a) Schematic model for duplex structures develdpebreak — forward faulting (Pluijm & Marshak,@0 (b)
sequential development (a — c in time) of a pigdpaek thrust sequence (Butler, 1982).

2.6 Stratigraphic setting

During the late Devonian, also called the “Svalmrddeformation” and Tertiary Orogeny
huge amount of sediments were deposited on Svalldrs sedimentary package was
affected by different tectonic regimes along thetea, western and northern margin of the
continental shelf. Local and regional variationséa level had a great impact on the sediment
deposition history of the area (Worsley, 2008). Btmtigraphy and sedimentary facies
development was significantly impacted by contiaérdrift and also by the changes in
climate.

The stratigraphy of Svalbard (figure 2.10) is a enor less continuous record over a period of
the past 2.5 billion years, which traditionally kdveen divided into three depositional phases
separated by major deformational episodes. Thepesd®nal phases along with major
Stratigraphic groups are presented below:
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16



2.6.1 Pre-Caledonian sequence

Hecla Hoek-Pre Caledonian Group:The bed rock of Spitsbergen defines the defornmeldd a
metamorphosed sequence. This sequence can bedistiad from the overlying Paleozoic,
Mesozoic and Tertiary sequences by an unconfor(8iigel & Worsley, 1984).

2.6.2 Post-Caledonian including the old red Devonmsandstone

Old red Molasses group:These sediments were mostly deposited in grabemsgda period
of extensive erosion after the Caledonian orog@&ime thickest sequence is the Devonian of
the Nordfjord —Block of central Spitsbergen (Si&aNorsley, 1984).

Billefjord group: This group consists of terrestrial rocks such @sgomerates, sandstone
and shale. These sediments were deposited fronDiatenian to late carboniferous period
(Dallmann, 1999). Carbonate sediments with thickngsto 2 KM were deposited in braided
rivers and on flood plains (Steel & Worsley, 1984).

Gypsum valley and Tempelfjorden group: This group consists of late Carboniferous to
middle Permian carbonate and evaporate deposits. distinguished by a sharp erosive
contact from the overlying Tempelfjorden Group tigtmainly a carbonate and siltstone
formation deposited from middle to late Permiare€b& Worsley, 1984).

Sassendalen and Kapp-Toscana groupThis group having rocks from Triassic age is
divided in two groups, (1) Sassen Valley, (2) Capscany. The Sassendalen group consists
mainly of marine shale with layers of silt and sstode deposited from early to middle
Triassic. It is characterized by coastal and deéipositional environment in the west while
further east on Svalbard and in the Barents Séa dharacterized by mudstone with high
content of organic matter (Steel & Worsley, 1984jlann, 1999).

Adventdalen group: Adventdalen Group lies on the Cape Tuscany grayiniy rocks from
Jurassic and Cretaceous period. The AdventdalengGran be divided into three subgroups,
(1) Janus Mountain subgroup with lithology of sisadleposited in open marine environment.
(2) Helvetiafjellet formation that was deposited deltaic environment mainly consists of
sandstone. (3) Caroline Mountain Formation havifigr@ating layers of shale, silt and
sandstone (Steel & Worsley, 1984; Dallmann, 199er, 1985).

2.6.3 Early Tertiary succession

Van Mijenfjorden group: The Van Mijenfjorden group mainly consists of sstode,
siltstone and slate deposits of Tertiary age inctrdral Spitsbergen (Steel & Worsley, 1984;
Dallmann, 1999).
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3. SEISMIC ACQUISITION METHOD

Seismic methods are widely spread to exploratiosblems involving the detection and

mapping of subsurface lithological boundaries. Ehaethods are well suited to the mapping
of layered sedimentary sequences and therefasewitlely used in search of oil and gas. The
importance of the seismic methods over other gesipAly methods as mentioned by
Robinson & Coruh (1988) is due to its accuracypliggon and presentation. In addition to oil

and gas prospecting, the seismic methods are miptoged for the:

* Measurement of the bedrock depth

* Ground water investigation

» Geotechnical purpose

» Investigation of lithospheric structures

3.1 Seismology vs seismic

The seismology science comes from the study ofraliyuoccurring earthquakes. Today the
understanding of the earth’s mantle, crust, and based on the analysis of seismic waves
that are produced by the earthquakes. Geologists@ismologists have also discovered that
the man made seismic waves has more practicapusigng the shallow structure of the earth
to help locating the underground water, minerald hpdrocarbon resources. Seismic data
acquisition is just one stage of this, while thi fuocess is known as seismic surveying that
involves four stages: Planning and survey desigisngc data acquisition, data processing
and data interpretation. This chapter deals withftindamentals of data acquisition to gain
the basic knowledge that is necessary to plan weguOne must have a grasp of seismic
wave’s physics and data processing steps to umtersihe various techniques for data
acquisition (Evans, 1997). The aim of seismic asitjoh and processing is to deliver the
products that mimic the cross-section through #réhe In order to fulfil this, correct type and
amount of data is required. For the oil industrgay it is highly unusual to drill the
exploration wells before the seismic data being,gm@cessed and interpreted (Bacon et al.,
2003).

3.2 Basic seismic reflection theory

Geophysicists use the same basic principle andigdlysroperties for seismic surveying as

the earthquake seismologists do. Usually low enemggustic waves are mechanically

generated and they are directed in to subsurfaee.ehergy travels through the water and
into the rock layers, some part of energy is rédflédack to the surface from different layers
of rocks beneath, due to acoustic impedance castgasierally occurring where the lithology

changes. The upcoming waves are captured by sengigtruments called seismic receivers
within a log cable towed behind the boat (figurg)3They record the strength of the waves
and time it has taken to travel through the rocketa and back to the surface. These
recordings are then taken to various adjustment® diy computers, and the data are then
transformed into visual images that give a piciofrevhat the subsurface looks like beneath
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the survey area. So the seismic survey is usedtta gicture of the structure and the nature of
the rock layers in the subsurface indirectly (Baebal., 2003).
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Example: Reflection pointsvbeen the single shot and receivers.

Figure 3.1: The basic marine acquisition. The boat travelsugh the water and fires the source every 25-5Bawdn et al.,
2003).

3.3 Marine data acquisition

Generally marine data acquisition is faster andpgnthan land acquisition. For standard
marine seismic data acquisition a purpose-builtt bsaused to tow one or more energy
sources and one or more cables with a group ofdpyames (figure 3.1) in a streamer (Bacon
et al., 2003). The equipment is towed behind thesekat a steady pace with the source
closest to the vessel of approximately at 5 to Esemdepth and streamer with an offset near
source (Sheriff & Geldart, 1995). The seismic stren detects the low level of reflection
energy that travels from the seismic source throiinghwater layer and rock layers in the
subsurface and back to the surface where theyeaoeded by hydrophones. The hydrophones
are pressure sensitive devices which convert tipesssure signals into electrical energy,
which are then digitized and transmitted along gbsmic streamer to the recording system
on the vessel where the data is stored on magagts for further processing.

3.4 Survey design and planning

The geological structures are easier to understitory the dip directions as compared with
the strike directions when a 2D profiles are acgpliiSo the dip lines are more important than
strike lines in 2D data recording. 2D Data recordethe direction other than dip direction

can be confusing to interpret. Consequently thegdinformation about the basin, like basin
shape, orientation or structure depends on thecopositioning of the lines. In a new area
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the seismic lines should be recorded both in the afid strike directions because while
interpreting the data the conjunction of strikeeliwith the dip lines helps making the
coherent picture of geology of the area. The ISpacing depends on the nature and prospect
of the survey (Evans, 1997).

The range of seismic surveys varies from tens absg kilometres to several hundreds or
thousand of square kilometres for exploration psgso To achieve this aim, the surveys are
needed to be planned to cover the adequate areseoést. The actual recorded data must
cover an area that is larger than the target ayemigration aperture (figure 3.2). Also the
trace spacing needs to be small in all directianavioid aliasing. The subsurface coverage
should be uniform with a consistency between thetrdmution of different offsets and
azimuths (Bacon et al., 2003).

- Target survey area

- Limit of shots and receivers to give full fold area

Actual full fold survey area allowing for migration aperture|

Figure 3.2: The relationship between the acquisitions and tags (Bacon et al., 2003).

3.5 2D and 3D seismic data acquisition

Seismic surveys operations can vary in complexityere are two main types of seismic
acquisition surveys, two dimensional or 2D explora and three dimensional or 3D
explorations. The 2D survey method may be consitlarea basic, inexpensive and simple
survey method that is still in use and very effextio find oil and gas. On the other hand 3D
surveying is a much more accurate and complex rdetffuch involves greater investment
and much more sophisticated equipment than 2D g{&C, 2002).

3.5.1 2D acquisition

In 2D acquisition method, a single seismic streametowed behind the seismic vessel
together with a single source. The subsurfaceatifies are supposed to lie directly below the
sail line traversed by the seismic vessel. Seishhiclines are acquired typically several
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kilometres apart over a large area. These days 2fhad is used generally in frontier
exploration areas before 3D method and drillingmake the general understanding of the
regional geological structures of the area.

3.5.2 3D acquisition

A 3D seismic survey covers an area that generaflyesents a known geological target from
a previous 2D survey. Careful planning is undemake make sure that survey area is
precisely defined. The detailed planning result W a map defining the survey boundaries
and direction of survey lines. The line separaii8D surveys is of the order 200 to 400

meter normally. By using more than one source aadynparallel streamers towed behind the
vessel many closely spaced subsurface 2D linebeachieved by a single sail line. A 3D

survey is more efficient since it generates muchenttata than 2D surveys. 3D surveys have
become a preferred method for providing geologahisurface information.

3.6 Seismic source and receiver

3.6.1 Seismic source

A number of seismic sources can be used for thieatmn of seismic data e.g. air-guns;
water guns and marine vibrators. The source setectepends on the scale of the image. A
collection with different volumes of air guns isedsfor imaging the upper few km of the
crust. The air gun consists of two chambers wightair pressure; a control or upper chamber
and discharge chamber (figure 3.3a).
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Figure 3.3: (a) The functioning and parameters of air-guns.Algeries of air guns with volume 60 to 1200 csdurce
signal interfere in a constructive way to makedigmal stronger and reduce the bubble pulse gfféieide, 2003).
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High pressure air is discharged into the surroumdiater from the firing chamber, generating
the air bubbles. These bubbles oscillate altepnatllapse and expand and rise to the
surface where the recording devices record thespresof these bubbles as input (Sheriff &
Geldart, 1995). The amplitudes of the generatedepaan be increased by using a collection
of air-guns. It also reduces the bubbles pulsecgfighen the volume of the air-guns varies
(figure 3.3b). Apart from that it also increases ttirectivity by using the collection of air
guns. In marine data the ghost multiple is the gynérat is reflected from the surface directly
from the source. The source and receiver's deptujgsted to create positive interference
between down going wave and ghost, so that it cheld to strengthen the signal.

3.6.2 Seismic receiver

In marine seismic data acquisitions, the devicectvhs used to detect the seismic signal is
called a hydrophone. The hydrophone consists of piezoelectric plates in a copper

cylinder. These plates are located opposite to ededr with reverse polarity. If such a plate

is placed in an environment experiencing changeseassure, it will produce a voltage that is
proportional to that pressure (Evans, 1997). Sadbam this principle these hydrophones
record the pressure variations and convert them eétectrical signals after summing. The

responses of hydrophone plates to accelerationtalusnsteady streamer towing and the
pressure due to seismic signals are explainedeirffiure 2.4). While acquiring the seismic

data these hydrophones are mounted in a strearderommected with a cable having a group
length of 6.25, 12.5, 25 or 50 meters (Sheriff ddaet, 1995).

- +
acceleration |

Streamer tow Ml

\ 1 Streamer tow
direction 8" e;' into page

4 7

b o

Front g Voltage Output S L

compression I

gl Aibed
% :l |: 6
l

Foate =
Voltage Output

Figure 3.4: The hydrophone response to acceleration and cosipnes waves (Evans, 1997).
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4. DATA ACQUISITION AND PARAMETERS

The following chapter describe the different partereused to acquire the data and technical
information about the data set used for this stuayect. The data set consists of nine multi-
channel 2D seismic profiles (figures 1.3a & b) eoled from Isfjorden, Svalbard in 2008,
2009 and 2010. All the collection parameters ole@ifrom the acquisition fields reports
(Mjelde, 2008, 2009, 2010). Profiles 27 and 29 waagquired in Aug, 2008, while the rest of
the 7 profiles were collected during, 2009 and 20ddvering an area approximately 125
square km. Some of the profiles recorded in 200@\yest repeated in 2010.

4.1 Geophysical and acquisition parameters

Below are the acquisition and geophysical paramsgtesed to record the data for this study
project.

Svalex, 2008Profiles 27& 29

Table 4.1: Acquisition parameters for the seismic profile2008 (Mjelde, 2008).

Vessels R.V. Hakon Mosby
Digital Streamer (Western Geco, Nessie 3) 2.9 Km
Shot- point interval 50 m
Recording length 12 second
Air-gun depth 8m
Tuned air-gun array Leg | &lI: 8olt air-gun, total volume: 1.406 inch3
Tuned air-gun array----------------- Leg Il &1V: Bolt air-gun, total volume: 1.256 inch3
Triac Recoding (Western Geco)
Group length 125 m
Streamer depth 10m
Distance from GPS antenna to center of sourcd, da4 58 m
Distance from GPS antenna to center of sourcd]ll&dV 62 m
Distance from GPS antenna to first active chanael—- 154 m
Recording filter--------- 3Hz (18dB/octave), 180Hz (72 dB/octave)
Lacoste-Romberg gravity meter.

Marine proton magnetometer (digital).
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Svalex, 2009, 201(Profiles 16, 18, 20, 22, 24, 26 and 28

Table 4.2: Acquisition parameters for the seismic profile2008 (Mjelde, 2009 & 2010).

Digital Streamer (Western Geco, Nessie 3) 3 Km
Shot- point interval 50m
Recording length 12 second
Air-gun depth 6m
Triac Recoding (Western Geco)
Four Bolt air-gun 300+240+136+90 inch3=8766 inch3
Group length 125 m
Streamer depth 8m
Distance from GPS antenna to center of source 36m
Distance from GPS antenna to first active channet—--------- 136 m
Recording filter---------------=--mmmeu-- 3Hz (18dB/octave), 180Hz (72 dB/octave)
Lacoste-Romberg gravity meter.

Marine proton magnetometer (digital).

4.2 Geographical coordinates of profiles

Table 4.3: The geographical coordinates (latitude, longituehesting, and northing and shot point) for the §&thrt of the
line) and EOL (end of the line) for all the profilased for this thesis project in data processimbfar interpretation as well.
All profile lie in the zone 33xWGS 84 (Svalex refr2008, 2009 & 2010).

Line Shot number| Latitude Longitude Easting Northing

ISF-16(SOL) 8 78.2921 15.4251 509630 8691006
ISF-16(EOL) 746 78.5915 14.7226 493876 8724394
ISF-18(SOL) 9 78.5823 14.7988 495555 8723363
ISF-18(EOL) 720 78.2936 15.4690 510624 8691174
ISF-20(SOL) 3124 78.3140 15.4724 510681 8693451
ISF-20(EOL) 3826 78.5892 14.8291 496226 8724124
ISF-22(SOL) 8 78.5608 14.9509 498913 8720952
ISF-22(EOL) 613 78.3144 5.5158 511663 8693509
ISF-24(SOL) 9 78.3241 15.5472 512361 8694599
ISF-24(EOL) 604 78.3241 14.9869 499710 8721526
ISF-26(SOL) 8 78.5588 15.0557 501234 8720729
ISF-26(EOL) 589 78.3211 15.5896 513323 8694277
ISF-27(SOL) 1019 78.3332 15.442 501737 8720764
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ISF-27(EOL) 1593 78.1932 15.3659 513927 8694783
ISF-28(SOL) 7 78.3297 15.6319 514270 8695239
ISF-28(EOL) 588 78.5659 15.0859 501902 8721530
ISF-29(SOL) 1148 78.1956 15.6910 514681 8695544
ISF-29(EOL) 1723 78.3358 15.641 502465 8721574

The lines did not shot in sequence. This is doneatoid sharp turns that generate
much noise in the receivers when the stream ieéledlso sharp turns increase the chance
that streamer gets out of position are cut off orterfere with
The sources are to some extent "wide": it is ncative in the input line-level, will to some
extent reduce energy towards the sides. The fatigwiigure (4.1) shows the source

configuration of source and receivers for Sval®Q&

Svalex, 2008
#1 Gun-1: Bolt 1500 240 cuin
W Gun-2: Bolt 1500 580 cuin
Gun-3: Bolt 1500 300 cuin
#3
R/V Hakon Mosby
Streamer
magnetometer
#4

Figure 4.1: Source and receiver configuration for the profdeguired during 2008 (Mjelde, 2008).
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5. SEISMIC PROCESSING METHOD

5.1 Introduction

Data processing is an approach by which the raw iatorded in the field is enhanced to the
extent that it can be used for geological integdren. In other words datarocessing is a
sequence of operations, which are carried out doupito a pre-defined program to extract
useful information from a set of raw data. Gengrahe objective of seismic data processing
can be summarized as follows:

* To enhance the signal to noise ratio of the raw.dat
* To display the results in the form of seismic s®wdi from which geological
information of the subsurface can be obtained.

Input observational Processing Output Usful

Data Information
system

A\ 4

A 4

Figure 5.1: As an input - output system in which the input @aa go through the processing system to give Lisefput
information.

The seismic reflections become weaker as the dafpthe investigation increases, so these
reflections are needed to be strengthened by Hiteessing of the data (Robins & Coruh,
1988). Seismic field recorders generally record ghessmic data on magnetic tapes. These
tapes are then transferred to the data processimtgecwhere they are subjected to a sequence
of computer programs for improving the signal taseoratio. The strategies and results of
seismic data processing are greatly affected by dequisition parameters. The most widely
used technique is common-midpoint (CMP) recordgality of the data also depends on the
surface conditions, environmental and demograpéstrictions. The main steps in seismic
data processing are being discussed below:

5.2 Reformatting and editing

At this stage the data is normally stored in on¢hefdesignated industry formats to make the
raw records form a basis for later processing péssReformatting includes converting the
data from industry format into another format tthet processing system uses.

Editing involves the removal of traces that ardesitdead or contains much noise, due to
for instance technical problems in a hydrophonerR@ces are removed as early as possible
in the processing and replaced with interpolatedes or these poor traces are set to zero.
Editing also means to reverse the polarity, if seaey (Bacon et al., 2003)

5.3 Designature

In marine seismic data, the output signals withagnnpeak are followed by smaller secondary
peaks due to re-expansion of the air bubble. Thebkble pulses are unwanted since every
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reflection is followed by a smaller repetition tdelf. The process of designature removes the
secondary peaks and converts the wavelets in noonpact form. At this stage it is decided
whether the output data should be the minimum- @lmszero-phase (figure 5.2). A zero-
phase wavelet is one which is symmetrical aboutetstre, while a minimum-phase wavelet
IS one which starts at time zero and has as muerggmear the start as physically possible
(Bacon et al., 2003).
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Figure 5.2: Comparison of zero phase and minimum phase wav@le¢szero-phase wavelet with their phase rotayed3
and 90° are also shown. The desired output fronseéfmmic data processing is usually a seismic@eethich represents the
earth reflectivity convolved with a zero-phase watiebecause such a wavelet has greatest resoligioany bandwidth
(Bacon et al., 2003).

5.4 Gain recovery

Time-varying gain is applied to the data to bogsthe amplitudes of the data at greater depth
(later arrivals) when compared to the earlier atsvAs the wavefront moves deeper into the
earth it covers a larger area, and in additionuffess from amplitude decay because of

transmission losses and attenuation. To removissein energy due to wavefront expansion
with depth, a spherical divergence correction igliad (Bacon et al., 2003). If r is the radius

of the wavefront, energy is given by the followirgation:

E

o (5.1)

>

When the distance increases the energy will deeresth r?due to geometrical spreading.

The amplitude is proportional to the square roathefenergy so it decreases with (Sheriff
& Geldart, 1995). The wave also loses energy etierg it hits an interface, the energy splits into a
transmission and a reflectioln addition to the spherical divergence correctibrs common to
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apply an additional exponential gain function thatounts for transmission and attenuation
losses (Bacon et al., 2003).

5.5 Filtering of the seismic data

Generally the aim of the seismic data processirtg iacrease the signal-to-noise ration and
improve the vertical resolution of the individuaismic traces. The main types of waveform
manipulation are frequency filtering and inverdtefing (deconvolution). Frequency filtering
can improve the signal-to-noise ratio but it dansatiee vertical resolution, conversely the
inverse filtering improves the resolution but deses the signal to noise ratio (Kearey et al.,
2002).

5.5.1 Frequency filtering

The data recorded by hydrophones contain not dryeal reflections but also various forms
of noise. The latter includes high frequency n@sg noise produced by electrical cables or
heavy machines and low frequency noise produceddues for example. To remove these
types of noise, a frequency filter is designed applied to allow a desired range of frequency
(Yilmaz, 2001).The application of frequency-filtegi requires the data in frequency domain
(amplitude as a function of frequency), which isiaged using the Fourier transform. The
frequency filtering is based on the Fourier transfolThe operator usually takes an input
image and filter function in Fourier domain. Thigput image is then multiplied by with the
filter function given by the following expressioHgmming, 1983):

Gk,)=FK,HHKk,I), (5.2)

whereF (k, 1) is the input image as a function of wave numkeand lengthl in the Fourier
domain,H (k, 1) is the filter function ané (k, |) is the filtered image.

The common types of filters used in the data prsiogsare low-pass filter, high-pass filter,
band-pass filter, band reject and notch filter fey 5.3).A low-pass filter attenuates high
frequencies and retaithew frequenciesA high-pass filter, on the other hand, attenuates |
frequencies. The band pass, band rejects and fiitiris contain/suppress the frequencies
within a specified frequency band (Sheriff & Gelld995).Since, frequency decreases with
increasing length of travel path due to the attéooaso the characteristics of the frequency
filters are normally varied as a function of reflen travel time. For example in 3s seismic
trace, the first second might be band-pass filtéretveen the limit of 15 and 75Hz and the
frequency limit for the third second might be 1@ a%Hz. The choice of the frequency band
is made by inspection of the filter panels (Keagéwl., 2002). After applying the frequency
filtering the data are again transferred from ttegjfiency domain to the time domain by the
inverse Fourier transform (Sheriff & Geldart, 1995)
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Figure 5.3: The frequency response H(f) for frequency in Héx)various types of filters such as: band-pass (BRh-pass
(HP), low-pass (LP), band reject (BR) and notchriltgkearey et al., 2006; Sheriff & Geldart, 1995).

5.5.2 Velocity filtering

The purpose of the velocity filtering is to remax@herent noise events from the seismic data
on the basis of angles at which these coherentt®wdp. A seismic pulse travelling with
velocity V at an anglex to the vertical propagates across the spread withpparent speed
given below:

V, =.L, (5.3)
sina

and each individual component of the pulse has an app&aset numbekK_, that is related
to its individual frequency , where

f=Vk,. (5.4)

If the frequencyf is plotted againd(_, it will give a straight line curve also known as f-k plot

(figure 5.4b). A seismic events propagating across treadgs characterized by an f-k curve
with a particular gradient determined by the apparent veloThg. overall set of curves
containing reflected and surface events are shown ir(fidigre 5.4a). Different types of
seismic events fall within different zones of f-k plot ant throvides a mean to filters the
unwanted events on the basis of apparent velocity. Thisoehéthknown as f-k filtering. To
perform velocity filtering seismic data is transformed frexndomain to f-k domain, and then
f-k plot is filtered by removing a wedge-shape zones aegavith unwanted events. Finally
the data is transformed back to t-x domain (Kearey e2@02).
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Figure 5.4: (a) An f-k plot for a shot gather decomposed ffention events and different types of noise. (o) fA plot for a
seismic pulse passing across the spread of resdiearey et al., 2002).

5.5.3 Inverse filtering (deconvolution)

In the frequency spectrum of a reflected pulse, therenargy components of seismic noise
that can not be removed by frequency filtering. Invditsers are able to suppress the noise
that have the same frequency character as the reflegted (Kearey et al., 2002

Inverse filtering (deconvolution) is the analytical process #tatrpens the wavelets and
removes the short period reverberations. For this praceligital operator is designed for

each trace and that operator is then convolved with eack to remove the ringing. An

operator is designed automatically based on the trace ctbidsics and then some

parameters, like the operator gap, are modified by theepsing analyst. The idea is that the
operator will not change the wavelet from time zero toehd-time of the gap but try to

remove periodicity at times beyond the end of the gapoextution may be either spiking

or predictive. The difference between the two types is thgtheof the operator gap. In

spiking deconvolution there is a very short gap that givesima wavelet compression,

while in predictive deconvolution there is large gap (32 msiare) in order to remove the

periodicity that is caused by the multiples having period lotigen the gap (Bacon et al.,

2003).

Examples of inverse filtering to remove particular filtering eéanclude(Kearey et al., 2002

» Dereverberations: this application removes the ringing effesticaged with multiples
reflection in the water layer.

» Deghosting: degosting removes the short path multiple thasaoeiated with the energy
travelling upward from the source and reflected back fitnensurface.

* Whitening: which equalize the amplitude of all frequency comptsnwithin the recorded
frequency band.
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Figure (5.5) explains the difference between primary evamdsmultiples. There are several
methods or techniques used to remove the multiples baked @n velocity move-out or on
prediction based on geometry and timing of the cause ohtittgle (Bacon et al., 2003).

Figure 5.5: Primary and multiple reflections. The red and peigvents are primary reflections, while the greeents show
the first order multiple reflections (Bacon et 2003).

5.6 Sorting the data from common shot point (CSP)tcommon midpoint (CMP)

Seismic raw data are usually sorted by common shot point (@i§&e 5.6a). The common
practice behind common shot point (CSP) shooting is that &lvisssnoving at constant
intervals along a line, while shooting at regular intervals. énstibsurface the reflection from
various shots depicting the same point is detected by diffefennels from shot to shot
(common midpoint (CMP) (figure 5.6b). The seismic data iedoto common midpoint
(CMP) before stacking.
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Figure 5.6: Geometry and ray path for different configuratiofsource and receivers (Sheriff & Geldart, 1995).

5.7 Seismic velocities

Good knowledge of velocities at all points along the reflectidh garequired for accurate
interpretation of the reflections. The accuracy of the da@duction, processing and
interpretation depends mainly on the correction of the velociasurements. Principle
objectives of the seismic velocity analysis are:

» Good stacking of the data, in order to increase the sigmetise ratio.
* Appropriate conversion of time section to depth section @eroto have structural as
well as lithological interpretation.

The most common concepts of velocity are the following (Rsar& Coruh, 1988):

Root mean square (RMS) velocity

When the subsurface layers are horizontal having inteelatiies asvi, Vs, ---, \,, and two
way time to the respective interfacedas, ---, t,; then the Root Mean Square velockf)
for ann layer model is defined as:

M)
Vrms1 :|=1n—, (55)

Dt

i=1

Vims may be derived approximately from CDP shooting.
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Average velocity

Average Velocity Yay), can be simply obtained by dividing depth)(by its travel timetg),
wheren =1, 2, 3---, k

Va = “El , (56)

Vav IS also measured from the surface down to the reflestirfgce.

Interval velocity

The velocity within a chosen time interval and may be expceas:

: (5.7)

whereh is the layer thickness ands two way travel time. Dix’s Interval Velocity is obtained
by the Dix Formula (Dix, 1955) given by:

1/2

Vint,, = [('I'HlVrmszm) - (T, Vrms) ]
(Ti+1 _T)llz !

(5.8)

T denotes two ways travel time to horizontal interfaces \4pdis the Root Mean Square
Velocity.

Stacking velocity

Stacking velocities is the velocity used in the application of nbmmave out (NMQ
correction on common depth point (CDP) gathers. The trdwveé equation for a
homogeneous two layer model with flat horizontal interface itemrin term of horizontal
distance between source and recei¥@r Yelocity Mnmo) for zero offset two way time to the
reflection {To).

X 2 jllz ' (5.9)
VNM02
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The stacking velocity¥/nvo Obtained by the equation:
Vi = (X2, 2-T2)". (5.10)

Migration velocity

Migration velocity is the velocity that is usedrtograte seismic data.

Vmig = VNMO. Cost , (511)

a is the angle of dip of the reflector.

5.8 Velocity analysis

Before stacking the correct velocity analysis anilON correction are required. NMO
correction is the correction of travel times of th&ces in a CMP gather to make them zero
offset. The correct velocity choice is very impaottatoo high velocity results in under
correction (bending downward) of the travel timeseweas low velocity causes over
correction (upward bending) of the travel timegiffe 5.7).

Velocity analysis is an interactive tool used tareate the stacking or NMO velocity on 2D

and 3D pre-stack seismic data. The velocity anslissusually done on CMP gathers where
the assumption of hyperbolic move-out of reflectiois often reasonable. The analysis
procedure may involve comparing a series of statkazks in which a range of velocities

were applied. The aim of the velocity analysisoidind the velocity that flattens a reflection

hyperbola and thus provides the best result whemrkistg is applied (Yilmaz, 2001).

5.9 NMO correction

When the offset (distance between the source aswiver) increases, the travel time for the
larger offsets also increases. On the seismograretfect of this delay in travel time is
visible as a hyperbolic curve (figure 5.7a). Afteterpreting the stacking velocities, we apply
the NMO correction, which is the difference in thtime for a receiver at some distance x
from the source and the travel timddr zero-offsetlistance.

The receivers with large offset will detect lon@g&vel-time than the traces that are recorded
by the receivers close to the source (Yilmaz, 200§ difference in time is called move-out
and to remove this difference, a move out correctfddMO) is applied, where the final result
ought to be a horizontal reflector (figure 5.7b)flhe NMO correction is given by the
difference betweet(x) andt,,

At =t(x) -t (5.12)
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t(x) is the two way travel time with a given offqg) andt, is the two way travel time with
zero-offset.

offset —* offset —*
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Figure 5.7: (a) The hyperbolic time distance curve. The trdiveé increases by a facté}t with increase in distance from
the source. (b) The hyperbolic move-out of theefbns is removed after applying the NMO corrett{modified from
Robins & Coruh, 1988).

5.10 Muting

After the application of the NMO correction the duency distortion occurs and the traces
normally get stretched. This happens particulaolythie shallow arrivals with larger offset.

This is called NMO stretching. Stretching is a fregey distortion in which the events are
shifted to lower frequencies. Stretching is quadiby the following relation:

A At
— ="Tmmo 513
: " (5.13)

(0]

Af is the change in frequency. This stretch factongea the pulse shape significantly. The
Vav process of muting is applied to remove the masbdied part of section.

5.11 Stacking

The seismic data are stacked after the final vloahalysis and move-out correction is
applied. All the traces with common midpoint (CM&$ summed up into one trace. Stacking
the traces that contain the same reflection infdonaimproves the signal to noise and
reduces the coherent noise such as multiples, wétiatk at different velocities from the

primary events.
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Figure 5.8: Stacking pattern chart (Dobrin & Savit, 1988).

5.12 Migration

Migration is one of the key steps in seismic datecessing. Migration is a process in which a
seismic section is reconstructed, so that all giensic events are repositioned to their correct
subsurface location with a corrected vertical iten time (figure 5.9). The process of
migration also improves the resolution of the s&issection by focusing all the energy
spread over the Fresnel zone and collapses diffret thereby delineating detailed
subsurface features such as fault plgKearey et al., 2002)The goal of migration is to make
the stacked section appear similar to the geolbgioass section along the seismic line.
Migration can be performed with time or depth astigal dimension. If there is lateral
velocity variation, the time migration can serigudis-locate the events. To solve this kind of
problems, depth migration is applied which correttndles the velocity variation. But if the
data come from an area with steep dips withoueldateral velocity variation, pre-stack time
migration is preferred (Bacon et al., 2003).

Two-dimensional survey data provide no informaoncross-dip, so in the migration of two-
dimensional data, reflection points migrated arast@ined to lie within the plane of the
section. The conversion of reflection times on a-nograted sections to depths by using the
one way travel time multiplying with appropriate logty, yields reflector geometry of
reflector also known as the record surface. Wherréfiectors are dipping, the record surface
differ from the reflector surfaces and it givesistarted picture of the reflector geometry The
process of migration removes this distortion efeat dipping reflectors from the seismic
section and their associated surface record. limadtfon migration all dipping reflection
events are assumed to be tangential to some céiv@xamum convexity. So the events are
migrated back to their diffraction points by usiagvavefront chart prevailing velocity-depth
relationship(Kearey et al., 2002)
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Figure 5.9: Seismic migration moves events from their reconlesition to their true subsurface position. ThHesgdam also
explains the effect of migration on a syncline. Thee rays from the right side of the syncline soenetime recorded to the
left of the green rays reflected from the left sa@fethe syncline. This makes a bow tie patternhi@a torresponding time
section. The process of migration moves the evsmtk to their true subsurface position (Bacon ¢2803).
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6. SEISMIC DATA PROCESSING (Results and Discussion)

The processing of the Svalex seismic data set 22089, 2010 is performed by use of the
Geocluster (CGGVeritas, 2008) software. A totahofe seismic profiles from this data set
are used for processing. The different processiegss performed on the data include
reformatting and editing of the data, near tradheagenerate (this step has been carried out
to pick the water depth, in order to remove thetiplals), filtering and deconvolution, sorting
the data to CMP, velocity analysis and NMO coraagtistacking, migration and display of
data. For the purpose of illustration in this cleapthe seismic profile-22 is selected to display
and describe the results in detail for each pracgsstep. The results for the rest of profiles
will be displayed in the appendix-I.

6.1 Geocluster (CGGVeritas)

One of the main applications of Geocluster is Smistata processing. Geocluster offers a
comprehensive set of processing modules and apphsathat deal with most aspects of
seismic processing. The processing modules aregribito execute single or complex
functions on seismic data. Geocluster runs botlchbatnd interactive applications on
PC/Linux systems. The processing is carried outubyg a set of commands which are
grouped in a seismic job. These jobs are createasing the XJOB graphic editor and then
submitted for analysis and execution, which uset @&=ocluster Seismic Language of all
processing commands) to build a seismic job (Getety 2008). In what follows, a brief
introduction about the main applications of the Gester used in the seismic data processing
Is presented below:

6.2 Main Geocluster applications used in data proasing

6.2.1 Geopad

Geopad is one of the main applications that canubed to manage the Geocluster
environment. This is a file manager and it providesomplete working environment for

Geocluster, particularly in file management anchtding applications. Geopad is started by
typing a command (Geopad) in the text console windand the Geopad main window

appears (figure 6.1; Geocluster, 2008).

6.2.2 XJOB

Xjob is an interactive application of Geoclusteriethis used to create a seismic processing
job flow (figure 6.2). A seismic job is basicallyguoup of different modules or commands
performed in a specific order. The job flows credabe XJOB are linked through Geocluster
processing modules to form a logical processingieece through graphic editor in the main
Xjob window (figure 6.2; Geocluster, 2008).

6.2.3 ChronoVista

Chrono vista is one of the major applications ofo@ester, which is used for interactive
velocity analysis in the time domain. This applicatcombines Geovel and Velpicker, which
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6.2.4 XPS (eXtended Processing Support)

The XPS (eXtended Processing Support) system iaragb large database, which allows
managing the auxiliary data in a simple and unifevay. In the XPS system the auxiliary
data is managed in the form of small databasehitnmhanner all the data is accessible with
the same structure, and can be manipulated witksahe tool. The XPS system is composed
of several software elements, for example; XPS dasz, XPS library and XPS modules.

6.3 Processing modules and processing flow chart

Table (6.1) summarizes the major Geocluster mod({&socluster, 2008) used in the
processing flow as following.

Table 6.1: Main Geocluster modules used in different procgsgbs while processing of the Data.

Geocluster modules Purpose
(Geocluster, 2008).

FILTR This program applies the filter operators storethanfilter libraries
(filtering module) and perform time variant filtering. It also perf@nthe spatia
interpolation between libraries, if necessary.

FANMO This program uses the velocity library and optignainutes ang
(hyperbolic, non-hyperbolic or | water bottom libraries. Linear interpolation is ds® obtain thg
linear move-out) velocity for all points in time

INPTR The function of INPTR is to read the tapes andesaselected by

(trace input from disk or tape) | LIBRI TR and convert the input trace format into umique
processing format.

MODET MODET module is used to modify one or more tracadee words,
(trace header modification)

MCDEC This program performs multichannel processing bggia spiking
(spiking and predictive deconvolution (DECON type) or a predictive decomtion
multichannel deconvolution) | (TRITA type).

RSAMP This module is used for resampling of the data. Tésampling
(trace resampling) phase is carried out by applying an interpolatidterf whose

frequency is adjusted by parameter FMAX (maximuegfrency).

REFOR The main purposes of applying this function aremaltiply the
(time gain function) sample amplitude, converting the samples to absolalues,
normalization and searching for maximum sample.

RECOV The function of this module is to perform amplitugeovery.

(amplitude recovery)

SPASM The aim of this function is equalize the input &agith respect tq

(spatial amplitude smoothing) | its neighboring traces considered for amplitude gamson (spatia
window).
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SPARN
(random noise attenuation)

This module carries out projective filtering in tffex) domain, to
attenuate the random noise SPARN uses the praggefitbering
instead of predictive filtering.

STAPA The aim of this module is to stack a trace gatimeam output
(seismic trace stacking buffer.

TRITA Performs a time variant predictive deconvolutioenerally used tg
(predictive deconvolution) remove the long period multiples.

TIKIM This module represents the Kirchhoff time migration 2D and

(Kirchhoff pre-stack time
migration)

3D migration.

BSORT
(one—pass trace sorting)

This function is used to sort out the traces. Hirsidefines theg
selection limits of the traces to be sorted, arghth defines thd
sorting and processing criteria.

FKFIL
(F-K filtering)

This module is use to filter out a set of traces K domain by
defining different options like; equalization of pmt traces
possibility of weighing the input traces and tinagiant filtering.

ouTBD

(Trace output in Geocluster tay

In Geocluster this module is used for writing theces onto tapes.
dt controls the output of seismic traces, in CG@rfat to tape an(

format) disk files on the bases of given information in twresponding
LIBRI BD.
VESPA This module for velocity analysis works in four iopis; VV, CV,

(velocity analysis computation

and composite plotting)

SH and TI. For the velocity analysis, the tracebrgng to a
group of traces are corrected using n velocity fions.

Figure (6.3) shows the processing flowchart withnmeeps carried out to process Svalex,
2008, 2009, 2010 seismic profiles. Table (6.2) sames all the important processing steps

used in this study with their objectives.
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Processing flow chart:
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Figure 6.3: Processing flow chart, used to process the seidat&

42



Table 6.2: Main processing steps carried out during the msiog of seismic data against with their objectives

No. Processing steps Objectives
1 Conversion of SEG-Y format to | Conversion the data to processing oriented filenfdr
CGG format
2 Data viewing and editing and Removes the dead or noisy traces. The unwantedcadata
Muting zeroed and replaced with interpolated values.
3 Data reduction Reducing the trace length and volume of the dath to
(12844 ms to 6144 ms) speed up later processing sequence.
4 Band-pass filteringBHz-70Hz) To remove the energy (frequency) out of definedjea
5 Resampling Resampling the data from 2 to 4 msec to get max
(2to 4 ms) frequency up to 125 Hz.
6 Gain recovery To gain the amplitude loss caused by the sphefical
divergence, absorption and transmission losses.
7 Near trace gather generate To pick the water bottom depth (time values) ineortb
remove the long period water bottom multiples.
8 Deconvolution To remove the bubble pulse effect and water layer
(spiking, Designature) multiples.
9 F-K Filtering orVelocity filtering Reduces low velocity coherent noiseelocity interval
(f - k domain) value (-5000m/s — 9000m/s)
10 | CMP sorting To sort the data from CSP to CMP for stacking psepo
11 | Deconvolution (predictive) Removes multiples, specially the water bottom mlds.
12 | Velocity spectrum analysis Preparing the data for velocity analysis.
13 | Velocity analysis Obtain NMO-velocities and stacking velocities foM®
correction and stacking.
14 | Normal move-out (NMO) Corrects the difference in travel time due to iasesin
source-receiver distance.
15 | Muting Removes the bad traces and attenuates the INMO
stretching effect.
16 | Stacking before migration Check the quality of the velocity models picked |by
velocity analysis.
17 | Time variant band-pass filter Removes energy outside the given range.
(TVF)
18 | Pre-stack Kirchhoff time Repositions the dipping events to their correcatmn in
migration the subsurface and collapses the diffractions fpmrimt
sources.
19 | Section scaling and visualization| Repetition of some of the previous procedures farave
automatic gain control the quality of the data. Automatic gain controuied to
enhance the amplitudes for deeper levels.
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20 | Time variant band-pass filter Applied for final section. Removes energy outsitie
(TVF) given frequency band. Different band-pass filteluga
are applied for time windows of the data.

6.4 Reformatting and editing of the data

Seismic raw data recorded in the field was loade@eocluster in SEG-Y format, which is
the common format used in the oil industry. Theadet reformatted internally to the
Geocluster format. Since the bottom half of thegioal traces (with total length up to
12288ms) contain very little information due to theatively weak source. So, for this
purpose the data was reduced by taking the infoomaip to half of the trace length, which is
6144ms. To remove the noise burst and spikes phatlg related to amplitude, the
application of spatial amplitude smoothing (to sthothe amplitude) was done by using
module (SPASM). The next step was to apply a bass filter in a way to filter out the high
frequency noise such as noise due to cables orines;0, and low frequency noise such as
noise produced by waves. For this purpose a frexyutiter was designed with limits having
low value of 8 Hz and high frequency value of 70 tdZfilter the frequencies below and
above these values, respectively. The marine seislaia is usually recorded with 2 ms
sampling interval with Nyquist frequency 250 Hz.eT$eismic data is then resampled from 2
to 4 ms with Nyquist frequency 125 Hz. The resangplof the data reduces the volume by
50% without any loss of data quality. This reductio volume of the data also helps in
speeding up all the later processing stages.

The next step was to obtain the common depth §GiDP) number, offset and position of the
CDP’s. The MODET module in Geocluster was usedetiing header words and to calculate
the above parameters. The fold (the max numbeojra ; the subsurface is mapped), offset
and CMP were calculated using the following expoess

Fold = NR / (2*SS/RS). (6.1)
Fold = 240/ (2*50/12.5) = 30 fold data (6.2)

SSis source spacing with value 50 m kept while rdocag the datalNR is number of receivers
(grouped) with a value of 240, arlRS is receiver spacing having value 12.5 m while
recording. The offset was defined and calculatetiénMODET by the following relation:

Offset = channel-number*12.5m + 90 (6.3)
Offset = 102.5m for first channel and 3090 m foamwhel number 240

For profiles 16 - 28 channel-number ranges frono 240, while for profiles 27 and 29 its
value corresponds from 1 to 232. The CMP was caled|by the following relation:

CMP = (2*SS/RS)* SP — CHN + (?) or — (?). (6.4)
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Where SP is shot number an@HN is the number of channels. The termg?) or — (?)
represents the values that were added or subtrézteeep theCMP value in certain range
(1-9999), as defined during the data processinga\&xampleCMP values defined and
calculated for profile 22 with shot points rangingm (8 — 613) using the equation (6.4):

CMP = (2*50/12.5)* 8 — 240 + (?) or — (?) (6.5)
= -176 (with shot points of value 8)

CMP = (2*50/12.5)* 613 — 240 + (?) or — (?) (6.6)
= 4664 (with shot points of value 613)

Since thes€MP values (-176 to 4664) do not exactly fall in thege (1 — 9999), so a value
200 was added instead of subtracting to kee e values in that range.

CMP = (2*50/12.5)* 8 — 240 + (200) (6.7)
=24

CMP = (2*50/12.5)* 613 — 240 + (200) (6.8)
= 4864

Now the newCMP values are from 24 to 4864, which lie in the ra(i3e9999).

The data were then checked for quality control etkensure that all the traces were present,
and the amplitude was enhanced by applying autongaiin control (AGC). The data were
reformatted before display as each system requsesvn format to display the data in that
particular format. Figures (6.4 & 6.5) show theptdy of the selected shots with the observed
events marked with different arrows. These everds a

« The amplitude attenuation at larger travel timese dw spherical spreading,
transmission losses and internal friction (figur4) 6

» Different types of arrivals such as direct arriviadarked by black arrows (figure 6.5),
refracted events marked by blue arrows (figure @rf) reflected events marked by
red arrows (figure 6.5).

» Different types of noise e.g. multiples, markedgogen arrows (figure 6.5).
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Figure 6.4: Display of some selected shots without amplitiet®very (AGC).
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Figure 6.5: Display of some selected shots after amplitudevery (AGC) was applied.

6.5 Near-trace gather stack

A near-trace gather was generated (figure 6.6)digguthe raw traces corresponding to the
receivers that are nearest to the air gun arraym@ke sure that weak reflections were also
observed in the near-trace gather display, REF@®@#e (gain function) function was applied.
The main purpose with generating a near trace gathe pick the water depth (time values),
in order to remove the water bottom multiples aodirhprove the data quality. After
generating the near trace gather, the data wepbaglesd in Teamview and water depth was
picked along the sea bed (blue line; figure 6.&)e Time values of the water bottom
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reflections picked in this manner were exportethoXPS data base in Geocluster to create a
water bottom library. These time values of the watatom reflections are used to compute
the operator gap (prediction distance), which ieduso remove multiples by applying
predictive deconvolution filter.

ISF-12 near trace gather

Water Bottom
{ Export in COP Y

A N

o

titme walues for pigked ate;

bottom reflection

TWT (seconds)

Ll L
lSiikiisiiiigiiii

Figure 6.6: Display of near trace gather with picked watettdmotreflections (blue line), inset window shows timee values
for picked water depth.

6.6 Spiking deconvolution and velocity filtering

A primary task in the data processing was to remosfeerent noise and strong multiples,
which mask the actual reflected arrivals. Multipfgssented in the seismic data were usually
generated as a result of high velocities in th&segaThe velocity in the seabed was estimated
to be around 3000 m/s or more, obtained from arglylsdata on the Teamview display in
Geocluster.

6.6.1 Spiking deconvolution

The output from the reformatted job was read inntoelule to perform spiking deconvolution
and filtering function. The Spiking deconvolutionodule MCDEC (spiking multichannel
deconvolution) removes the source pulse effectbleubffect and attenuates the water layer
short period multiples. It is common for all ardsdo have bubble pulse regardless of the
offset.

In spiking deconvolution, the input traces are div into windows, and each window is
convolved with respect to signal variation in tidemain by using the Wiener-Levinson
algorithm (W-L deconvolution), describes as follow:
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S=C* R+N, (6.9)

whereSis the seismic signal; is the seismic pulse (wavelel),js the earth reflectivity and
is the noise.

The main purpose is to find the inverse@ffrom the seismic data and then to apply the
inverse to remove the effect & in order to bring out the reflections. The keyW6L
deconvolution is the separation of the effectivisra& pulse from the reflectivity by spectral
decomposition. Separation & andR is accomplished in the time domain by selecting a
window from the seismic data of length auto-correlating the window, and truncating the
correlation function to length much less thaiN. The calculation window while designing
the deconvolution filter was kept from 2500 - 6686 with an active operator length of value
325 ms.

301 301 301 301 301 301 301 3010301 301 301 301 301 301 301 301
0.07 A

028 Before spiking | 0.2 After spiking
i - . | - A
| ¥ deconvolution = deconvolution

I !—’".
- Bed are I resolv 0.9

| ‘ — e R { |
1.0 =

= -.._ . 8!57_.. AL e H
— SaSS =S5 Thinbeds are also resolv

e (1) mms s

Figure 6.7: (a) Display of the selected shots zoomed at sbiott 301, before the spiking deconvolution appli¢a). Display
of the selected shots zoomed at shot point 304y, tifé application of spiking deconvolution.

It is obvious in (figures 6.7a & b), that the etfet bubble pulse has been attenuated and the
wavelets get sharpen after the application of spgikdeconvolution. The application of
spiking deconvolution increases the vertical resotu of the data by decreasing the
wavelength and resolves the beds at smaller se@lieh were not visible in the data display
before the application of spiking deconvolution.

Vertical resolution:% =V , (6.10)

4f

A is the wavelengthy is the velocity and is the frequency. Smaller the value bfgreater
will be the resolution.
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The incoherent noise (water-wave noise) was remogaty the SPARN function (a low cut
frequency filter with upper limit up to 50Hz). Tlamplitude recovery and smoothing were

done by applying REFORM and SPASM modules (alscakption of amplitudes of the
traces).

6.6.2 Velocity filtering

Frequency-wave number filtering also commonly knasnF-K filtering or velocity filtering

is used in order to remove the coherent noiseddaed head waves) from the data. Before
the application of F-K filtering, the data is cone&l from the time domain to the frequency
(f) wave numberk) domain. The apparent velocity can be found byfdHewing relation:

f
Vo = - (6.11)

V . 6.12
®  sini Ei v ( )

WhereV,, is the apparent velocity is the true velocityf is the frequencyk is the wave

number and is the angle of incidence with respect to vertiGéle velocity is measured along
the slope in the F-K plot (figure 6.8) by the Teagmwdisplay.

ghot point mumber

frequency f{Hz)

Figure 6.8: Display of frequency - wave number plot (inset) $ome shot collections. Linear events in the Flét with
spatial aliasing effect can be observed.
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The main idea behind the velocity filtering functis to measure the apparent velocity for all
seismic events that fall in different zones in Fpldt. This velocity is measured graphically
along the slope in the F-K plot, and the dataentdecomposed spectrally on the basis of this
measured apparent velocity. The unwanted eventdilteeed out easily on the basis of
gradient, which is actually measured by using thyagent velocity values (eq. 6.12).

The velocity of the wave propagating along seabddfjorden is estimated to be around 4000
m/s. So a velocity filter was designed with a dertange of velocities -5000 to 9000 m/s
with a maximum frequency limit of 115Hz. So theorted linear events (critical refractions

and direct waves) are supposed to be attenuategglying a velocity filter. The data is then

again displayed to see the effects after the vigiditiering process (figure 6.9).

Wh e o wmldie & e ki [SFIIFQ: J_lhtl, llllllll i

«— Al the linear events {direct
and head Waves__‘:l are attenuated

All the linear events, backscattered noise are attenu_atéd.

Figure 6.9: Display of the data after Velocity filtering witlhequency - wave number plot (inset) for some fidte shot
collections.

By making the comparison of figure (6.9) with figui6.5), it can be clearly observed that all
the linear events, direct waves (black arrows; rg6.5) and refracted waves (blue arrows;
figure 6.5) presented in the data have now beemadted after applying the velocity or F-K
filtering.

6.7 Sorting the data to common midpoint (CMP)

The next step is to sort the data from CSP (comshart point) to CMP (common midpoint).
Seismic data acquisition with multifold coveraged@ne in shot-receiver (s,g) coordinates.
Seismic data processing on the other hand, is coiovelly done on mid-point (y,h)
coordinates. CMP sorting is a coordinate transféiongrom (s,g) to (y,h). Those traces with
the same midpoint are grouped together, making & Q&ther.
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To sort the data to CMP, the BSORT (sorting acewydo two or three header words) module
was applied. Once the data is sorted to CMP ie&lrto OUTBD (writing of traces onto
tapes). After sorting to CMP some traces are saieahd displayed (figure 6.10).

CDPF number
801 w1201 w1601 . i 2001 e e 2401 i e 2801 s e 3201 L w3601 i e 4001 L.

TWT (seconds)
T
i B O

Figure 6.10: Display of data after sorting to CMP.
6.8 Multiple removal and data preparation

6.8.1 Predictive multichannel deconvolution (TRITA)

Removing multiples was one of main challenge iradabcessing and these multiples were
attenuated by the deconvolution process. The oulgiat from the CMP gather was again read
to the INPTR module. To remove the multiples a TRITpredictive multi-channel
deconvolution) module was applied which performtihee variant predictive deconvolution.
This deconvolution module is similar to the MCDECodule, which is a spiking
deconvolution and removes the source and bubbge mifect. It also removes the water layer
short period multiples, while the rest of the nplés were removed by applying TRIRA
application.

The TRITA module uses a gapped operator consistirape impulse at zero time, followed
by a series of zeroes with an active portion ofgtenLAR (active operator length). The
Parameter 1Q (operator position) is the time betwie origin and center of the active part.
This corresponds to the period of the undesirediptes$. This period can be defined by user
or the program itself, or can read it from the wdiettom library LIBRI FD (file of water
bottom data, read data from XPS). A deconvolutitierfwas estimated by using the defined
computation windows from 150 - 3500 ms with an\actperator length of value 150 ms.
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Certain amount of white noise was added in ordesmvtoid dividing by zero values. In the

TRITA module, the picked water depth data is reathfthe XPS water bottom library with a

given particular version name, when picked in tlearrtirace gather. The deconvolution
process extends the frequency band which makessitgreal narrow and increases the
bandwidth. So the frequencies above and below ¢ismsc signals are tempered by band-
pass filter.

gap LAR

A
4

v

IQ <
1
gap=1Q ~3 LAR . (6.13)

6.8.2 Data preparation for velocity analysis

The data were then prepared for velocity analygisdmputing a velocity spectrum using the
VESPA module with an increment in percentage byithe - velocity pairs were defined
with different values of time and velocities showntable (6.3). The RECOV (amplitude
recovery) job was performed to recover the ampéitadd to increase the dynamic range of
the data. The data were displayed after predict@@nvolution and data preparation (figure
6.11).

Table 6.3: Values for velocity-time pairs used for the vetpanalysis. The value for average interval velouras kept at
5000 m/s.

No Time (Ms) Velocity (m/s)
1 144 1485
2 200 2280
3 275 2835
4 435 3550
5 1200 4300
6 1875 4650
7 2850 4900

52



e R e A e R 6 LZI0 U0 LA LM U U0 L0 LA LIPS 1706 1600 LED7 1EPH 1AL LAML LGP LGP 1R 132 LEp

nds)

TWT (secon

/

\

|
o

\

Figure 6.11:Display of data after preparing as an input tovélecity.

Comparing figure (6.11) with figure (6.5), it cae Been that sea bottom multiples seen in
figure (6.5) have been attenuated to large ext#at applying the predictive multichannel
marine deconvolution (TRITA).

6.9 Velocity analysis

After preparing the data for velocity analysis, rntheext step was to perform the velocity
analysis job. The velocities are picked using tle¢uster application Chronovista through
Geovel (figure 6.12). A variety of graphic functorare used to estimate the stacking
velocities which gave the best possible result. édnithe Geovel in the velocity analysis
viewer window we have several windows like velogpectrum, interval velocities, central
gather stack before and after NMO correction andi-stack. When the velocities are picked
in the velocity spectrum the effect can be seeh@lNMO corrected stack with the flattening
of the hyperbola (figure 6.12). The interval vetgcistack shows a velocity curve
corresponding to the velocities picked in the sembd plot. There is a considerable increase
in the value of interval velocities for shallow e time and then a slight increase with
increasing depth can be observed (figure 6.12).NM® corrected plot shows the results for
the velocities picked in the semblance plot, writbe mini stack shows the pattern of
velocities (increasing or decreasing). Interpolati® used in between velocities picked for a
particular CDP. Figure (6.13 shows the values fsfRvelocity picked in velocity analysis.
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Figure 6.12: Geocluster application Chronovista, velocity pimkiprocess through Geovel. From left, the semblahag
interval velocity plot, central gather plot, NMOropected plot and mini stack.
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Figure 6.13: Shows the values of the RMS velocity picked dutimg velocity analysis (showing approximately 22-&fn
profile).
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The velocity values estimated in this manner apgpessed to be around 4000 m/s in upper
1sec and it is close to 5000 m/s below 1 sec. mtexval velocity values are ranging from
2500 m/s to 6000 m/s. Once the velocities are pick@ese velocities were exported to the
XPS library. These values were used further inkitgcand migrating the data.

6.10 NMO Stretch muting

After NMO correction a frequency distortion occargl the traces get stretched. This happens
particularly to the shallow arrivals with greateffset. This is called NMO stretching.
Stretching is a frequency distortion in which tvems are shifted to lower frequencies. This
effect was partially removed by using a time variaand-pass filter (values used are shown
in table 6.4). The time variant band-pass filteswlasigned and applied such that it removes
the low frequency in the upper part. In figure @&, it can be observed (black arrows) that
the data gets distorted as a result of NMO cowac{The data were again displayed in order
to see the results after NMO stretch muting appboa(figure 6.14b).

= —SueChjaelgr - = = —————0

1 1 1w 1n

g 4 1w4 30 200 214 2W4 134 24 234 234 244 244 2SM 254 264 264 2

7

Figure 6.14:Display of the data, (a) before the NMO muting gl after the NMO muting applied.

Comparing figure (6.14a) with figure (6.14b), itdlear that the effect of frequency distortion
have been removed efficiently by applying mutingmé variant band-pass filter).
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Table 6.4 below shows the values used for timeamaband-pass filter for NMO muting.

Table 6.4: The values for time variant band-pass filter.

() ® () () Application Application
Filters (Hz) | (Hz) | (Hz) | (Hz) | window Window
(start) ms (end) ms
1Afilter limits 10 20 70 90 0 300
2-filter limits 8 16 65 80 600 900
3-filter limits 7 14 50 70 1200 1700
4-filter limits 5 10 40 55

6.11 Fast stacking

Once the velocities were picked, the data wereketh¢o check the quality of the velocity
models picked by velocity analysis. The output afadfrom the velocity analysis job were
read by INPTR (trace input from disk or tape), dhd TRITA (predictive multi-channel
deconvolution) module was again applied to reméeentultiples, if any. The velocities used
for the NMO correction and stacking were read frim XPS library through FANMO
(dynamic correction NMO) module. The data were lkgdcby using STAPA module (total
stack). After that, the amplitude was recoveregloy equalization, using RECOV (amplitude
recovery).

The resolution of the stack was investigated usitejed values of initially picked velocities
with an increase or decrease of 5% (figures 6.1%9.&his is performed in order to obtain a
good quality stack. When the initially picked vatgcvalues are increased by 5%, the data
showed the better resolution (figure 6.15a) as @ethto a decrease of 5%.
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Figure 6.15 (b): Display of Trita stack (zoomed) with 5% decreaseiritial velocities pick (black arrows show poor
resolution for the reflections).

6.12 Muting and pre-stack migration

The final step performed on the data after the argloanalysis is the pre-stack migration
related to repositioning of the reflection everise application of migration requires muting
to be applied to remove the NMO stretch factor. elign was performed by using the
modules TIKIM, which performs the Kirchhoff time gmation for pre-stack 2D and 3D data.
The Kirchhoff algorithm is a trace-by-trace migoatj which treats each output sample as the
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apex of a diffraction curve. Input samples are sachror spread along the diffraction curve
characterized by a locally defined 1-dimensional &)RMelocity function. Constructive
interference builds the image of the reflector. Medocities are defined from the XPS
velocity library. A limit is defined for the steegtegradient of the layers (DIPLIM) and the
values above this limit are muted by the operator.

Data was also operated with the TRITA (marine rmablinnel deconvolution) module to
remove the remaining multiples and the amplitudesewecovered by the RECOV (recovery
factor to gain the amplitude loss).

6.13 Display of pre-migrated stacked section

The data is stacked after the migration. But befbeedata is stacked and displayed finally, a
time variant band-pass filter is applied to remtwe noise, particularly low frequency in the

upper part and high frequency in the deeper padgh requencies are kept at shallow time
while low frequencies are kept in deeper part egdatravel times. Table (6.5) shows the
values for band-pass filter used.

Table 6.5: The values for time variant band-pass filter.

filters Q) @ |1@® | @ Application Application
window Window (end)
(start)
Filter 10 20 | 80 | 90 0 300
limits:1
8 16 | 65 | 85 600 900
2
7 14 | 50 | 75 1200 1700
3
6 12 | 40 | 60
4

Section scaling, visualization and Automatic gaontcol were applied finally, as well as
repetition of some of the previous procedures (SPRECOV) to improve the quality and
dynamic range of the data. Automatic gain contrdghwindow length (400) was used to
enhance the amplitudes at deeper levels.
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Figure 6.16 Display of final pre-migrated stacked section.

In the final presentation or display of the datacan be seen that all linear events (direct
waves, head waves), all types of noise, multifdd0 effect and dipping events presented in
the seismic raw data, have been attenuated eféd¢tafter processing the data with the
sequence described in figure (6.3). The seismig cah now be used for the interpretation.
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7. SEISMIC DATA INTERPRETATION METHOD

7.1 Introduction

The seismic data interpretation has been given rddfgrent meanings to geophysicists who
handle seismic reflection records and by geologidte put the information to use. Seismic
data interpretation involves prediction of strueturwith their geological properties or
determining a model based on some geophysical merasats (Sheriff & Geldart, 1995).
After a seismic map is constructed, an importairtgths to interpret the seismic section by
using the geologic information from surface and ssuface sources e.g. fault traces or
geologic contacts. This involves identifying reflers and making tie to the wells or surface
features. All this depends upon the amount of mfion available. In seismic method,
physical measurements are made at the surfacee Theasurements are then evaluated and
interpreted in terms of what might be possiblyhe subsurface, the position and property of
interfaces. The resulting information is then comedol into cross sections, which represent the
structure of geological interfaces responsibletiierreflection events.

The seismic reflection interpretation usually cetssi of calculating the position of

geologically concealed interfaces or sharp tramsitiones from seismic pulses returning to
the ground surface by the process of reflectione Tihfluence of varying geological

conditions is eliminated along the profiles to sfomm the irregular recorded travel times into
acceptable subsurface models. This is very impbiftanconfident estimation of the depth

and geometry of the bedrock or target horizons (Dol& Savit, 1988). The acoustic

impedance, which is one of the rock properties timterns reflections, is the product of
velocity and density, calculated by the followirgdation:

Acoustic impedance = interval velocity * density

Z=Vp. (7.1)

Seismic reflections arise at boundaries across twthe acoustic impedance changes. No
reflection occurs if the impedance does not chaeggn there is a lithology change. The
reflection will be strong when there is greatefati#énce in the acoustic impedance across the
layer. The amplitude change in impedance is definethe reflection coefficient (RC), which

Is the ratio of amplitude of the reflected wavethe incident wave or how much energy is
reflected. The reflection coefficient can be expegsas:

R:M_ (7.2)
pZVZ + plvl)

Hereg is the density of the medium p, is the density of the medium ¥, is the velocity

of medium 1 and/, is the velocity of medium 2. Typical values &'“are approximately -1
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from water to air, meaning that nearly 100% ofehergy is reflected and none is transmitted,;
~ 0.5 from water to rock; and ~ 0.05- 0.2 for slialeand.

7.2 Seismic section

A seismic section is simply a diagram of crossieacof earth or display of seismic data
along a 2D line. A seismic section consists of nume traces with location given along the
x-axis and two-way travel time (TWT) or depth alahg y-axis. The variation in these scales
enhances the physical appearance of the seisntiorsethe section is called a depth section
if the section has been converted from time to lileptd a time section if this has not been
done. Each seismic section has its own headerngatie basic information about the
acquisition and the processing of seismic secttonombination of the wiggles (one of the
display pattern of traces) extending laterally @éled horizon. The main objective here is
picking of the horizons. Normally the horizons arx@med on the basis of the check shot
survey and/or on the basis of VSP data. Synthefanwgram can also be used to name the
horizons accurately to some extent.

7.3 Interpretation of seismic section

The interpretation of the seismic data is done éfndhg the horizons and faults along the
seismic section, determining the layer boundaries\terest. These horizons are followed

either by positive or negative amplitude, which resggnts respectively a decreasing or
increasing acoustic impedance. These horizonsrephesent the structure in two dimensions.
In 2D seismic data the structures can be intergnetere accurately if several lines are shot in
lattice pattern, with less distance between thee. drientation of the lines should best depict
the structures, which is also important for thet lpessible interpretation. While interpreting

the seismic data, well log data and result fronvipres geological surveys and studies of the
region are often used in connection with the saighata (sheriff & Geldart, 1995).

7.4 Approaches to the interpretation of a seismicestion

There are two main approaches for the interpretaifa seismic section.

1 - Structural analysis.
2 - Stratigraphic analysis.

7.4.1 Structural analysis

Structural Analysis is very suitable for areas veherost of the hydrocarbons are extracted
from the structural traps. In structural interptieta, the most important aspect is to
understand the cause of structuring. To understiamajeology, correct interpretation of the
structure is fundamental. Structures can be grouptxdthree categories at a basic level
(Badley, 1985)

* Primary structures caused by deep crustal procgsdasin margin faults, strike-slip
faults.
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» Secondary structures, these are direct consequaintee primary structures, for
example, development of folds in sedimentary cawear fault basement blocks and
subsidiary faults related to stress developed.

» Passive structures, developed as a consequenoe an, after effect of primary and
secondary structures.

Most structural interpretation schemes use two vedigction times, from which depth and
time structural maps are constructed to displaygbemetry of selected reflection events.
Discontinued reflections clearly indicate faultslamdulating reflections reveal folded beds
(Dobrin & Savit, 1988).

7.4.1.1 Seismic interpretation of structures

Fold and flexures: Fold and flexures are the types of structures whieheasily observed in
the seismic section and identifiable from the diarges of the reflections. These structures
can be found at all scales, from hand-specimentsitiee size of kilometers across. They are
developed under a variety of conditions e.g. regi@mompression, subsidence and frictional
drag associated with faults. Fold and flexureshmpategorized in to following groups:

» Folds associated with compression on a regiond sdae to major crustal process.

» Smaller scale folds due to local compression engclaal features associated with
strike-slip faulting.

* Fold and flexures related directly to the faultang. rollover anticline.

* Folding due to rise of the underlying features esgt and shale domes, igneous
intrusion.

Different fold styles within the same sequence t@nproduced when there is ductility
contrast between different materials. Folds arecrilesd by their amplitude, wavelength,
plunge and axial trag@adley, 1985)

Interpretation of faults: Faults can be difficult to observe in the seismatadand faults plane
reflections are rarely observable in seismic sestidrheir location and geometry can be
inferred by the reflection termination, diffractiand dip change®adley, 1985)

Normal faults: A normal fault is a fault with dip-slip is dominaahd the hanging wall has
moved down relative to the foot wall. These occauntipularly in all types of basins and can
be recognized easily in the seismic section as eoeapto thrust and strike-slip faults. Planar
normal faults (figure 7.1) are the most common $ypefaults in most basins. Planar normal
faults are recognized by different features e.ca@proximate fault plane, normal drag against
the fault plane and antithetic faults. The listnermal faults (figure 7.1) have curved fault
planes, which cause the hanging block to rotatees@&hfaults are recognized by the
differential tilting of the hanging and foot walldgks, common development of reverse drag
of reflectors in the hanging wall block and syni{faedimentation (Badley, 1985).
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Figure 7.1: Basic fault terminologies, planar normal faults #isttic normal faults (Badley, 1985).

Reverse faults and thrusts:A reverse fault is a dip-slip fault with the hangjiwall moved up
relative to the foot wall. Reverse faults can keri high angle or low angle. They are also
called copressional faults as they are formed wtieelate margins are converging, under a
compressional stress system (figure 7.2). Low arglerse faults are called thrust faults and
the term reverse are used for high angle faultsllf®a 1985).

vnlcanic: foreland hasin

metamorphusm

Sutur W I fold and fault belt

_ fold and Fault belt
fnriland hasin K

b)

Figure 7.2 Contractional margin, formation of fold and falodilt, thrust faults and foreland basin (Pluijm & fglaak, 2004).
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Reverse faults can be identified by the repetibbthe strata. A complex array of structures
commonly associated with thrusts, may be diffitalsee in the seismic section. For instance
duplex zones structures (figure 7.3) frequentlyifegl in geological cross-sections are some
time described as schematic, rather than an aecdegdiction of the duplex-zones structures.
Duplex zones are inferred from the thickening ef plarticular lithological unit.

.‘IIF".'#\.‘H‘-"\':'\I\.I.-'J NS
- - 1 - - s o
0 S 0. O g s i e " ; "\ o
: o P # Vo - = - U -
L TR I A e Y L s R 1Y I R AR A N I’\""--\',.\' AN
| 21 LIt P £k BVt ST e I SN A T =il gy N =ty o
4onlaEy AL R A oala o h wlay \ \-'Ia- ) I\J.', i \.,l_ i i
L = \ix - - s il (R

|
sl

Figure 7.3: (a) Imbrications, (b) Duplex fault structures (nfiedi from Pluijm & Marshak, 2004).

Seismic sections in low-angled thrusts terrainsadren difficult to interpret because lateral
and vertical velocity variations make it make iryaelifficult to collect good seismic data.
However oil discoveries in the Rocky Mountain thrbelt have given great impetus for
seismic investigations in recent years. Thrusttéaokccur both as basement involved and
detachment faults (Badley, 1985).

7.4.2 Stratigraphic analysis

The interpretation of seismic stratigraphy is basedhe identification of seismic sequences
and on seismic facies analysis. This type of amaligshelpful in determining huge reservoirs
of hydrocarbons. Stratigraphic analysis involvee #gubdivision of seismic sections into
sequences of reflections, which are interpreted asismic expression of genetically related
sedimentary sequences (figure 7.4). The principtgsnd this seismic sequence analysis are
of two types. Firstly, reflections are defined imr@no stratigraphical units, since the type of
rock interface that produce reflections are stsigfaces and unconformities. Secondly,
genetically related sedimentary sequences norncaltgprise a set of concordant strata that
exhibit discordance with underlying strata (Bad&935).
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Figure 7.4: Reflection relationships; (a) Relationships at tbp of the sequence, (b) Relationships at the bastheof
sequence, (c) Reflection relationships within amiided seismic sequence (Badley, 1985).

7.5 Seismic facies analysis

Seismic facies represent a group of seismic angdituariations with characteristics that
distinctly differ from those of other facies. A smiic facies is the manifestation of the
underlying geologic facies or structural featurehe seismic amplitude data. These can be
searched and identified from the seismic data Heréint approaches. These could be based
on analysis of either the seismic waveforms orsgtiemic attributes. Seismic facies analysis
consists of the parameters and reflection configumastudies, which determine a seismic
sequence (figure 7.4). The main idea behind thiedaanalysis is to interpret reflections with
respect to lithology, stratification, and the cleaesistics of the depositional environment

(Capron, 2005).

The meaning of seismic interpretation is to detaod differentiate among various
stratigraphic packages, and that is done by idengfthe unconformities and variations in
seismic character within the sedimentary units.cMiim et al. (1977) established a general
method for the reflection configuration of seisnfaxcies. These configurations include
parallel, sub-parallel, divergent, and chaotic re@spattern etc (figure 7.5). This is only
based on the theoretical category, as the reahsedata may be R combination of several

different patterns.
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Figure 7.5: Reflection configurations for different seismicit(from Mitchum et al., 1977; Badley, 1985).

7.6 Seismic resolution (Seismic data quality)

Seismic resolution is a measure of how large arablbjeed to be in order to be seen in
seismic. In seismic data, depth is normally meaksimewo-way travel time in milliseconds
or seconds. This is the time the sound waves wse it leaves the source until it hits the
reflector and return to the receiver. With the @age in depth the frequency of the signal will
decease while the velocity and wavelength will @ase. This means that with increase in
depth the seismic resolution gets poorer. The ligQuencies are reflected from shallow
reflectors, while the low frequencies reach furtdewn. The velocity of the sound increases
with increasing depth as the sediments are graduadre compacted with increasing depth.
The seismic resolution can be categorized in twmesy such as vertical resolution and
horizontal resolution. Both vertical and horizontolution depends on the signal bandwidth
(Rafaelsen et al., 2002).

7.6.1 Vertical resolution

The smallest distance in time or depth between layers where they will appear as a
separate reflection is called vertical resolutidhe vertical resolution is derived from the

wavelength of the sound waves and the layers catiseerned when their thickness is below
1/4 wavelength. Vertical resolution is defined hg tvavelength and frequency of the seismic
signal. For two reflections, from upper and loweubdary, respectively, the limit for how

close they may be is calculated by following expi@s (Rafaelsen et al., 2002; Yilmaz,

2001).
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A=2, (7.3)

The vertical seismic resolution is given By4, wherel is the dominant wavelength, is
the seismic velocity and is the seismic frequency.

_M
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V= 0.5m/g
|
&
o FREQUENCY
=] =
VELDCITY |
L | A=1m
| F=1Hz V=1m/s

WAVELENGTH &

Figure 7.6: The relationship between wavelength, frequency\aidcity of the seismic signal, there is diredatienship
between wavelength and velocity while the frequeasdgpversely proportional to the wavelength (Yilma001).

* Increasing depth causes an increase in velocitydireral).
* Increase in depth causes an increase in wavelength.
* Increase in depth causes a decrease of the frequenc

7.6.2 Horizontal resolution

Horizontal resolution is the minimum distance betwéwo reflection points that will give
two separate reflections. The sound waves serft@utthe source move in three dimensions
and spread out over a large area. The horizonsaluton is derived from the fresnel-zone
(figure 7.7), the part of a reflector covered bg Heismic signal at a certain depth (Rafaelsen

et al., 2002).
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Figure 7.7: Defining a Fresnel-zone vy (Yilmaz, 2001).

Figure (7.7) shows the wavefront that hits the pleflector; O is the point to be imaged. The

travel time for energy reflected from Otjs= 2V—Z° when the wave has moved from A £

thent, = (z, +%). The total energy for this interval is called fhesnel-zone and the energy

will interfere constructively. Migration of the datollapses the fresnel-zone by focusing the
energy in a single point. In 2D seismic data, beeaaf migration, the fresnel-zones get
elliptical and will not correct the energy whichdatside the plane. Figure (7.8) explains the
effect of migration for the fresnel-zone.

PRE-MIGRATION FRESNEL ZONE

=V \/_% = 2260 feet

T=20s
F=25Hz
V = 8000 fi's

] ]
POST-MIGRATION FRESNEL ZONE

Figure 7.8: The effect of migration on the Fresnel zone. Tkengple illustrates how migration reduces the widftizone at
2 s (TWT) (Brown, 1999).
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8. SEISMIC DATA INTERPRETATION

The following chapter describes the interpretatadnthe seismic data from Isfjorden. A

general interpretation was carried out to provideoaerview of the prominent horizons and
sedimentary packages along with the interpretabbnsome structures present in the
subsurface. A total of nine seismic profiles (figu8.1) were interpreted and some profiles
with better resolution were selected to presentritexpretation results.
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Figure 8.1: Location and orientation (with respect to coortisa of the seismic profiles used for interpretatibhe lines
shown in black were only used for correlation amdsiupport in interpreting the horizons.

8.1 Basis for interpretation

Schlumberger’'s Petrel 2010.2 visualization and rkese modeling software was used as a
tool for interpreting the seismic data. A set afienseismic lines was imported into Petrel in
SEG-Y format. A new seismic survey folder was aedah petrel to store the lines. To get a
3D view of the 2D profiles the 3D window was usAdlan view of the area with the seismic
lines included could be seen in the 2D windows.hB2D and 3D windows were used in
combination with the interpretation window for swis interpretation.

8.2 Formation velocities from Svalbard

Formation velocities from Svalbard have been esgthérom different seismic reflection and
refraction surveys conducted in the area. On thmsbaf these studies the velocities for
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Permian, Triassic and tertiary formations werenested. Eiken (1985 & 1981) performed
reflection and refraction studies in eastern péaisfporden, while Johansen et al. (1994) and
Johansen et al. (2007) did laboratory measurenfentsck samples collected from different
places on Svalbard and compared the result of gesples with logs from the well logs. The
velocities measured from these studies are presenfegure (8.2) below:
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Figure 8.2: (a) Table shows the values for approximate P- waalecities from Svalbard, (b)n estimation of velocity
distribution and their geological correlation (frdtiken, 1985; Johansen et al., 1994 & 2007).

The formation velocities are supposed to be confgparaith the formation velocities in
Isfjorden.

8.3 Data for correlation

The seismic reflectors present in the subsurfadbestudy area were identified on the basis
of seismic reflectivity contrast and seismic sgeatphic signature without any well control.
The correlation was done on the basis of sevesdigus studies done in that area along with
the literature described in chapter 2. Below armesastudies, used for the correlation of
horizon’s interpretation:

» Seismic Atlas of Western Svalbard (Eiken and Austég1994), which includes the
presentation of several seismic profiles.

* Results from Blinova et al., (subm), which incluat®alysis of structural trends of sub-
bottom strata in the area of West Spitsbergen Fafdi - Thrust Belt (Isfjorden) based
on marine seismic data.

* Results from Bergh et al. (1997), where they imetgd multichannel seismic data
from Isfjorden collected by Statoil (1988).

* Results from Eiken (1985), which include seismicppiag of the post Caledonian
data in Svalbard.
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* Results fromFaleide et al. (2010), which describes geology lod Norwegian
Continental Shelf (results from profiles interpcetein Isfiorden and Van
Mijenfjorden).

¢ Results from Stramme, (2010), which describe thecgssing and interpretation of
multi-channel seismic data from Mijenfjorden.

8.4 Data quality

The quality of the data in the study area depemdsewveral factors. The sedimentary rocks
that make up the subsurface in Isfjorden have higlocities causing large acoustic

impedance contrast at the sea bottom. As a consegud this we have strong water bottom
multiples, which are a major challenge in seisnatadorocessing. High reflection coefficient

because of hard sea bottom means that a lot ofemem source is reflected back from the

transition between water layer and seabed, anctftrer less energy is penetrating in the
subsurface. The presence of dolerite sill intrusioray also mask the underlying reflectors
and affect the quality of the data. Water deptlo &ésa problem for data quality because the
short period between multiples masks actual arrofathe data. Another reason for low

guality of seismic data is that the contractional&ures beneath Tertiary Central Basin may
also cause internal reflection disturbance. Théradifions and the velocity change both

vertical and laterally in thrust terrains may atmake it impossible to acquire good seismic
data (Badley, 1985). The noise in the outer edgiefline and high frequency noise above
the ocean floor represents a challenge when it sdménterpret and follow reflectors to the

edges of the lines.

Structural geometries

Some of the structural features (Tertiary sequence}he study area present complex
structural geometries. They seem to dip in bothations. The reason can be that, some lines
were shot SSE to NNW and some were shot from NNVB3&. So while shooting in one
direction it images the structures dipping in omke sand shooing from other side caused the
imaging the structures dipping in other side (megeahd on the directivity of receivers array).

8.5 Interpreted horizons and seismo-stratigraphy

In seismic data interpretation, identifying the mkey horizons is a natural starting point. A
brief description of identified key horizons is peated under this section. However there is
certain level of uncertainty in interpreting thetajaas poor quality and resolution of the
seismic data particularly at greater depth prewkeritem interpreting deep reflectors &
successions, basement and structures preciseljcuPanly in profiles 28 & 29, due to poor
quality and bad imaging, it was difficult to inteep the sedimentary sequences below base
Helvetiafjellet formation. Some of the key refletpo identified on the basis of seismic
reflectivity pattern, acoustic impedance contrdsh@ with the correlation of some previous
study done in that area (section 8.3) are presdigieay:

71



8.5.1 Sea-bed

Sea-bottom reflector was interpreted as peak duectease in acoustic impedance contrast
between the sea-bottom rocks and water layer. ®aebsttom is made up of rocks from

Tertiary age in the south-east part of the studyaawhile in north-west part of area rocks
from Cretaceous age make up the sea bottom (fi§y3je

8.5.2 Base Tertiary

Base Tertiary reflector was interpreted as an ulmcomty and is supposed to lie in a
transparent zone (0.6 — 0.7 sec TWT) above andwbetmtinuous strong reflections (figure
8.3; Bergh et al., 1997). The strong reflection®wehis zone are associated with sandstone
in Adventdalen group.

8.5.3 Base Helvetiafjellet Formation (Cretaceous)

Base Helvetiafjellet formation was interpreted las base of strong reflections (0.8 — 09 sec
TWT) in the Cretaceous sandstone (figure 8.3; Bimet al., subm).

8.5.4 Top Triassic (base Adventdalen Group)

Top Triassic boundary was interpreted as a straflpator (1.1 — 1.2 sec TWT) that
represents large acoustic impedance between thistsae of Kapp Toscana Group and the
overlying shale (Janusfjellet sub-group) of Juasmye (figure 8.3; Bergh et al.,, 1997).
Another reflector which marks the contrast betwdgwnsandstone of kapp Toscana group and
the underlying shale of Sassendalen group withoaprent contrast in acoustic impedance
was marked as base of kapp Toscana group, butvdmsinterpreted with lower level of
confidence.

8.5.5 Top Permian

Top Permian was supposed to be identified (1.67-skec TWT) as a strong impedance
contrast between the high velocity carbonates ppkatarostin formation and the overlying
low velocity shale of Sassendalen group (figure B&gh et al., 1997). This reflector is best
depicted in the middle of some profiles.

8.5.6 Base Carbonate

Base carbonate boundary was interpreted (approgiyndt- 2.1 sed'WT) above the weak
discontinuous reflections, a transparent zone sgmténg the Devonian strata. Base carbonate
reflector was marked with some uncertainty becafisiee bad resolution at this depth (figure
8.3).

8.5.7 Basement

A strong reflector at depth from 2.5 to 3 sec (TWWds interpreted as top of the basement.
This boundary was marked, a strong impedance ainretween the overlying weak and

diffuses Devonian strata and underlying metamorpisisement (figure 8.5; Blinova et al.,

subm).
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Figure 8.3: Correlation of seismic units interpreted form peofiSf-16 (centre of profile) and stratigraphic tsnin
Spitsbergen (modified from Eiken and Austegard9¢)®
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8.6 Sea-bed

The top reflector was interpreted as sea-bottoalliprofiles, and is displayed as peak due to
increase in acoustic impedance from sea-water #sbe#om. The sea-bottom is mostly
smooth. Tertiary rocks from the Central basin majgehe sea-bottom towards the south-east
part of all the profiles, while in north-west patihe sea-bottom is made up of rocks from
Cretaceous age. The shallowest area in the fjoid the north-west, with a water depth
approximately 125 ms (~ 93 m). The deepest aré¢laarijord has water depth approximately
350 ms (~ 260 m). Figure (8.4) shows the time sarfaap for sea-bed.

TIMe (TVWT)

Figure 8.4: Surface map of ocean bottom with depth-scale oyway time. Green arrow marks the north directlboan be
seen from the map that the deeper part in the sttety (red circle) exists towards south or soutbtwe

8.7 Stratigraphic analysis (Interpreted successions

The Paleozoic - Tertiary sedimentary strata unaonédbley overlays the Devonian strata, and
appears in the upper 2 sec (TWT) of the seismitaseas layers with a shallow dip towards
SSE or S. The seismic profile-16 has been usethéopresentation of interpretation results.
Figure (8.5) shows the example of the seismic diatierpretation. Isochrone maps were
generated at different stratigraphic levels. Thessifor some succession has been estimated
by using the time values taken along vertical axipetrel and average velocity values e.g.
1500 m/s in water layer, 4000 m/s in base Terti@ygr and around 5000 m/s for other layers.
These values are measured during data processimglagss velocity values described in
section 8.2. These are only rough estimates amd twaild be certain margin of error.
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Figure 8.5(a): Shows the interpretation of identified horizongliseentary successions and faults for profile-1@®{$tom
SE to NW). Dashed line in Cretaceous sequence slibevssill (dolerite intrusion) resulting in very higamplitude
reflections.
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Figure 8.5(b): Shows the cross section of the interpreted stagiltjc successions.

8.7.1 Tertiary (Van Mijenfjorden group)

The Tertiary succession represents an asymmesiaailine, interpreted as deposits from
Tertiary age, named as Van Mijenfjorden group. Tower of Tertiary rocks in Central
Tertiary Basin was interpreted as the sea-bottanalfqrofiles (16-29). Base Tertiary makes
the lower boundary of Central Tertiary Basin. Bdsdiary reflector was interpreted, a
reflector in the transparent zone, which lies belwtrong double reflection and above a
series of continuous reflections (Bergh et al.,7)9%hese strong reflections are related to the
sandstone deposits in upper Adventdalen group efaCeous age (figures 8.3 and 8.5). The
Tertiary deposits includes alternate sequences islgostrong reflections (figure 8.6), which
can be interpreted to represent the sandstone imitéan Mijenfjorden group. The top
sequence of sandstone has thickness of apximafelylD0 ms (~200 m), while the lower
sequence has thickness of approximately 100 - 125225 m). Between these layers, there
is a thick layer (average thickness ~ 100 - 125350 m) with more transparent character
(comparatively weak reflections).

The Tertiary package defines an approximately 37800 ms (~750 - 800 m) thick
asymmetrical basin in the deeper part of study arehthis thickness decreases towards the
north-west direction. The Tertiary unit is deformesd is marked by some thrusts,
backthrusts, folding of sea bottom and decollements
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Figure 8.6: Display of the section from the profile-16, defigithe sedimentary sequences in Tertiary packdge.gfeen
line represents the base tertiary reflector anchthgine blue line is sea-bottom reflector. The blarows mark the strong
reflections (probably sandstone packages depasitedrly and late Tertiary period).

8.7.2 Cretaceous (Adventdalen group)

The Cretaceous succession represents severalmigjitiade reflections because of sandstone
composition.The base of these strong reflections was markddveer boundary (base) of
Helvetiafjellet FM because of the contrasting retilaty between the two seismic units and a
sharp impedance contrast was observed betweendtmeity shale of Janusfjellet sub-group
and the overlying high velocity sandstone of lateretaceous Helvetiafjellet Formation. The
Cretaceous unit is defined approximately the radng@ 750 - 1050 ms (TWT) in the deeper
part of the study area. The unit is more or lesfoum in south with thickness 300 ms (~ 700
- 800m). In the middle of the line, probably soreearse faulting caused a piling up of strata
resulting in the thickening of the sequence (fig&&). The upper part of the package
represents weak reflections and chaotic behaviothén north-west part. The Cretaceous
succession is shallower in north-west part andishshown by an isochrone map generaited
base level of Helvetiafiellet FMfigure 8.8). The Cretaceous sequence was intexghte make
up the sea bottom rocks in north or north-west phitie study area.
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Figure 8.7: Display of zoomed section from the profile-16, ket green line (base Tertiary) and orange line gbas
Helvetiafjellet FM). Blue arrow directs towards ttieckening of the Cretaceous succession probablgechiy the thrust
and backthrusts, during the Tertiary deformatign (?



Figure 8.8: An isochrone map at Base level of Helvetiafjellet.RB4een arrow marks the north direction. It is olog from
the map that this unit is shallower in north ortherest side as compared to south and south-wesbithe study area.

Sill

Very high amplitude reflections were observed m sbuthern and northern part of study area.
These were interpreted as dolerite intrusions. Tukerite intrusion seems to terminate

reflections at various levels from Triassic up tertiary successions, but it was found to be
more prominent in Cretaceous succession in théneoupart of the study area (figure 8.9).
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Figure 8.9: A section from profile-16, black arrows mark thery high amplitude reflections probably showingilh s
(Dolerite intrusion) in the Cretaceous succession.

8.7.3 Jurassic (Adventdalen group)

This unit was interpreted as deposits from Jura@aady-shaly sequence) in Adventdalen
group, based in lower Jurassic and the upper ligiined by lower Cretaceous. The upper
boundary was defined by the reflectivity contrastduse of the overlying sandstone deposits
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(Helvetiafjellet FM) of lower Cretaceous age. Thmwvér boundary was marked by the
reflectivity contrast between the underlying saodstof Kapp-Toscana group and overlying
Jurassic shale. The seismic character in Jurassicshows weak (low amplitude) and
continuous reflections due to the shale depositkantisfjellet sub-group of Jurassic age. The
thickness of the Jurassic package is approxim&@/ ms (~700 m) in deeper part of the
study area (figure 8.10). The thickness of the pgekchanges with slight thinning towards
north or north-west with sloping upward.

Thickness

Figure 8.10: Thickness (in time) between Base Helvetiafjellet BN top Triassic surface (Jurassic package). hiteiqu
thicker in southern and western part of the stueya avith a continuous thinning towards north andhmeast. Green arrow
marks the north direction.

The minimum thickness for this unit is measuredrapmately to 100 m and maximum
thickness measured is approximately 700 m. So Weeage thickness for this unit can be
defined up to 300 - 400 m. The unit is thickerauthern and western part.

8.7.4 Triassic (Kapp-Toscana and Sassendalen group)

This sedimentary package was interpreted as dspfein Triassic age. Triassic deposits
consists of kapp-Toscana group of upper Triassecaagl Sassendalen group of middle and
lower Triassic age, bounded by top Permian and dalueassic. The upper part of the unit
presents strong reflections which are probably beeaf the sandstone composition, while
the lower part of the unit expresses weak (low &nom) discontinuous reflections,
interpreted as shale deposits of Sassendalen giit.top of kapp-Tosscana group was
identified and marked as a strong impedance cdrteteveen the high velocity sandstone of
kapp-Tosscana group and overlying shale of JuraggoJanusfjellet sub-group). The top of
the Sassendalen group was marked as a resultlettrety contrast between sandstone of
upper Triassic and the shale of middle and loweasEic age. The thickness of the Triassic
unit in the deeper part of the study area has begmated to be 400 ms (~700 - 800 m). An
isochrone map was generated at top Triassic levelurface analysis (figure 8.11).

79



Figure 8.11:An isochrone map at top Triassic level. Green ammavks the north direction. This unit is deeperif/hircle)
in the south-west part of the study area and ibimes gradually shallower moving towards north athravest.

8.7.5 Permian and Carboniferous (Tempelfjorden andsipsdalen group)

This unit was interpreted as deposits from the Rerand Carboniferous with the upper limit
associated with the transition between low velosttgle of Sassendalen group and the high
velocity silicified carbonates deposits of Caper@tn Formation (figure 8.3). Top Permian
reflector is supposed to be a strong reflectoriamdmparatively well identified in the middle
and SE of profiles-16, 18, 22, & 26. This succeassi@s identified at approximately 1.6-1.7
sec (TWT) in the deepest part. The Permian — Cddyons carbonate package is
characterized by folded, sub-parallel continuoutectons with low amplitude and locally
discontinuous signature. This level correspondth&unconformity between Devonian and
Paleozoic sedimentary cover. Base Carboniferodsctef was interpreted with uncertainty
due to poor resolution of the data at this levejuFe (8.12a) shows the isochrone map at top
Permian level and time thickness map (figure 8.1@byarbonate succession.
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Figure 8.12:(a) An isochrone map at top Permian level, (b) Kinss map showing the thickness (in time) betweprahd
base of carbonate package. Green arrow marks thedicection.

The base carbonate boundary was marked with lcevet bf confidence and uncertainty as a
result of very poor resolution. So this thicknesgpprmay be a rough estimate.

The Devonian to early Carboniferous strata is attarzed by chaotic, weak discontinuous
seismic reflections. This unit presents mostly $pmrent seismic character with some weak
reflections and has varying thickness becauseeotitiulerlying faulted and uplifted basement.
The sediments in Devonian were mainly depositethéndown faulted structures within the

basement.

8.7.6 Basement (Hecla Hoek)

A strong reflector approximately at 2.5 to 3 secaigpth was interpreted as top of
metamorphic basement (Hecla Hoek) and was defiseithea boundary between strong and
weak reflectivity pattern. This stronger refleayviCaledonian unit is underlying a Devonian
sedimentary section with weaker reflections and tiyjogansparent seismic character.
However this interpretation is uncertain as thftecor is not clearly visible on some profiles
or on parts of several profiles, where the reflewtiis scattered and diffused. The top
basement reflector is best identified on profile-#here it was interpreted on the whole
profile (figure 8.13a). The seismic reflectivitytfgan within the basement was found to be
scattered with strong irregular reflections (figuel3b). This strong reflectivity scattered
pattern may be due to varying acoustic impedanceause of varying degree of

metamorphism within the basement. The top of Heldeak reflections is an irregular pattern
which defines a ridge/basin type configuration bsion some profiles, best defined on
profile-16. An isochrone map of top Hekla Hoek vgamerated, which shows the position of
ridges and basins generated as a result of fayfiogre 8.14).
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Figure 8.13: (a) Top Hekla Hoek marked with yellow colour, imeeted along the whole profile

27.

base carbonate reflector; (b) Shows the strongatfity pattern within the metamorphosed baserreptofile

Figure 8.14: Shows an isochrone map for top basement levek Bitows mark the position of ridges while the wlgtrows

mark the position of basins.

area.

It is obvious from thap that the basement is more faulted in southedwestern part of the
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9. INTERPRETATION DISCUSSION

This chapter describes the structural analysis #ed correlation of interpreted results
(sedimentary successions interpreted from Devort@anTertiary age along with the
interpretation of top basement and structural fesfuwith some previous studies done in the
area. The Carboniferous - Tertiary succession iitsiggrgen overlays unconformably
Devonian and Hecla Hoek strata. There are no wgltata describing this boundary, but it is
only supposed to be represented by a reflectorratipg strong parallel reflections in
Carboniferous-Tertiary from diffuse reflectors ir®nian (Eiken & Austegard, 1994). The
structures associated with fold-thrust belt presecomplex array and are difficult to observe
and interpret accurately in the seismic data. Titerpreted details of faulting in duplex zones
may be schematic and not the accurate interpratafiduplex zone structures. Figure (9.1)
shows the geological and tectonical map of theysauda.

LEGEND:

Figure 9.1: Geological and tectonical map of Oscar Il land &sfgbrden (outcrop map) divided into western, cahand
eastern zones (modified from Bergh et al., 1997). iRethngle marks the study area.

83



9.1 Devonian and older Basement

The seismic signature of the Devonian unit is otter&zed by diffuse and weak reflections,
which probably represents the Devonian fill bagigufe 8.5a). From the seismic data, these
sediments deposited in Devonian are likely preskimedown-faulted blocks. The results
from Eiken & Austegard (1994) report the continaatof these Devonian grabens exposed
below Isfjorden and these results are based omtémoretation of a seismic line from eastern
Isfiorden. Relatively strong reflections obsenadund 2.5 to 3 sec were observed in some
of the profiles, and this was interpreted as togl&lédoek. The seismic response from the
basement was generally found to be poor, but sameags irregular reflectivity pattern,
probably caused by metamorphism was observed withgement in northern half part of
some profiles. The results from Blinova et al. (s)ikand Eiken & Austegard (1994) also
describe the seismic response from basement asdattered but strong reflections. The top
of the basement was interpreted with some normadisfawhich outlines a configuration of
ridges and basins caused by Devonian extensios.chmfiguration is probably trending N-S,
which may be correlated with the results from Bliacet al. (subm) and Bergh et al. (1997).
The normal faults may be inferred from abrupt cleaimgseismic continuity. But due to poor
resolution of the data it might be difficult to kmlv and interpret these faults and structures
along all profiles. Anyhow, a certain degree ofemainty is associated with the interpretation
of this reflector. The results from Bergh et aR4T) also describe the seismic signature from
basement as scattered, strong and irregular refhscand the overlying unit with diffuse and
discontinuous reflections, interpreted as basis fibm Devonian and Carboniferous age.

9.2 Sedimentary successions from Carboniferous toeftiary

9.2.1 Permian and Carboniferous

The interpretation of top Permian reflector is assed with the strong impedance contrast
between the high velocity silicified carbonate @& Starostin Formation and the overlying
low velocity shale from Sassendalen group (Trigssitis level also corresponds to the
unconformity between Devonian and Paleozoic sediangncover. This interpretation is
consistent with the results from Bergh et al. ()987d Blinova et al. (subm). The thickness
of the upper Carboniferous - Permian unit variesvben 0.3 — 0.4 seconds (TWT) which
corresponds to a thickness of 600 - 1200 m andsémemic character in this unit is sub-
parallel and continuous. These results are comfmraith the results from Eiken &
Austegard (1994).

9.2.2 Triassic - Cretaceous

Triassic - Cretaceous deposits (figure 8.5a) r@miesepeated deltaic - marine coarsening
upward sequences. This sequence consists of ghaléstone and sandstone in Triassic,
marine shale in Jurassic and again deltaic sikstand sandstone in late Jurassic-early
Cretaceous. The thickness of this Triassic — Cestag sequence is usually between 0.7 — 1.0
second (approximately 1.6 - 2.5 km). This intergtien corresponds to the results from Eiken
& Austegard (1994), which describe this thicknessMeen 0.6 — 0.8 second (1.4 — 1.8 km)
but it may reach up to 1 second (2.2 — 2.4 km). Thassic unit is characterized by weak,
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discontinuous reflections from shale in Sassendagtenp. The high amplitude reflections in
upper Triassic are interpreted as sandstone in -Hagpana group. The results from Bergh et
al. (1997) describe the same seismic charactestfata from Triassic. Unlike over - and
underlying successions, the Triassic unit is merdess uniform in thickness.

The Jurassic unit is characterized by shale depdsieak discontinuous reflections) of
Janusfjellet subgroup. The lower boundary is maitikgethe velocity contrast between Kapp-
Toscana group and overlying low velocity shale, levlihe upper boundary is marked by a
sharp contact between the Janusfjellet subgrouphenHelvetiafjellet Formation (sandstone).
This interpretation corresponds to the results fi®engh et al. (1997) and Johansen et al.
(1994). The Cretaceous unit represents severalgtmod parallel reflections. The top of this
unit is characterized by some weak reflectors agthdual more chaotic seismic character to
the north. The strong reflections in the middletio¢ unit may be interpreted as intra -
Cretaceous (figure 8.9). This is consistent witm®la et al. (subm.) and Eiken (1985). The
results from Blinova et al. (subm) also descritstrang reflectivity contrast between the low
velocity shale of Janusfjellet subgroup and therlgireg shale of Helvetiafjellet Formation.
The interpretation results from Eiken (1985) sugdgiest above and below this unit, there are
thick layers of shale with a slight velocity corstraThe weak reflections in the upper part of
the unit can be interpreted as shale in Carolinemin formation.

The overall thickness of Jurassic and Cretacewatads estimated to approximately 1500 —
1600 m, which is slightly thicker than the measugata of 1350 m for this unit measured in
the Grumantbyen borehole in the south of study ¢B&ala et al., 1980; Eiken, 1985). These
values also correspond to values (1500 - 2000 grieed in Eiken (1985). Some very high
amplitude reflections were observed in the nortterd southern part of the study area from
Triassic up to Tertiary succession. Theses high liamdp reflections (figure 8.9) were
interpreted as sills (dolerite intrusions). Theutessfrom Eiken (1985) and Eiken & Austegard
(1994) describe the presence of dolerite intrusiagch can be followed laterally up to 20 to
25 km. Also a 42 m thick dolerite layer in Grumargh borehole south of Isfjorden was
found within the Triassic sequence (Skola et &@80). However, it could be reasonable to
assume that it can be traced further out to thjert#n area. The thickness of the Cretaceous
sequence is uniform in the southern part, butitskhess increases towards the northern part
as a result of thrusts and backthrusts figure (& Bar).

9.2.3 Tertiary

The tertiary sequence in the study area definesagproximately 18 - 22 km wide
asymmetrical basin that correspond with the Cenimtiary Basin (figure 8.5a). Base
Tertiary was interpreted and supposed to lie ihia transparent zone which exits below a
strong double reflection and above a series ofraggérong reflections which can be related
to the sandstone of upper Cretaceous. This resulegponds to the study of seismic data
interpreted from Isfjorden by Bergh et al. (199fdacan also be correlated with the
seismostratigraphic definition by Eiken & Austegaft©994), according to which it is
interpreted in the bottom of several strong reftets at approximately 0.6 sec. The thickness
of the Tertiary succession is in the deeper pathefstudy area measured at around 400 ms
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(=900 m), which is more or less comparable to staration of maximum thickness 1-2 km
measured by Bergh et al. (1997) and 1 - 1.2 km ikgrE& Austegard (1994). The seismic
reflections on the section show that the Tertianyt uncludes interbedded shale (weak
reflections) and sandstone (strong reflections)odiép. The Tertiary unit is tectonically
disturbed by thrust, backthrusts and imbricatespl®u structures were interpreted in the
Tertiary unit in southern or south-western parttlté area. A kinematic model for duplex
system with ramp and flat geometry is shown inrigg(2.9a); Pluijm & Marshak (2004).

9.3 Structural analysis

The seismic profiles were shot more or less in dti&ke direction of the main structural
features present in the study area, making itatiffito follow and interpret these. Also due to
poor quality and resolution of the seismic datatipalarly at larger travel time (below 1 sec
TWT), it is hard to identify and explain the diféant structures present in the subsurface.
Nevertheless, effort has been made in identifying iaaterpreting these structures and a few
profiles with comparatively better resolution weedected for the presentation of interpreted
structures.

Faults present in the study area were identifiechffault cutoffs, reflection termination and
fold limb termination. It is difficult to follow thse faults from profile to profile, and thereby
identify the strike of these faults. Some of theidures were interpreted with low level of
confidence and marked with dashed lines. For thiergece in text, some thrust faults
interpreted in Tertiary are named “T” and backtksusamed “J”; in Cretaceous thrusts are
named “B” and backthrusts “b” in Jurassic sequethcests are named “G” and the major
folds are named “F”. The capital letters represdmusts and small letters represent
backthrusts.

9.3.1 Western Spitsbergen fold-and-thrust belt (WSFB)

Several studies from western Spitsbergen such aatin & Bergh (1995); Bergh et al.
(1997) divide WSFTB in different zones. The westgant of the fold belt is characterized by
basement involved folds and thrusts and the eaptatris characterized by thin skin foreland
folds and thrusts. The study area is assumed toolering the eastern foreland part of
WSFTB.

Thrusts: thrusts and backthrusts can be seen branchimg tiwough the Jurassic, Cretaceous
and Tertiary successions (figures 9.2 - 9.5). Sdwecollement surfaces (D1, D2, D3 and
D4) were identified in the Tertiary succession ibig hard to follow these surfaces as a result
of poor resolution of the data. Thrusts T1 and figute 9.2) were identified and inferred by
diffuse reflection termination (reflections lookrtisting up). These thrusts seem to merge in
decollement surfaces D2 and D4. The inclined seigeiflections observed in the Tertiary
package (figures 9.2 - 9.5) may be interpretedhassts and backthrusts. Backthrust horses J1
- J8 (figure 9.2) which may represent imbricatesyrimled by thrust surfaces, make duplex
type systems. These duplex systems show very cang#emetries but this aspect was
interpreted with lower level of confidence. The gdex pattern of thrusts, backthrusts and
oblique geometries makes it difficult to determthe transport direction. This interpretation
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corresponds with the interpretation results by Beeg al. (1997) from Isfjorden, which
describe that the Tertiary unit is tectonicallytdibed by folds and imbricates. According to
this interpretation, these folds may also be dbedrias the folding of hanging walls of the
thrust ramps. But the results from Bergh et al9{)%also describes that imbricates in the
Tertiary unit seem to emerge from a high-level deoawent in Triassic shale.

The Cretaceous sequence also seems deformed Bystand backthrusts. A thrust B1 present
in the Cretaceous sequence (figure 9.2) may bere@derom fold limb termination. In the
north-west part, several backthrusts bl - b3 (68g@2) seem to overstep or overlap against
the thrust B1. Several thrusts (figures 9.2 & %&@¢m to merge in a decollement surface in
the upper Jurassic shale probably (called Janletfjdlecollement), which may indicate
extensive fracturing at this level (Eiken & Austejal994). Jurassic and lower successions
display a diffuse and chaotic pattern. Thrusts G&4- were identified and inferred from
reflections termination and seemed to emerge frodeeollement surface, which may be
supposed to present in Agaradhfjellet FM of lowaadsic shale. These thrusts can be seen to
continue up to the Cretaceous sequence causingnugion there. A thrust G5 was
interpreted and inferred by fault cutoff and it eps to continue from Triassic up to the
lower Jurassic succession. Triassic - Cretaceousessions were found to be folded by
anticlines and synclines (figures 9.3 - 9.5). A fiembricate fans can also be seen in Jurassic
strata in the study area (figure 9.2). This pathefinterpretation corresponds with the studies
from Bergh et al. (1997); Eiken & Austegard (1994 Blinova et al. (subm). The study of
Bergh el al., (1997) describes that the Permiajutassic strata are deformed by imbricates
and syncline and anticline combination folding. Btedy also correspond to the results from
Eiken & Austegard (1994), which describes that Mésozoic unit is deformed internally and
served as main decollement unit for the eastwadstation from the exposed fold- and-
thrust belt into and cross the Central SpitsberBasin. This study (Eiken & Austegard,
1994) also confirms the existence of the Janusfjeikcollement.

Both regional (Bergh et al., 1988) and seismicistiBergh et al., 1997; Eiken & Austegard,
1994) suggested that a major decollement is sugptosexist in Gipshuken evaporites. The
Gipshuken decollement is, however, unconfirmedhm study area of Isfjorden. The reason
for not identifying the Gipshuken decollement soefan seismic sections may be poor
resolutions at these depths.
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Figure 9.2: Interpretation of thrust faults, backthrusts, dedollements. All the faults and decollements & in black.
Faults and decollements interpreted with lower llefeonfidence are marked with dotted lines. Pppstructures observed
were interpreted in the Jurassic succession. (213, D4, D5 = decollement, T = Tertiary, Cr = Coetaus, Jr = Jurassic,
Tr = Triassic, P = Permian (? = uncertain). Thigrpretation is from line-16. Geographical locatmfmprofile is shown in
figure (1.3).

9.4 Results from other profiles

In line-22, several thrusts and backthrusts haen lmdserved and interpreted. In the Tertiary
succession, thrusts from T14 - T22 (figure. 9.3erred from diffuse fault cutoff and
reflection terminations seem to make a duplex sydteunded by decollement surfaces D1
and D2. These thrusts (imbricate horses) in thdidrgrsuccession define ramp and flat
geometries. D1 is the roof thrust and D2 is therflinirust. The D1 surface seems to be more
corrugated and folded than D2. The Cretaceous ssizeseems less deformed compared to
the Tertiary. Thrust B8 and backthrust b6 are nef@from fault cutoff. In Jurassic, thrusts G9
and G10 were inferred from reflection terminatiomd ahrusting up of the reflections. A
backthrust branches up in the upper Triassic, ngusynclinal fault-bend folding of the
hanging wall (figure. 9.3), it also appears to gtrup into the Jurassic succession. The upper
Triassic succession in the middle of the line setrse folded synclinally (figure. 9.3), that
may be related to Tertiary deformation.

Quite a few structures were observed and intergraténe-20 (figure 9.4). Duplex structures
were interpreted in the Tertiary succession assaltreof backthrusts J9-J14 bounded by
decollement surfaces D1 and D2, which appear lafdllbw. Thrust T26 was interpreted as
a result of reflection termination in SE. the Coetaus succession in NW part of the line was
found to be deformed and folded (figure 9.4), ptpaaused by thrusting and backthrusting.
A thrust fault named G11 (figure 9.4) with a relaty steep dip in the Jurassic succession
was inferred from reflection terminations and thing up of the reflections. It appears to
thrust up and continue into the Cretaceous suanessiusing deformation there.
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Figure 9.3: Interpretation of thrust faults, backthrusts, folshd decollements. Faults and decollements amershoblack.
Faults and decollements interpreted with lower lleok confidence are marked with dotted lines. (12, D3, =
decollements, T = Tertiary, Cr = Cretaceous, Jr asBic, Tr = Triassic and ? = uncertain). The biuge marks unknown.
This interpretation is from line-22. Geographiaatdtion of profile is shown in figure (1.3).
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Figure 9.4: Interpretation of thrust faults, backthrusts, @xpktructures and decollements. Faults and decefiesmare
shown in black. Faults and decollements interpretitid lower level of confidence are marked withtddtlines. (D1, D2, =
decollements, T = Tertiary, Cr = Cretaceous, Jr asRBic, Tr = Triassic, P = Permian and ? = unceértadins interpretation
is from line-20.

9.5 Other structures

Duplex structures: Thrusts ramps T3 - T10 (figure 9.5) were intetpdeto branch up from
the same surface called decollement D2, but thamsips T11 - T13 may branch up from
another surface called D3. These ramps may beraufeirom diffuse faults cutoff and
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termination of fold limbs in the hanging walls. Ahese faults have same orientation and
merge with higher level decollement surface D1aiwnfimbricate duplex systems (1) and (II)
(figure 9.5). D1 is the roof thrust for duplex smsis (1) and (Il). But for duplex system (1), the
floor thrusts is D2 surface and for system (Ipofl thrust may be D3 surface. Thrusting
direction is indicated by arrows toward NNW, butist difficult to determine the exact
transport direction, as all the geometries foural @blique. Both the floor and roof thrusts
appear to be corrugated and folded, but the raaktiD1 is more folded than the floor thrust.
Thrust B4-B7 (figure 9.5) branch up into the Cretacs succession and seem to form
imbricate fans. These thrusts might possibly hanerged from the decollement surface D4
(figure 9.5) present in the lower Cretaceous. Tisr@6 - G8 (figure 9.5) in the Jurassic
succession were inferred by reflection terminatiand thrusting up of seismic reflections.

Most of the thrust ramps interpreted show sigmosthalpe that link the floor thrust to the roof
thrust of the duplex, but some could be interpretedreak-forward sequences (figure 2.9a;
Pluijm & Marshak, 2004). This suggests that theuthramps to the south or south west
originated first, and then perhaps the deformatvas gradually transferred towards north or
north-east probably by piggy-back propagation.
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Figure 9.5: Interpretation of thrust faults, backthrusts, folhd decollements. Faults and decollements amgrshoblack.

Faults and decollements interpreted with lower llevke confidence are marked with dotted lines. Dupkructures
interpreted, are shown in Tertiary sequence. (¥, D8, D4 = decollements, T=Tertiary, Cr= Cretacedus,Jurassic, Tr =
Triassic, &? = uncertain). Geographical locationtef profile is shown in figure (1.3). This integpation is from line-18.

Piggy-back propagation model: Thrust sequence T3-T13 (figure 9.5) suggests that t
thrusting seems to die out after the thrust T3 to&waNNW or N. Thrust T3 might have
formed in the footwall of thrust T4, which meanstthhrusting propagated from T4 to T3.
This probably defines a type of thrust sequenceachvBupports a piggy-back propagation
model (figure 2.9b; Butler, 1982) and gives infotima about the propagation direction
(foreland zone) Also in Cretaceous it defines aighisequence, as thrusts B4, B5 and B6
might have formed in the footwall of thrust B7 faedhearlier and suggests the same model,
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or it can be interpreted other way around. Thigrimtetation is uncertain as a result of the
structural complexity.

Pop-up structures: Pop-up structures have been observed and intedpiretitne Cretaceous
and Jurassic successions (figure 9.2). These gtascare formed as result a frontal ramp and
a backthrust as described in Butler (1982); McQE892). However, this interpretation was
done with a little uncertainty.

Folding: The sea bottom in the Tertiary and Cretaceous ssmes was found folded, but it
Is hard to determine if the folding is most liketaused by compression. Folding of sea-
bottom in the Tertiary succession can be examfdlesich folds, F1 & F2 in line-18 (figure
9.6) F3 & F4 in line-22 (figure. 9.3) and F5 indu20 (figure 9.4). Folding in the Cretaceous
succession and deeper successions was also idérsifch as in line-18, 20 & 22 (figures 9.3-
9.6) which is consistent with Bergh et al. (199vho describes folding in Permian to Jurassic
successions.
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Figure 9.6: Shows interpretation of faults and $oid north-west part of line-18. The figure als@whk the folding and
erosion of uplifted parts in the Cretaceous sucoagsiobably caused by thrusting or back thrustdiffi§ult to determine).
Faults are shown in black (marked with low levelcoinfidence). Cr = Cretaceous, Jr = Jurassic, TriasSic, & ? =
uncertain.

The contractional structures in the Triassic — i@igrtsuccessions present in the study area
indicate that deformation has been caused by ttirties of Tertiary age. Most of the
structures interpreted in Triassic — Tertiary sss@ns show dip towards SSE to S (verging
towards NNW to N). This describes SSE to NNW coragianal tectonics with deformation
being transferred to N or probably towards NE. Butertain level of uncertainty remains
there, because of the complex structural geomet@ieglies from Bergh & Andresen, 1990
and Bergh et al. (1988) describe that the defoonattas being transferred eastward with a
combination of fault-bend folding and thin-skinngelcollement thrusting. It suggests that the
transport direction may correspond to the northwestorth of Isfjorden in the Tertiary fold-
Thrust Belt of Spitsbergen (Dallmann et al., 1993)e presence of different structures e.g.
complex imbricate thrust; fault-bend folding and ttge of deformation in the study area may
suggest the continuation of the Tertiary fold- ®irBelt in Oscar Il land beneath the central
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part of Isfiorden (Bergh et al., 1997; Faleide letE088a). The deformation is assumed to be
the result of transpressional stress related tdraleransform movement in Paleocene —
Eocene during the opening of Norwegian — Greenta@a (Birkenmajer, 1972a; Steel et al.,
1985).

Bergh et al. (1997) have proposed a five stagenkatie evolution model for Tertiary fold-
thrust belt of Spitsbergen:

1 - A pre-uplift event with NNE-SSW shorting in theestern basement-involved fold and
thrust belt started in Late Cretaceous to Earlg&adne (figure 2.8).

2 - Development of main phase of fold- thrust BENE-verging) initiated in Late Paleocene
- Eocene, showing in-sequence thrusting and dujoleration develops in Central Zone of
fold-thrust belt (figure 2.8).

3 - Continuation of main phase of shortening artdtion of earlier structures in the western
basement-involved fold-thrust complex. Further depment of ENE-verging fold-thrust
complex in the Central Zone and the deformationdi@rred as layer of parallel shortening in
decollement surfaces in the eastern foreland @@u8).

4 - The end of main deformation phase with the fdram of NNE-SSW strike-slip faults in
the western basement-involved fold-thrust complek SE-NW thrusting in the Central Zone
(figure 2.8).

5 - Extension and truncation (E-W to ENE-WSW) ofliea structures in western basement-
involved fold-thrust complex in Late - Eocene tagdotene. Truncation continued to the fold-
thrust complex in the Central Zone and monoclinethé Eastern Foreland Zone.

Since the geometries of structures in the studs egpresent a complex pattern, it is hard to
identify the exact strike and dip of the featurBst if we assume that the general dip is
towards south to south-west (verging towards ntrthorth-east), the interpretation from this
area might correspond to the stages 2 and 3 ditieenatic evolution model.
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10. CONCLUSIONS

A total of nine 2D multi-channel seismic profilea®rn Isfjorden were processed. The main
focus of the processing has been the removal ofiplted, caused by the hard sea-bed and
shallow depth.

The standard processing was done with the appicatf some key processing steps
such as velocity filtering, velocity analysis, @&ck migration and finally stacking
the data.

The multiples were strongly attenuated by predectiaulti-channel deconvolution.
The remaining multiples were removed by stacking.

The processing of the seismic data thus removed ofothe multiple energy and
depicted the geological structures in the subsarflvn to approximately 2.5 or 3 sec
(TWT).

The seismic profiles were interpreted with the mitious on correlating the sedimentary
package from Carboniferous to Tertiary with the-gxesting seismo-stratigraphic framework.
The main aim was to provide an overview of the dasgale structures and tectonics style
present in the study area. These structures wearaetb by transpressional deformation,
related to the Tertiary opening of the Norwegi&@reenland Sea.

A Carboniferous - Tertiary sedimentary package wastified and interpreted in the
uppermost 2 sec (TWT) as layers dipping gently towaouth or south-west, lying
unconformably on Devonian/metamorphic basement.

The key interpreted horizons include: base Tertiqrgse Helvetiafjellet FM, top
Triassic, top Permian, base Carbonate and top Hhdk, along with isochrone maps
generated at sea-bed surface, base Helvetiaffellettop Triassic, top Permian and
top Hecla Hoek levels.

A very strong reflection at approximately 0.9 se¢hie SSE part of the study area was
interpreted as a sill, which is supposed to originffieom Arctic volcanic activity in
Cretaceous.

Based on the interpreted structures, each sedinyentdst may be characterized by
different structural style.

Structural geometries (faults and folds) in theaameay indicate fault-bend folding,
piggy-back sequence and decollement thrusting.

The complex pattern of thrusts and backthrustsesgmts geometries which are
oblique to the actual tectonics transport.

The Tertiary succession appears to be more deforanedshortened compared to
deeper successions.

The presence of thrusts, backthrusts, duplex aqduposystems indicate that the
Tertiary fold-thrust belt extends beneath the @ritasin in Isfjorden.

The interpreted structures in the study area ineicampressional setting with
possible transfer of deformation towards northrabpbly north-east.
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* Several possible structures and decollements presethe Triassic and Permian
remain uninterpreted.
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APPENDICES

Profiles ISF 16, 20, 24, 28, 29 were shot from SSRENW orientation, while the profiles 18,
22, 26, 27 were shot from NNW to SSE orientation.

Appendix |

Display of the final pre-stack migrated sections.

Appendix Il

Display of the sections with interpreted horizond aedimentary successions.
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Appendix |

Pre-stack migrated sections.
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Appendix Il

Interpretation of horizons and sedimentary sucoessiThe dashed lines mark the

interpretation done with some uncertainty, (Gr o).
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Profile-28: Interpretation of horizons and faults. The dadivees mark some uncertainty.
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