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Theeastern parts of theorthernBarents Se#s a little explored sector of the Barents Sea
which currently is not open for petroleum activitihis thesifocusesonthe processes and
mechanisms controllingasseepageactivity in the Olga basin anftorbanken high2D

seismic and bathymetric datas beercorrelated with water column acoustic datadentify

gas bubbles in the water column and active seeping sites.

A simplified maturationmodeling of source rocks suggesthdt the Botneheia Formation

and Billefjorden Groups gas generatingsas is believed to migrate verticaflpm these
formationsthroudh leakingfaults (F1, F2, F4, F6 and FZphd gas chimneys (ASGC3 and

GC2Z). Direct migration from the Botneheia Formation source rock to the reservoir of De
Geerdalen/Snadd Formation is also possible in the gas mature areas of the Olga basin and
potentially in the deeper parts of the Storbanken HrgistEarly Créaceous extensigmost

likely related tathe uplift of Storbanken higlhs believed to developed NASE striking

normal faults (FZ) Thenormal fault zon€FZ2) is regardedas a vitalmigration pathway
potentially transporting gas from the Botneheia Formation sourcearatHistributing gas

from thereservoir of the De Geerdalen/Snadd FormaitiotheRealgrunnen SubgroupE-

SW striking reverse faultg-5) at the Kong Karls Land platform hasggesteccompression

in Early Cretaceous, an important tectonic event tilting the stratigraphy towards the northwest
favoringlateral migration towards the Storbanken higlas flaresdentifiedabove

outcropping formationkasindicatedlateral migration along theap rocks othe Flatsalen

Formation and Agardhfjellet Formation.

Pockmarls weremainly restricted to the intersection of the Olga basin and Storbanken high.
The distinct distribution is believed to be governed bygiaeigenic sediments which
accumulated within a glacial troughrved bythe lithologically controlled erosion of the
Agardhfjellet FormationThe pckmarks craters andraters with associatedoundswere

found to be inactiveEarlier massive gas expulsioelated to the retreating ice sheet acting as
a seal or the dissociation of sglacial gas hydrates after the LGM is therefsuggested as a
potential generating mechanisWodeling of the gas hydrate stability zomes indicated
favorable conditionsofr gas hydrateS, at Storbanken high suggesting the potential for

ongoing gas hydrate dissociation as a gas leakage mechanisrstudy area
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1 Introduction

ThenorthernBarents Se& a remote and little explored area which currentlyoisopen for
petroleum activity However Norwegian PetroleuBirectorate (NPD) has since 2012 worked
to get abetter understandingf the geology in the argdlPD, 2017) Seismicand water
acoustidanvestigatios haveindicated a complex geology withrge prominentstructures and
high seepage activityJnderstanding the seepage activity in relation to the geology is of high
interestasthe gasseepage imposes chasge ecosystemshteats tahe environment and
climate change as well &gingagreatindicatorfor hydrocarborprospects

The main objective of this thesis is to investigate and get a broader understdnbeg

proceses controlling segge activityin the study area of Storbanken high and Olga basin in
thenorthern BarentSea(Fig.1.1) Theemphasiwill therefore beto introduce stratigraphic
constraints, interpret geological structures and fluid flow features in the seismic in addition to
seabed morphology in bathymetric data and examine how these features correlate to seepage
activity. The potential for gas hydratesll also be examined by éblmodeling of he gas

hydrate stability zone.
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Fig.1.1: TheStructural elements within the study adlineatedoy the red square. Modified from Smelror et al. (2088

(NPD, 2017)




2 Theoretical Background

This Chapterns dedicated to defing the theoretical framework for this thesis.

A petroleum system consists of all the geological elements and processes needed in order to
generate petroleum accumulatiqgiMagoon & Dow, 1994)Geological elements such as a
source rock, reservoir rock, cap rock, overburden, migration pathway and tedp are

essentia for the generation, migration and aceulation of hydrocarbonSelley &

Sonnenberg, 2014All these elements need to be arranged correctly in timegawe in

order to have a functioning petroleum system.

Thesource roclconstitutes digh content of organic matter (kerogen) capable of generating
hydrocarbons when buried and exposed to the right temperature and pressure conditions
(Selley & Sonnenberg, 2014)hereservoir rock igherock in which hydrocarborare
accumulatedThe reservoir rock needs to be permedthe ability of a rocko let a fluid flow
through it) in order for hydrocarbons to migrate frestyl porougpore space within the

rock) or fracturedn order tostore the hydrocarbor{Bjarlykke, 2015) The cap rock is the
impermeable barrier formed above and around the reservoir preventing the hydrocarbons from

migratingpast the reservo(Selley & Sonnenberg, 2014)

The generation of hydrocarbons in the form of oil or gas is mainly controllétekdyerogen
type and temperatuie which the source rocdk exposedo. There exist three kerogen types
capable of generating hydrocarbofgpe | is mainly generating oil and usually deposited in
a Lacustrine environment, Type Il kerogen is both oil and gas generating and usually
deposited in a marine environment while the Type Il kerogen mainly geneestend is
deposited in a terrestrial environméBelley & Sonnenberg, 2014Qil will primarily be
generated at logr temperatures approximately between 60 and®C20hile temperatures
between 120 and 22& arefavorable for gas generation, the temperatures are however

approximate and dependantkerogen typdSelley & Sonnenberg, 2014)



Faults are theesult of compressional and extensional forces within the .édréhfaultsform
certain alignment of fractureébat can result in a relative displacement from centimeters to
hundreds of kilometers of two or more rock uifite faultingand fracturing of rockare
causeddy the effective stresacting on a planandovercomingthe internal strength of the
rock unit(Twiss & Moores, 2007)Reactivation oblder faultplanes will require &ss energy
thanthe initiation of new ons as a developefilacture planéoecomes a zone of weaknessl
new stress will be distributed to threadydeveloped fracturplane and cause frictional
sliding (Fossen & Gabrielsen, 2005; Twiss & Moores, 206@)lts areof greatinterestas
gases and fluig®r a solution of both can migrate through the wadtheyactasgreat

migration pathway(Guzzetta & Cinquegrana, 1987)

Faults can be classified aotlaracterizethased on twamportantcriterias: angle of the dip
along the &ult plane and slipvhich isthe net distance and directional movement of the

hangingwall relative to the footwall(Fig.2.1)(Twiss & Moores, 2007)

The fault is characterized as a lkangled fault itheangle of the dip is less than4&r high
angled fault if the dip ifigherthan 48 (Twiss & Moores, 2007)Based on the slip the faults
arefurther subdivided intothe followingthree categorieaccading toTwiss & Moores,
(2007) dip-slip is where the slip is approximately parallel to the dip, stalge where the slip
is horizontaland parallel to the strike and obligakp where the slip is inclined obliquely on
the fault surface. The faults aftgther divided into normal or reverse and dextral or sinistral
(strike-slip) based on the relationship betwebkahanging wall and footwa(Fig.21).

Normal faulting is associated with extensional forces and the hangingneathg down
relative to the footwalFig.21). Reverse faulting is associated with compressional forces and
the hanging walimovingup relative to the footwa(Fig.21). The strikeslip faulting is
associated witlhorizontal forces commonly along transformtplaoundariesf the block has
movel to the right from the observation points termed dextraland sinistral if the block
moved to the lef(Fig.2.1).



The normal dipslip faults are commonly high angled faults as they usuairg a&alip angle
of appoximately 60, while the reverse dislip faults usually hee dip angle greater than 45
(Fossen & Gabrielsen, 2005; Twiss & Moores, 20&RBverse dislip faults can however be
termed lowargled usually associated with thrust fawitisich arecharacterized by fault
surfaces cutting through the stratigraphy placing older rock succedsieyounger
(DiPietro, 2013)

strike  strike-slip fault (sinstral)

hanging wall block hanging wall block

strike

dip

dip
dip

normal faulting

reverse faulting

footwall block

footwall block

Fig.2.1: Overview of the different fault types, red arrows indi¢htdirection of stressModified from (Kall,
2016).

2.2.2 Gas migration through faults

Faultsareknown to be one of the main conduits foigrationin basins worldwide

(Ligtenberg, 2005Cartwright et al., 2007 Fluids are conducted through local, weak sections
and the faults leaking or sealing potential is governed by the faults complexity, intersection
(e.g., many faults connected to foranlarger fracture network) and the fault plan irregularities
(Ligtenberg, 2005Cartwriglt et al., 200Y. Fault planes can also have sealing potential as
fine-grained sediments known as fault gouge or smearing is produced by the active fault
planes sliding against each othiis claylike substance has poor permeability and bad
connectivity between pores and fractuflelgtenberg, 2005Cartwright et al., 200Y. In order

to examine if a fault is leaking or sealing there could be seen clear evafagaeplumes in

thewater column, pockmarlat the seafloor or carbonateundsiocatedabove fauls (Naeth



et al., 2005Cartwright et al., 2007; Lgsed#t al.,2009) All these are signs indicating that a

fault might beleaking or has leakeat a certain point in time.

Reflection seismic is aassentiatool for mapping and understanding thésurface

structures and features. An artificial source generates a pulse and sends out seissnic wave
which propagate through the subsurface and gets reflected by thecesgdv&tween layers
(reflectors)(Veeken, 2013)The signal gets recorded by geophones on land or hydrophones in
thewater commonly termed receivefgeeken, 2018 Every layer has its own acoustic
impedance properties (Z), acoustic impedance is the result of density (p) and wave velocity
propagatinghirough the layer (v) (EquationB (Veeken, 2013)The seismic reflectsr
representhe contast in acoustic impedance aacommonly associated with th®undary
between twastratigraphidayers(Badley, 1985)

The strength of contrast in acoustic impedance fiaflection between two layecan best be
described with the reflection coefficient. Tredlection coefficient is a numerical value from

-1 to 1 where a positive value indicates an increase in acoustic impedance and a negative
value indicates a decream acoustic impedance e energy propagatéswnwad in the
subsurface (Equation2? (Badky, 1985) A reflection coefficient with a value o1 or 1

indicates a high contrast in acoustic impedance between two layers and all seismic energy
reflected, whereas a value of 0 would indicate no contrast in acoustic impedance properties

between twdayers and all energy transmitted.

Equation 2.1 Acoustic impedance

Equation 21 The acoustic impedance (Z) is equal to the result of p= density §Kg/m

multiplied with V= wave velocity (m/s).



Equation 2.2 Reflection Coefficient

O 0w "Tw "w
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Equation 22. The reflection coefficient (R) is determinediuydifference in Acoustic
impedance properties (Z)14dnd 2 indicate the relative position of the two layers, where Z
is the uppermodayer, if Z>>Z1 the reflection coefficient will be positive and negative if

Zo<Z1.

In order to detectpecificfeatures in the subsurfaceastimportant that the seismic réstion

is of sufficient quality. Tie resolution quantifies the level ofgision and can be defined as

the smallest feature or sedimentary layer which can be detected in the subsurface by a seismic
wave and expressed asacoustic impedance contrgBrown, 1999; Zhou, 2014 he
potentialseismic resolubn relies on bothhe acquisition and processing of the seismic. There

are three parameters governing the seismic resoliwarelengthX), velocity (v) and

frequency (f), the relationship between these parameteisesame described by (Equation

2.3), where thdluctuation in oneof theseparametes will influence theresolution(Brown,

1999; Kearery et al2002) Furthermore the seismic resolution can be divided into vertical

and horizontal aspec{Brown, 1999)

Equation 2.3 Relationship between wavelength, velocity and frequency

Equation 23: 1= wavelength (m), v= velocity (m/s) and f= frequency (Hertz).



As a wavelet traveldownwards to greatetegths the relationship betweeawelength,

velocity and frguency will be influenced (Fig.2). Velocity will increase as sediments
becomecompacted and experience diagenesis with depth, frequency will decrease as-the high
frequency gnals will attenuate and get absorbed by the medium with increasing depth
(Brown, 1999) The result of increasing velocity and decreasing frequisnay increasing
wavelength with depth hence conclude a poorer seismic resolution with increasing depth
(Brown, 1999)Fig.2.2)

v

}\:F

Frequency
Velocity
Wavelength

Depth

v f ¥
A

Fig.2.2: Relationship between frequeneglocity and wavelength as depth increaséadified from(Brown, 1999)

2.3.1.1 Vertical esolution

Vertical resolution can be thought of as the ability to distinguish two closatedppoints, in
other wordsit can be aneasurement for how thick a bed has to be in order to be detected
(Zhou, 2014)Regarding vertical resolutipthere are two limitations, the limit of separability
and the limit of visibility(Sheriff, 1985Brown, 1999. The limit of separability is the limit

for separation of two wavelets in a certain bandwidttihhe thickness of a layer is greater than
onequarter of a wavelength i1itds within the [
bottom can be distinguished (Fig3 (Brown, 1999; Zhou, 2014)f however the thickness of
a layer is less than the limit of separability then amplitudes will continuously be attenuated
until the limit of visibility is reached and the reflectsignal will be elimimated by

background noise (Fig.2) (Brown, 1999) Calculations of the vertical resolution can
therefore best bdescribed by (Equation4) (Brown, 1999)



Equation 2.4 Vertical resolution.
. ]
O —
T

Equation 24: vertical resolution Q) is a result ofl divided by 4.

/ " Reflection from
top limastone

( Maximum
|nterference
_Decreasing amplitude
< L o interference Seperate reflections
from top and base
limestone
Reflection from
baso limestone
Below 1/30 wavelength
no reflection Shale 3000 m/s
v

1/4 wavelength /2 wavelength
(50m)

Limit of visibility ————»No interference Limestone 5000 m/s

Limit of separability

Shale 3000 m/s

50 Hz wavaelet

Fig.2.3: Vertical resolution and the effect ofnedgeshapedayerwith higher acoustic impedance properties. Modified from
(Badley, 1985)

2.3.1.2 Horizontal resolution

Seismic waves sprealt from the source and travaghericaln three dimensions, the
wavefront interactwith a reflecting boundary and a circulaearof the interfacbecomes
reflected and recorded by the receiv@sown, 1999; Kearery et al., 2002)his circular area
termed the Fresnel zone can bestibined as thdorizontal seismicesolution(Fig.2.4)
Sheriff (1985) defines the radius of the Fresnel Zonan uamigrated seismic section with

Equation 25.



Equation 2.5 Horizontal resolution pre-migration (radius of Fresnel zone).

. 0
O A-
C
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Equation 25: rf= radius of Fresnel zone (m), vaveragevelocity (m/s), t= tweway travel
time (s), f= dominatingfrequency (Hz)The radius of th&resnelzone increases with depth,

velocity and decreasing frequency.
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a
!
- ———
o

Fig.2.4: Postmigrated seismic illustrating a smaller Fresnel zone with higher frequency. (Shberiff, 1985)

The horizontal resolution care improved by processing and migration of the seismic data,
this will decrease the Freslzone and thereferalso decrease the width needed for a feature
to be detected. Migration is a processing step which improves the seismic resolution by
repositioning the misplaced reflectioocemmonlycaused bgeismic features such dgpping
layers faults and salt domgBrown, 1999; Veeken, 200.72D seismic can only be migrated
along theseismic linein one directionthe Fresnel zone witherefore be reduced to an
ellipsoid perpendicular to the line when 2D migrated, while 3D migration will collapse the
Fresnel zone to a small cirads seismic waveare migratedin both inline and xline direction
(Fig.25) (Brown, 1999) According to Brown (1999} the postmigration Fresnel zone

calculated with (Equation.@).

10



Equation 2.6 Horizontal resolution postmigration (radius of Fresnel zone).
O

Lo —
! T A

Equation 26: rf = radius of Fresnel zone migrated seismic (m), 4f= four times the frequency
(Hz).

I Pre-Migration Fresnel zone 1

Seismic line

Post-migration 3D Fresnel zone

Post-Migration 2D Fresnel zone

Fig.2.5: Migration of the Freael zone, green ellipsoid indicates 2D migration, wttikeblue circle indicates 3D migration.
Modified from(Brown, 1999)

2.3.2 Seismic indicati®of gasand fluids

The presence dluids, especially gam the seismic drastically reduséhe pwave velocity,
Veeken (2013) specifies that dittle as five percent gas saturationa formationcan impose
a reflection with a high amplitude contrast. Gas can therefoidehéfiedin the seismic
based orseveraindicators,asthe gasnfers a high acoustic impedance disturbance to the
rock medum, these are commonly knovas hydrocarbon indicatorBue to the scope of this

thesis will only some of these indicators be discussed.
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A bright spot is a local increase in amplitude due hagh reflection coefficient either
negative opositive(Fig.2.6 (Kearery et al., 2002)I'he bright spots are commonly
associated with gas zones and a strong negative reflection coefficient, asithpages a
significantreduction in velocityThe acoustic impedancetiserefore loweed asndicated by
a reversed polaritgeflection oppositef the sebed reflection The bright spots can however
have a strong positive reflection coefficient assodiatgh lithology changes.g. with
carbonates, salt or magmatic intrusi¢Badley, 1985)

A dim spot incontrastto a bright spot is calreduction in amplitude compared to its
surrounding appearing as a faded zonmith a weak positive reflectiom the seismicKig.2.9
(Logsethet al.,2009) The dim spots usually caused bthe overlyingunit having similar
acoustic impedance properties as the underlying hydrocdittezhreservoir, the reservoir
initially having higher acoustic impedantlean the overburden but when hydrocarfited
its velocityis reducedLgseth et al., 2009; Nanda, 2016)

A flat spot is a flat positive reflector cresstting the surrounding stratigraphic reflectors
representing the hydrocarbon consaeither gasoil contact, gasvater contact or ofvater
contact(Fig.2.9 (Lgseth et al., 2009Y he gasoil contact or gasvater contact is strongest

and easier identified as the acoustic impedance contrast is larger going from gas to liquid in

opposedrom oil to water.

12



o I R —— __ — W W I el v
— - e e e T -
= Bright ~—>—= —
.s’,‘ — - — . .‘-
- o - . _—

Chte s Bright spot b
_ = ..."' - - .
e - Dim spot - b
200ms &, - s

-
= Phase reversal

=2 ——_—

Fig.2.6: The hydrocarbon uiicators: bright spot, dim spot, flat spot and phase reversal displayed in a seismic section. From
(Lgseth et al., 2009).

Velocity pushdown

The Velocity pusfdown effect is the result of gdearing sediments imposing a leaglocity
anomaly compared tilve surrounding sediments with no gas, the reflector therefor appears
with a little bend at the gas induced a(Emy.2.7a)(Lgseth et al., 2009 he puskdown

effect can however be assated with lithological changes.g.imposed bylocal area®f

sediments with lower velocitfL gseth et al., 2009)

Acoustic masking

Acoustic masking refers to an area which the seismic is highly distorted having a chaotic
reflection pattern or with a low seismic reflectivity in contrast to its surroundkig.7a)
(Andreassen et al2007) Acoustic masking iassociation with other gas indicators such as
pushdown and bright spots might indicate scattering of acoustic energy caused by
fluctuations in the acoustic properties which the gas imposes on the sedirig23§ a)
(Andreassen et al., 2007he acoustic maskings a result of hydreractures generated by
fast flowing gas, extending from different deptbemmonly associated to emanate from

crestal regions such as folded anticlines, tilted fault blocks or isolate¢bediets with

13



positive topography, however there has been documented pipes emanating fipingflat
units as wel(Berndtet al.,2003; Cartwright et al., 2007)

Gaschimney

Gas chimneys are large vertical to near vertical columns with zones of scattered acoustic
energy seen as acoustic masking and jolastn characteristics inferred by free gas in the
sedimentgAnka et al., 2014)The gas chimneys commonly have a deep origin transporting
thermogenic gas from deaeated hydrocarbaeservoir which where the cap rock has been
fractured and the gas can migrate verlycedwards the surfacg-ig.2.7b)(Lgseth et al.,

2009) On its way to the surface the gas might be trapped and can therefore be seen with
associated bright spotsis also common with surface expressions such as pockmarks and

craters above the gas chimnélgy.2.7)

———
I
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7 Sz o . Acoustic —
< ;_/"', : RS masking ciaaif g
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- A = | Gasseeping
- . e
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. LN —~ 8 = e T
e On. " e —~ — Gas rese ir -2
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2 km_ |
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Fig.2.7:a) The hydrocarbon indicator: bright spot, acoustic masking and push down displayed in a seismictgection.
Conceptual sketch af gas ©imney with associated pockmarks. Figure (a) modified {famdreassen et al., 200&hd (b)
from (Cathles et a).2010)
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The most common evidence for gaeepage on the seafloor is probably pockmarks (Fig.2.7).
Pockmarks are small circular to saiocular and sometimes slightly elliptical depressions

with relatively steep walls representing discharge of fluids or gas from the subsurface
(Fig.2.7)(Chand et al., 20Q%nkaet al., 2013 The pockmarks are often to be found in
relation to seismic amplitude anomalies e.g. gas chimneydissakciation of gas hydrates or
subsurface structures such as faults. The size and shape varies 8&mlin depth and 200

m in diameter and they are found at both active and passive continental margins in a variety
of marine settings at documented &radiepths from <2 m 5000 m(Judd & Hovland, 2009;
Lgseth eal., 2009; Anka etlag 2014. The pockmarks often occur in clusters where large
areaf the seaflooarecovered by pockmarks, but these features can however also occur as
single isolated feature$he pockmarksrremainly found insoft fine-grained sediments as the
finer grained sedimentsavea better preservation potentidlan coarser materigbolheim &
Elverhgi, 1985Chand et al., 2009)

Fluid migrationis a natural phenomenon which influences not only the geology but also
differentaspects such as ecosystems, climate changes, predictions of hydreoathiggers

for geohazards such asbmarindandslidesor tsunamigBerndt,2005) The fluid migration

can be described as liquids, gases or solutions of both existing in porous space and fractures
within sediments and rocks maging through a mediunvith sufficient porosity and

permeability driven mainly by pressure and terapgre gradients in the subsurfdGuzzetta

& Cinquegrana, 198 Berndt, 2005Selley & Sonnenberg, 2014)s fluid migrationwill be

discussed inthishaptei t 6s on behadndgaaf both | iquid

The fluid migrationfollows some common concepts which apfa all kind of fluids flowing
through a porous and permeable medibnar cy6s Law is central for
simply describes the fluid migration as a re
porewater pressure difference between two ends of the (Besndt, 2005)Highly

permeable rock medium, fluids of low viscosity dadye pressure differencasr e cr i t er i a

which allows for easier fluid migrations througlspecificmedium(Berndt, 2005)
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Sediments generally lose porosity and permeability as they get compacted and buried deeper
by overburden sediments, this increases the demsa@tyowers the conductivity of the rocks

as it experiencediagenesi¢Berndt, 2005) The compaction and diagenetic processes
howeverhighly vatiable depending on lithology, as for example sandstone densityymai
increases linedyr with depth(Berndt, 2005)while claystone has a higher increase in density
within the first 2000m and after the 300 intervalbecaus®f internal clay mineral
alignmentanddue to loss of interndormation water(Berndt, 2005)

A second important concept for fluids to migrat a formation is the fluids ability to

overcome the capillary pressure. The Capillary pressure is the pressure difference between an
interface of two immiscible fluids of a certain area, in order for oil or gas to migrate through a
waterwet formation i has to overcome éhcapillary pressur@anchi, 2006) The capillary

pressure is the resisting force acting against the forces of buoyancy (défesigndes

between two solutias) and groundwateflow force (pushing the petroleunfHindle, 1997)

Due to the higkdensity contrast between gas and fluids, this allows for easier migration.

Hydrostatic pressure is the pressure imposed by the overlying fluids, lithostatic pressure is the
pressure exerted by the overall weight of the overburdeh,fluids and matriXDeming,

2002) If the fluid pressure were to be below the hydrostatic pressure there will be
underpressure, if however the pressure is higher than the hydrostatic pressure then there will
be overpressure, and fluids are then forced to migrate through permeable éyeis onal
hydrostatic pressure is reachdy.2.8 (Deming, 2002)

Overpressure is common to appear if the overburdendoegnot have sufficient
permeabilitydue tq e.g. rapid sedimentation and compactiohich preventthe fluids from
flowing through the medium and &@ng normal hydrostatic pressure. Overpressure can also
occur by the generation bfogenic or thermogenic gasesposinghigh pressureon the
overburden rock§Osborne & Swarbrick, 199 Berndt, 200k The high overpressured fluids
alsohave a tendency to fracturgealing cap rockand may also impose hazardous to drilling

as fluidswill rush upto the wellbore with lgh speed and caublowouts(Deming, 2002)
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Fig.2.8: Relationship between the different pressure gradients, if the pore pressure is
overpressured it can crack theverburderformatiors and fluids can migratepward until
hydrostatic pressure is reacheigure fom (Flewelling & Sharma, 2014).

2.5.2 Fluid migration models

The distancdor which petroleum can migrate within sedimentary basins hasaeelated

topic. Howevermeasurements examining the distance between petroleum accumulations and
the closest mature source rock has indicated migration distances up i 00the West
Canadan basin, however this is an unusually long migration distance and distanceskai 100

lateral and Zm vertical is more commofEnglandet al.,, 1987; Selley & Sonnenberg, 2014)

Lateral migration

Sedimentary basins whichvenot been subjected to tectonic activity favors lateral fluid
migration through permeable carrierdsefor longer distances as tth&ids migrate #ébng and
belowsealing surface@indle, 1997)

Vertical migration

As earlier discussed, the fluids will migrate vertigafd the buoyancy and watdlow force
aresufficient to overcome the capillary pressure of a certatk mediumwith adequate

permeability and porosityf fluids however encounter a sealing rock of high capillary
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pressur e a nthrouglat,rhi tvoulthtrag thefluigs and keep them there until the
trap is filled to spill or the overpressure is sufficismtmposefracturingto theformation

The fluids will migrate upward until a new seal is encountereall dhe waythrough the
seabed anahto thewater column(England et al., 1987Diapiric structures (salt/mug)
tectonic activities (faulting and fracturing) arapid sedimentationf muddy deposits

(leadng to overpressurall favor vertical fluid migrationgThrasheret al.,1996)

Gas hydrates are solid idike crystallinestructures of water containing trapped gas
moleculegPlazaFaverola et al., 2017 The gas hydrates consist mainlynoéthanebut often
occurin associationwith otherheaviergasesthe hydrateare formed under high pressure and
low temperatures in both marine and permafrost sedinagtsire commonly found in large
parts of the continental margins and arctic reg{@nsld & Hovland, 2009; Plaz@averola et

al., 2017) The gas hydratestability zone is best described as the zone where gas hydrates
occur naturally under certain conditions governed by water depth, water bottom temperature,
geothermal gradient, pore water salinity and gas compaositioere low temperature and

high presste favors gas hydrate stabiliflyig.2.9)(PlazaFaverola et al., 2017The gas
hydrates are usually stable at water depths exceeding 500 m, havitevarhigher number

of associatetheaviergases such ahare and propanehie gas hydrates can be stable and
form in much wider pressutemperature regimes in contrast to pure methane gas hydrates
(Fig.2.9)(PlazaFaverola et al., 2017)

The structure of the gas hydraiesnostly controlled by the mixture of gases. Structui®)l
commonly forms with almost pure methane gas composition andnisicaly associated with
microbial sourced ga®aganonet al.,2016) The gas hydrate structwd (S)) and H (S)

have a much wider gas hydrate stability zone and can be found at much shallower water
depths compared ta §as hydrate§rig.2.9) They usually host a mixture of various heavier
gases such as propane and ethane in combination witiame¢Paganoni et al., 2016) hese
gas hydrates structures are commonly associated with a thermogenic source representing

leakage from deepeated reservoif®aganoni et al., 2@).

The gas hydrates can best be identified in the seismic by the bsittarfating reflector
(BSR) which indicates the base of the gas hydrate stabilityaahéhe transition from
underlying free gas arstablegas hydratesThe BSR is characteridéoy a high amplitude
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reflector crosscutting other stratigraphic layers and mimicking the seafloor with an opposite
reflection amplitudéPlazaFaverolaet al., 2017)The BSR often appear in association with
other seismic fluid flow features, suchasvegas chimneysvhere the BSR blockihie

seepage for further vertical migratidevidence for gas hydrates can also be observed at the
seafloor withpockmarks cratersand authigenic carbonatéhich could indicatelissociation

of gas hydrate(Cremiere et al., 201 Andreassen et al., 201L7

The gas hydrates are gifeatinterest due to the large untapped energy potential which they
constitute they alsamposegotential evidence for deepseated hydrocarbon reservoirs. The
research for gas hydratissalso important in the case of globaamning as methane is a

potent greenhouse gas which can amplify climate change and also cause geohazards related

slope instability associated with the dissociation of gas hydrates.

Marine Conditions and hydrate stability zone

0 -
f— — —
yixed Hydrate Phase Boundary

=~ 400 - yZ
S
— ~N Methane Hydrate Phase Boundary
0]
&
© 800
-]
o
©
(O]
i 3| [ —
2 |
© l
o] l /o,
< 1600 Seafy,
B Methane | Hydrate BGHSZ or
o) :
o : Mixed Hydrate BGHSZ

2000 E

— T T T T =
0 5 10 15 20 25 30

Temperature (C)

Mixed Hydrate Stability Zone
Methane Hydrate Stability Zone

Fig.2.9: conceptual illustration of how thag hydrate stability zoris influencedundersimilar conditions with different gas
compositionNotice how the mixed compositional gas hydrateg&ehamuch wider stability zon&igure from(Chonget al.,
2015)
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3 Study area

The study area of Storbankbkighand Olga basin is located at trestern padof the
northernBarents Seaapproximatly 250km east for Edggya (Fig.B). This is an area with a
complex geologynfluencedby various tectonic reginseand depositional environments.

20° 40°
Kvitgya

Nordaust-
landet

760 ]
SVALBARD
Kong Karls Land

!

Spitsbergen

Edgegya

Hopen

Olga basin

Fig.3.1: Overview of the structural elements in tiegthernBarents Sealhe red rectangle
indicates the study area, the red line delineates the border between Norway and Russia.
modified from(NPD, 2017)

3.1 Geologic historyfdhe northern Barents Sea

The Barents Sea is an epicontinental sea which covers large areas of shallow waters in the

Arctic, andwith an averageepthof300mi t i s one of the wovesl dbés |
(Dore, 1995; $elroret al.,2009) The area of the Barents ssacompasseapproximately

1,3 million kn? and & bounded in the east by Naya Zemlya and the Kara Sea, the Svalbard
archipelago and Franz Jogefnd in the north, the Norwegigreenland Sea in the west and

the Norwegian and Russian coast in the s@Dtre, 1995; Smelror et al., 2009)
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The geology of the Barents Sea is a complex combinatidiffefent plate tectonic regimes
changingclimatic conditions andaryingdepositional environmentiroughout hundreds of
million years(Smelror et al., 2009)

The most important tectonic everimpacting the regional developmentioé northern
Barents Seaan shortlypbe summarizedvith the following events: Th€aledonian orogeny
the Ordovician to Early Devoniawith associatedevonian and Carboniferous rifting
(Smelror et al., 200Minakov et al., 2012 TheUralian Orogeay in Permian to Early
Triassic with followingregional subsidencéate Jurassic anflarly Cretaceous riftingnd
compressiorfSmelror et al., 20Q¥Kairanovet al.,2018. Cretaceous magmatic intrusions
andregionalCretaceousiplift, Paleogene compressicand Neogene glacial relatetbsion
andsubsequentlysostatic uplift(Smelror et al., 2009; Minakov et al., 2012; NPD, 2017,
Kairanov etal., 2018.

In the Early Ordovician to Early Devonian the two continental plates Laurentia and Baltica
drifted towards each othand formed the Caledonian orogeny and the continent Laurussia as
a result of the collision between the two contingBimelror et al., 2009)he collision

resulted in a regimal metamorphosis and developmenaofystalline basement along the
Norwegian shelfThe transition from a compressional regime and conclusion of the
Caledonian mountains to an extensional setting is characterized by rifting, erosion of
hinterland andlepositional basins of terrestrial sattterifting initiatedin the arly

Carboniferous across the Barents Stetfell et al, 2014; Dallmann et al., 2015y he

widespread extensional peSaledonian rifting everdeveloped rift basis and horst and

graben structureSmelror et al., 2009)

The extersionalrifting ceasedn early Permian, and the western shelf became a quiet and
tectonicstable regio (Smelror et al., 2009)The eastern Barents Shelf were however in a
collision of the YamalGydan plate and an island arc bordering the Novaya Zemlya marginal
basin to coincid¢he first Uralian orogeny phased to close the Ural ocean and form the

Uralian mountains south of Paghoy (Smelror et al., 2009Puring late Permian age the
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northernBarents Sea wassosubjected to uplift and several highsneexposed which led to
the erosion of Paleozoidmata(Smelror et al., 20QNPD, 2017)

The Triassic is regarded as a quiet tectonic pdndbe Barents Sea, howevar the

transition from Permian tBarly Triassiadhefinal phase of th&ralian Orogenyed to the

closure of the Novaya Zemlya Marginal ba&Bolonka et al., 2003; Smelror et al., 2009)
Following the UraliarOrogenywas regional subsidence associated with the continental
collision processes culminatingth the Uralian OrogengGudlaugssoet al.,1998 Anell et

al., 2014. There were also small transgressions and regressions associated with global sea
level changes and local lobe subsideratated to th@rograding sediments sourced frore th
Ural mountaingAnell et al., 2014; NPD, 2017)

In the Late Jurassic tliRangedreakup was commted with North America and Eurasia
platesdrifting away from Gondwana narrow ocean, which was to be the Atlantic Ocean
was creaté between Gondwana and Laurg®allmann et al., 2015)n the northern parts of
this ocean there was a major flooding event creating a shallow sea during Early to Middle
JurassidDallmann et al., 2015)

Thetransition from Jurassic tGretaceousaw a shift tawarmer climate due to massive
volcanism and seafloor spreadjmgsaltic lava and intrusionsvebeendocumenteceast for
Kong Karls Land platfornand further north at Franz JogBallmann et al., 2015; Kairanov
et al., 2018)The magmatic activity is related to the High Arctic Large Igneous Province
(HALIP) which developed during the opening of the Amerasian B&saissing et al., 2013,;
Dallmann efal., 2015 Marin et al.,2017) Polar ice cap melting in combinatievith active
rifting and sedloor spreadingesulted ina very high eustatic sea level, continental and
lowland areashereforbecame flooded to form shallow shelf and epicontinental seas
(Dallmann et al., 2015) he tectonic events froimate Jurassic tdearly Cretaceousvith
compressionvolcanism and salt movement led to different degrees of aplifinversion in
thenorthernBarents Seand the formation of NESW andE-W aligned structural highs and
anticlines(Dallmann et al., 2015; Kairanov et al., 201Bh)e Compressional forcesmd uplift
of the highs and platforma thenorthernBarents Seareto thepresent day not clear.
However Kairanov et gl(2018)have suggestedhat the compressiomost likelyis relatedo

Late Jurrasi¢ Early Cretaceouspening of the Amerasia Basin, the dextrahspression
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along Novaya ZemlyaHALIP or the compression between NEe@nland and the NW

Barents Sea

Cenozoic is generally characterized toabgerioddominated by regional uplift related to

seafloor spreading, a tectonic event which caused the northern Barents Sea to be uplifted in a
magnitudeof 500- 2000 m with mog uplift along the northwestern margin at Svalbard
(Groganet al., 1999; Henrikseet al., 2014).

The Paleogene initiated ieriod with warm and humid climateit gotgradually cooler and
drier as a result of the formation of tAatarctic Circumpolar Current which originated after
the breakdown athe Gondwana continent irate Mesozoi¢Dallmann et al., 20155eafloor
spreading between the Norwegiatreenland Seaitiated in erly Eocene (56mard led

to regional uplift in the Barents S@denrikseret al.,2011b). Thesedloor spreadng pattern
reorganized in mldle Eocene (48mandlater developed a dextral stress field along the
SenjaHornsund alignmen(Steel et al., 1989Henriksenret al.,2011). Compression along
this fault zone between Svalbard and north Greenland céoldegindthrust belton Svalbard
as well as fault inversions and compressional featuresatienorthernBarentsSea(Steel

et al., 185; Henriksenret al., 201b; Kairanov et al., 2018 This event is also believed to be

an important tectonic episode governing the uplift intbeghernBarents Sea.

ThelateNeogeneand Quaternarwerecharacterizedhroughouthe wholeperiod with
repeated glaciaubsidenceuplift and erosionwith sedimentation mainly restricted to the
western shelf margifWorsley, 2008)During late CenozoigvasSvalbardand the northern
Barents Sedominated by erosiowhereasmost of thePaleogenand Cretaceous stratas
eroded in Pliocene and Pleistocene due to gllacosion and isostatic upliftVorsley, 2008
NPD, 2017.
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Correlation between geology afidldwork on Svalbard, wells from the Barents Seaugh,
shallow boreholes in the north and seismic survey&indicated a great similarity between
Svalbard and theorthernBarents Seaegardingthe chronostratigraphiend lithostratigraphic
framework(NPD, 2017) The general trend for thealeoenvironrantreflects a climatic shift
from humid and tropicaéquatorial conditiong1 DevonianCarboniferous t@more northern
temperate climaten Paleogen@and Neogené€Dallmann et al., 2015; NPD, 2017he
northernBarents Sea idominated mainly bgiliciclasticand marinesedimentsbut also
exhibitscarbonate rockand evaporitedepositedrom late Carboniferouto early Permian
age(Smelror et al., 20QNPD, 2017. The stratigraphy in theorthernBarents Sa is mainly
dominated by hte Devoran to Late Cretaceous sedimefi$&D, 2017; Kairanov et al.,

2018. The underlying basementnsost likely to be crystalline basement from the Caledonian
orogeny but informationisscarees it hasnoét b dGudlaugssometa.d by dr
1998)

During theDevonian sediments were mainly immature unsorted cograged debris of
erodedcrystalline basement from the Caledonian Mountains depositedlasiaband

alluvial fans and braided river syste(@allmann et al., 208). The Devonianwas a period

with high sea levels and warm oceans, the Barents shelf was located around equatorial areas
and had an arid clima{®allmann et al., 2015Puring early Carboniferousherewasa shift

in climate totropicaland organierich conditions werehumid swampy forests flourisgdand
regionalcoal depositgould originateén combination with fluial and lacustrine clastic sand
deposited as syrift sedimentgFig.3.2a) (Worsley, 2008Anell et al., 201%

The PermiasTriassic transition is marked with a hiatfsilica-rich shalefrom Permian age
to anonsiliceous shale iMriassic ag€Worsley, 2008)The drastic change in lithology for
the twoagesreflect the global tectonic changes resulting warmer ocean and thsureof
the seaway connection between Tethys Ocean and Boreahasad byhe formaion of the
Uralian Mountains(Worsley, 2008Dallmann et al., 2015
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The Uralian mountains fed the Barents $&h prograding deltas from the soutlast
providing large amounts of santhe prograding dedsysems reached the Olga basin ael
Induanage (253249 ma) (Fig.3.2band 3.3 (Worsley, 2008Pallmann et aJ.2015; NPD,
2017).

The Triassic sediment packagesigensiveacross the wholeorthernBarents Sea due to high
amounts of sediments fed from the UralMauntainsin combnation wth regional
subsidenceausing a large accommodation spdaering OlenekiarAnisian agg249
237ma)therewas a rapid sea level rise in an open shelf environment along with upwelling of
waters in combination with high biological activity andlétoxygen(Krajewski, 2008) This

led to a highly anoxic environment and the development of the Botneheia Formation also
known as theéime-transgressiv&teinkobbe Formatiom the southern Barents S@dark &
Elvebakk, 1999Krajewski, 2008 Lundschien et al., 20}4

TheWestern Barents Sea region transformed feamarine shelf with a deeper through in
Anisian agg245-237majto a paralic platform in late Carmiage(216ma), as a result of delta
progradation from the southeasturced by the Uralg-ig.3.2b) (Riis et al.,2008) The
Triassicwasalso sulected tolocaltransgressions and regressions throughout the period,
whichis linked tothe result of lobe shifting and subsidence, this process was an important
contributorfor the varied sediment distribution of sand, silt and clayénortherrBarens
Seain this time periodNPD, 2017) Continued sediment input from the Urals deposited in
deltac and floodplain environments rapidly established across the northern Barents shelf
throughoutCarnianage(228-216ma)(Riis et al., 2008; Worsley, 2008)

In early Norianage(215ma)therewasa widespread regional transgression wiastablisled
amarine connection betwedne Tethyan and Boreal ocean, the Barents steeifa decrease
in sedimentatiomate and subsiden¢&/orsley, 2008) The Uralian sourced sedimentation
were no longedominating,and the transgression led to akdw marine mudstone
dominated depositslso known ashe Flatsalen Formatidiiiis et al., 2008; Ryseth, 2014)
The mudstone gradualpassednto sand with a coarsening upward treatlecting a
prograding coastal dominated environmdrite new environmeneflecteda more mature
sandstone whichadundergone extensive reworkiagd the generation of thitealgrunnen
Subgroup(Riis et al., 2008; Worsley, 2008)
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The transition fronthe Triassic to Jurassic was characterized by a shift in climate from arid to
humidwith frequently sedevel changesaused byhe reorganization of continental plates
associated witthe breakup of Pangeé&Smelror et al., 2009; Worsley, 2008) Late Jurassic

land areas were flooded asew transgression submerged the highs and platforms as well as
provided conditions for cadceous mudstone amghoxic black organicich shalein
Callovian/Oxfordian ag€165-155ma)giving rise tothe Agardhfjellet Formatioalso known

as theHekkingenand Fuglerformatiors in the southern Barents S@&g.3.2c and 3.3.

A major change in depdgnal environmeninitiated around the Jurassitretaceous
transitionrelated to a lowering of sea level and the general developmaninofe open
marine environmenwith beter bottom circulatiofWorsley, 2008) The northen margin
during Late Cretaceous wdeminated by uplif volcanism and erosionith fluvial
conglomerate and sand depo$kg.3.2d) (Worsley,2008;Dallmann et al., 20)5Due to the
great uplift and erosioim the northernBarents Setherewasa forced regression shoreline
and southward directed clinoforms were forniey.3.2d)(Marin et al., 2017Kairanov et
al., 2018.

As a result ofectonic episodes and uplift relatedthe opening othe NorwegianGreenland
Sea in Paleogene and repeatedly glaciations in Neogene and Quaternary with following
isostatic upliff the northernBarents Sea was subjected to large amounts of erd&diments

from Cenozoic age are therefore magll preserved at the northern margig.3.2€).
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ThenorthernBarents Se&as sediments from Late DevoniarLite Cretaceousge(Fig.3.3)
(Grogan et al., 1999; NPD, 2017)he groups and formations of: Billefjorden Group,
Botneheia Formation, De Geerdalen/Snadd Formation, Flatsalen Formation, Realgrunnen
Subgroup and Agardhfjellet Formation are important in regards to source, reservoir and cap
rock. Thesagroups and formations are believed®wimportant controlling the gas seepage
activity in the study areandwill thereforeconstitute as theain stratigraphic unit®r this

thesis

The Billefjorden Group extendsom Late Devonian, Famennian aggemiddle
CarboniferousVisean ag€374-326ma)(Worsley, 2008) The group consisimainly of

fluvial and lacustrine material deposited as-gfinsediments in a humid and warm terrestrial
environmeni(Fig.3.3)(Worsley, 2008) Erosion from faulted graben and horst margins led to
thedeposition of clastic immature sand and conglomerates, the swampy and humid
environmentausedieposition olocal organicrich coaldeposits(Grogan et al., 1999;
Worsley, 2008NPD, 2017)

TheBotneheia Formatiors the timetransgressive formation for the Steinkobbe Formation in
the southern Barents Sea, fbemation is oldest in the southern Barents Sea and gets
progressively younger towards the north and Svalffaigd3.3) The Steinkobbe is deposited
in late Olenekian tate Anisian at the Svalis Dome areduile the Botneheia Formation was
deposited thwughout the Anisian and Ladinian age in the central and eastern parts of Svalbard
(Lundschieret al.,2014) Basedon studied prograding clinoforbireak systemby

Lundschieret al, 014)is theBotneheia Formatiomost likelydepositedn the Olga basin

and Storbanken high from late Olenekian (245maat® Anisian(237ma) the same age
corresponding to the SteinkobBermationdeposited at the Svalis DoniEhe Botneheia
Formation is baracterized aasoft dark organigich shalémudstongFig.3.3)(Mark &
Elvebakk, 1999; Vigraet al.,2014)
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The formation was developed during a raged level risand a retrogradation of the
prograding delta systemwhichled toa deepshelf anoxic environmentith interrupted short
periods of oxygenation as an indication of high biological productivity and sporadic
bioturbation(Mgrk & Elvebakk, 1999)The formation haa documented Kerogen typéll

and Il witha high content ofotal organic compound (TOC)arying from £15 %,
characterizingt as a prominent source rock in the study &agan et al., 1999; Abay et al.,
2014)

TheDe Geerdalen Formation at Svalbard is tisguivalent with the uppegrarts of the Snadd
Formation in the Barents Séaig.3.3).This formation is deposited as a dynamic paralic
depositional environment representmginly tidal and fluvialchannéized sand deposiia

late Middle Triassic td.ate TriassidKlausen & Mgark, 2014)Paleocurrent measuremenmnts
the channelized samidithin the De Geerdah/Snadd Formation has indicated progradation
towards the northwest and therefore progressively older sediments in the southern Barents Sea
compared to the northern Barents 8¢lausen & Mgark, 2014Dallmann et al., 2015It

should also be noticed thshaley prodelta depdsiof the De Geerdalen/Snadd Fation has
been observed in outcrops on Svalbard and is referred here to as the Tschermakfjellet
Formation(Fig.3.3)(Klausenet al.,2015) This formation is timeequvivalent with the lower
parts of the Snadd Formation in the Barents Sea and markstisition from organicich
offshore deposits of the Botneheia Formation to paralic deposits of De Geerdalen/Snadd
Formation(Fig.3.3)(Klausenet al., 2015)

The Flatsalen Formation maritse Norian regional transgression whittdicates dransition
from a terrestrial environment wittlastic sedimentom the De Geerdalen/Snadd Formation
to a marine environment (Fig3®. The Flatsalen Formatias characterizethy an overall
coarsening upwarttend reflecting an offshore/transitional environment to a lower shoreface
environment{Dallmann et al., 2015)The formation consistmainly of darkimpermeable

shale with thin siltstone intervadsd isconsidered as an effective aageck (Dallmann et al.,
2015; Klausen et al2015)
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Realgrunnen subgroup is part of the Upper Kapp Toscana Gralis correlative with the
Wilhelmgya Subgroup at Svalbard, the Subgroapsiss mainly of sand deposited &
shallowmarine and coastal environmédfig.3.3)(Riis et al., 2008)The sulgroup consist of
thefollowing formations Kongsgya argvenskgyat theeastern Svalbard also known as Stg
and Tubaen in the Southern Barents Sea and the Fruholmen Formation XFign& and of
Realgrunnen subgroug highly mature with digh permeability andocumentegborosty up

to 25%as a result of coastedworkingand therefog constitutes as a great reservoir for the
study aregGrogan et al., 1999; NPD, 2017)

The Agardhfjellet Formationf Late Jurrasic ageorresponding toéhe Hekkingerand Fuglen
formatiors further south (Fig.3.3)This formatiorwas deposited mainly ian outer

shdf/prodelta and loweshorefacédistal deltaic environmentith anoxic shelf conditions
(Dallmann et al., 2015Minor siltstone, sandstone and carbonate concreticetsommon

within this darksoft and plasticshale dominated formation, @ngc-rich mudstone intervals

with TOC up to 10 hare been documented at Central SpitsbergefvalbardKoevoetset

al., 2018) Thecorrespondindiekkingen Formation is regarded as one of the most important

source rocks in theoutherrBarents Seéoevoets et al., 2@).
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The Structural elements tfe eastern partd the northerrBarents Sea can be divided into
geologcal basins, highs and platforméth a relatively contioous sedimentary succession of
late Paleozaito early Cenozoic sedimen{sdlPD, 2017)

Kong Kark Landplatformis believed to be a basement platoue as seismic datad\NRidrhas
indicated a chaotic reflection pattern in large parts beneath the @arbaa sedimentary
strata(NPD, 2017) The Kong Kard Landplatform is mainly dominated by compressional
anticlinesoriented in a northeasbuthwest directiowhich most likely is related tthe
reversal of older Paleozoic tihig andtheinversion of old bags or grabens irate Mesozoic
(Grogan et al., 2000TheKong Karls Land platform haalsobeenaffected by salt tectonics
initiating its movement after Late Triassic and magmatic intrusions following the bedding
planes as sills andiykes related to the Early Cretaceous magmatic activity HAGH&gan et
al., 1999; NPD, 2017)

The Storbanken High is a largeticline bordering the Olga basin to the nottis structures
believed to be a basemaaiatoue of Palaeaic age with renewed uplift during the Late
Jurassid Early Cretaceou@Antonsenret al, 1991; NPD, 2017)This uplifted geological
structureconsistf several normal faulted horst and graben structstrésng in an eastvest
direction theseextensional faults are prevailing from the seafloor @mdbelieved to be
related tathe Late JurrasiEarly Cretaceous upliffAntonsen et al., 1991The high consist

of sedimentdrom Paleozoido late Mesozoi@age with a thin sedimentary package of Upper
Carboniferous and Permiaedimentsalarge package of Triassic strata thimy northwards
andathin package o€Cretaceousind Jurassisediments (Fig.3.4)Grogan et al., 1999; NPD,
2017)
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The Olga basin is an elongated syncline oriented in anessdtdirection, the basin was
initiated in Late Devoniato early Carboniferous relatl to thepostCaledonian
Carboniferous riftingKlitzke et al., 2019)Fig.3.4) The basins believed to beeavolved as
a WLE striking halfgraben along a major normal fault in the north and with a smaller normal
fault to the soutlas a result of transtensional deformatiomeritingolder lineaments from the
Timanian orogeny to control the final-& alignment of the basi{Klitzke et al., 2019)The
basinalsoexperienced renewed subsidenc&anly Cretaceous ase flanks othe Olga
Basinwas uplifted with theStorbanken High to the north aBdntrabankenhigh to the south
this led to the deposition &arly Cretaceousedimentsn the central pas of the basin
(Antonsen et al., 1991; NPD, 201TheOlgabasin has large amounts of wpieserved
successions of Cretaceous and Jurassic sedimentsavalulghly erodel at the highs and
platformsin the northernBarents Sea (Fig.3.4) h€ Olga Basin is therefore an important
structure for understanding the LaigrassieCretaceous development for therthernBarents
Sea(Antonsen et al., 1991)
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ThenorthernBarents Sehas experienced uitiple glaciationghroughout the Quaternary,
theseglaciations cae summarizeth three phase@nies et al., 2009; Newton & Huuse,
2017) First the initial growth phase @Mai 2.4 Ma) then followed by théransitional
growth staged2.4-1.0 Ma) and lastly the final growth phasd §a) indicatng the maximum
extent of the ice sheéKnies et al., 2009During the last & Ma grounded ice and gladin
arebelieved to have reached the Barents shelf edge as much as eigliAtidressseet al.,
2004; Svendseet al., 2004).

The Barents Sea Ice Sheet (BSIS) reached the shelbedgdast time between 2118.1 Ka

BP and was connected to the glaciated mainland of Norway, also referrethé¢o as
Fennoscandian Ice Sheet (FIS) during theel@lacial Maximum (LGM) (Fig.%a) (Newton

& Huuse, 2017; Patton et al., 201The deglaciation and retreat of BSIS possibityated

around 1816Ka BP in Bjgrngyrenna, and the connection between FIS and BIS was probably
disconnected between-lbKa BP(Newton & Huuse, 2017)The last stage of deglaciation in
the Barents Sea occurred at the northerni@ar8ea 10Ka BP after the Younger Dryas (12Ka
BP) as the ice retreated towards Svalbard probably initiated by an &mlopene climatic
warming (Fig3.5b) (Svendseret al.,2005).

Erosion related tthe glaciation was extensive in tmerthen Barents Sea, with deposition of
sediments mainly restricted the western margifSmelror et al., 2009 he repeated
glaciations and periods of subsequent upiithe northern areas around Svalbldito the
removal of as much as2Km of sedimentand most of the Paleogene and Cretaceous
sediments to be eroded during the Neod&amberget al.,2007; Smelror et al., 2009)

Therepeatd episodes of ice sheet loading and unloading caused episodes of pressurization
and depressurization of thermogenic gases during the Pleisttlveseareeventswhich
couldlead tolarge fluxes dnatural gas to migrate upward in the subsur{écelreassen et

al., 2017)
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Svalbard andhenorthernBarents Sea. Fige modified from (A)(Svendsert al., 2008)(B): (Ingélfsson & Landvik, 2013)
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4 Data and methodology

4.1 Data

During therecentlyscientificcruiseby CAGE-18-1 in May 2018 there were obtained
different kinds of data alondpe North-western flank othe Olga basin and at the Storbanken
high. The recently gathere2D seismic, bathymetrgnd water acoustic datamm CAGE in
combination with 2D regional seismic lines from NRiyh-resolution bathymetric data from
Mareanoand well data from the southern Barents Sea provideddiyniversityof Tromsg

will constitute as sdid databasdor addressinghe objectivedor this thesis.

4.1.1 Well Data

As thereareno available wellsvithin the study area there has been used one well in the
southern BarentSea located at the Bjarmeland Platform (Well 7226/this well was drilled
by Statoil in 2008 on theoordinateg2° 53' 31.6" N 26° 35' 39.5" ENPDfactpages
(Fig.4.1) Theintention of thiswell is to correlate stratigraphic velocity from the southern

Barents Sewavith the northern Barents Sehis will be furtherelaboratedn chapter4.2.3
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Fig.4.1: Location of the well 72262 used for stratigraphic velocity correlation fiire Barens Sea South anthenorthern
Barents Sea.
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The seismic interpretation of this study leencarried oubased on a total of 2@gonal 2D
seismic lines from five different surveys distributedthgNorwegian Petroleum Directorate
(NPD) and 29 highiesolution 2D seismic lines from CAGEig.4.2andFig.4.3). Table4.1
illustrates informatiorfor the six different seismic surveys and the availatdea usedwithin
survey NPDSTOB-90 there were obtained four lines of higher resolution, the characteristics
of these aréndicated with parenthesis in Taklel and4.2. The vertical extent of the different
suveysis variable, especiallthe CAGE 18-1 surveywhich is highly affected by seafloor
multiples, therefore the interpretable vertical extent is limited taltldble Tweway

traveltime (TWT)of theseafloor reflectiorior this surveyand everything bendatheseafloor
multiple is regarded as noise and not trustwo(irable 41). The CAGE seismic is also
affected by ghost reflecti@nin April 2019 the CAGE 18 survey was reprocessed by the
NPD, the ghost reflection was attenuatedgmunaryreflectiors below the seafloor multiple
was not recovwed properlymostlikely due to an insufficient sourcea potentially hard
bedrockabsorbingots ofenergy.The original seismic from the CAGE 1Bsurveywasbest

on visualizing structures in the seismic, the reprocessed seissimweverusedas a

supplementor detectingamplitude anomalies

The 2D seismic lines of NPD was locatedr2gtwo-waytraveltime (TWT) deeper than the
CAGE seismic lines, this misatch could easilpe identified by the interpretation of the
seabedeflectionand intersecting seismic lines between CAGE and N&Bmic linesThe
depth of the seabed in the seismic was examined relative igtheesolutionbathymetric
data fromCAGE, this indicated a seabed depth corresponding to the depth of the CAGE
seismic. All the NPDineswere therefor uplifted with 2fhs to havea corresponding vertical

depthasthe CAGE seismic antthe high-resolutionbathymetry.
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Fig.4.2: Location of the dferent seismic lines.HE numbers-4 represents the different locations for the CAGELkgisnic
bound by the white rectangdsillustrated in Fig4.3. The oange polygons represent the structural elements in the study
area.
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Fig.4.3 Closer overview of the seismic linesrfr the CAGE 18 survey. The location of the seismic lines in a regional
perspective is illustrated in Fig.4.2 bound by the white rectarigie.oange polygons represent the structural elements of
the Olga basin ad Storbanken high.

Table4.1: Overview of the sidifferent seismic surveys uséplindicates the higiesolution seismic linesf NPD,

N.8V.9.

N.¥2.9.

CAGE 181 CAGE CAGE 29 435Km 300 to800ms
NPD-STOB- | NPD GECO 8 1355Km 6000ms

89

NPD-STOB- | NPD GECO 2 (4) 382(608Km | 5000(1000)ms
90 PRAKLA

NPD-STOB- | NPD MASTER 1 27km 6000ms

91

NPD-STOB- | NPD GEOTEAM |6 1277Km 7000ms

93

NPD-BA-88 | NPD Unspecified |5 1179Km 6000ms
NPD-HOP-88
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Therearetwo mainconventions regardintpe phase of seismj¢hese are minimursphase and
zerophase(Fig.4.4). There also exist twgolarity conventionsthe polarity conventioof
Badly (1985) and the Society of Exploration GeophysidiSISG polarity convention of
Sheriff (1999) These are two opposites when referring to polarity,rigans gositive
reflection coefficient would be represented with normal polarity as two small s@des pnd a
central trough witlthe Badly convention (1985) and two small side troughs and a central
peak withthe Sheriff conventior{1999 for a zerephase signglFig.4.4) (Veeken, 2013)A
minimum phase signal with normal polgrih Sheriff convention (1999)ould be
represented with amalltrough and dig peak and vice versa for Badly convention (1985).
For simplicity will only the convention of Sheriff (1999) be used in this thebesn referring
to polarity The dataused inthis thesiss of both minimum phase and zepbasethe phase
and polaritywereexaminedby using the positive high reflection coefficieaserted bythe
seafloordisplayed in wiggle displaffFig.4.4). Information regarding the Polarity, phase and

dominant frequencyof the different surveyareillustrated in Table 2.

Polarity Convention from Sheriff 1999

Zero-phase Normal Polarity NPD-STOB-93 Seismic
TWT Amplitude
(ms) - -
-260
51 9,
-300
- ) » -
I
Minimum phase Normal Polarity NPD-STOB-90 Seismic

TWT Amplitude

(ms) - -
RGEL s

-250

-300

Fig.4.4: The seismic imthe NPD surveys STE® and STOBQO illustrating the reflection exerted by the seafloor
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Table4.2: Overview of the frequencpolarity and phasef the six different surveys us€pindicates the highiesolution
seismic linegrom NPD

Seismic Survey Dominant frequency Polarity (Sheriff Phase

(Hz) convention)
CAGE 181 68 Normal Minimum phase
NPD-STOB-89 18 Normal Zero-Phase
NPD-STOB-90 20(50) Normal(Reversed) Minimum Phase
NPD-STOB-91 19 Normal Zero-Phase
NPD-STOB-93 15 Normal Zero-Phase
NPD-BA-88/ 20 Normal Minimum Phase
NPD-HOP-88

Based on Equation.2 and Eyuation 25 defined n chapter2.3.1, both the verticalesolution
andFresnelwascalculatedor two different depth intervalTable 43). The horizontal
resolution is drastically improved lsgismicmigrationand collapsingf the Fresnel zonen
general is the horizontal resolution for migrated seismic reduced to the trace gpaekegn,
2007) Both theNPD and CAGE seismic was migrated and a&adcespacingof 12,5 m and
3,125 mexamined in the wiggle displaBy using the frequency spectral analyzing tool the
dominatingfrequenciesould be determinefibr the seafloor anthe Agardhfjellet Formation
As the NPD seismibad verysimilar frequencieshile the CAGE seismic had notiethigher
frequencies, these weseparatedhto two groupsas theywould havesignificantlydifferent
resolutions The mean valuef dominating frequencygf all the NPD seismic lines from the
different surveysvascalculatedvhile the mean value of domitiag frequency was
calculated from the CAGE seismic to use in the calculatioa fough estimation ofertical
and horizontatesolution(Table.4.3) As there were no available wells in the area velocities
had to be assumed, a velocity of 1508 wasused for calculations of seafloor resolution as
this is a common velocity for saltwatdte inerval velocity of Agardhfjellet Formation was
foundto beapproximately2650 m/s based on theorresponding interval velocity of the
Hekkingen and Fuglen formans measured with the sonic logWwell 7226/21 (Appendix

A).
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Table4.3: Calculation of ertical resolution and Fresnel zone for the different sunagytse Olga basinNotice how the
resolution is affected by velocity and frequency.

Dataset Measured Average Depth Frequency Wavelength Vertical First

interval interval Two- () | resolution Fresnel

Velocity way ’ T zone

(V) travel
time

(t)

CAGE | Seafloor 1500 0,375s| 72Hz 20,8 m 52m 54,1 m
181 m/s

CAGE | Agardhfjellet| 2650 0,6s |51Hz 52m 13 m 143,7m

181 Formation m/s

NPD Seafloor 1500 0,375s| 26 Hz 57,7 m 14,4 m 90,1 m
m/s

NPD Agardhfjellet| 2650 0,6s | 21Hz 126,2 m 31,5 m 224 m
Formation | m/s

4.1.3 Multibeam Ehosounder

During the cruise of CAGHS8-1 in May 2018 there were in addition to seismic data also
gathered bathymetric and water acoustic data. A Kongsberg Simrad EM 30beamitiecho
sounder was usethis multrbeam system measures the tway travel time for a sound wave
to reach the seaflooThe pulses of sound waves had a frequen@pdHzwhich produces
the highresolution bathymetric maps addition to scanning the seafloor there were also

obtained water acoustic data whabtectgyas bubbles aacoustic flaresn the water column

4.1.3.1 Bathymetry

The CAGE multibeam bathymetric dat@ere collectedtthe same locations &se high
resolution CAGE2D seismidines plusan additionafectangle of approximately 57¥m
obtained Fig.4.5). The bathymetriclataof CAGE was recordeavith abean angle of 60/60
with two transducers generatid@2 beams each, this produced a swath width of

approximately 110tn at t he deepest par awidthoof t he NO6W Ol
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approximately 500n at the shallowest areas of Storbankg. The bathymetrys separated
into four different surveysorresponding to the foareas okeismicacquisition the four
bathymetric surveybaveall differentdegree ofesolution Table. 44). In addition to
Bathymetric data gathered by CAGE, there was alsdlablehigh-resolution bathymetric
datagathered bylareano This data was obtained 2015by using a&Kongsberg Simrad
EM710 echo sound@overing an area of approximat&25knm? with a high resolution of &n
at the Storbankengh (Mareano, 2017(Fig.4.5).

Elevation
depth (m)
100

Olga basin

Fig.4.5: The fourdifferent bathymetric data collected by CAGE, the numbers reprsgeaaméocations as indicated in
Fig.4.2. The red polygon represents the bathymetric data distributed by Mar@eanage polygon delineates the structural
elements of the Olga basin aStbrbanken high.

Tabell 43 Bathymetrt resolution of the data illusttad in Fig3.4.

Bathymetric survey Resolution (m)
CAGE-1 3

CAGE-2 4

CAGE-3 4

CAGE-4 10

Mareano 5
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4.1.3.2 Water column acoustic data

The Simrad EM 302 multibeam echosounder system was also used to record water column
acoustic dataGas bubbles in the water coluranforcelarge changes in the acoustic

properties of thevatercolumnandarethereforeeasily recorde@dsthe gas imposes sing

velocity and density contrast between the bubbles and the-eatenn(Jansson, 2018Yhe

gas flares is eeliableindication of active gas seepagjeesandaretherefore used as
supplement for detectirgctiveleaking subsurface structurdhe search width of the
investigated area corresponds te #ivath width of thebathymetric dataThere were recorded

a total 0f380 gas flares distributed along theestigated are¢Fig.4.6).
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Fig.4.6: a) Areas investigated with E8I02 multibeam echosounder for water column acoustic datardz)s withidentified
gas flaresThe orange polygordelineatethe structural elements of the Olga basin and Storbanken high.
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All the interpretatiorand visualizatiorof seismi¢ bathymetric data and gas flates/ebeen
carried outby the usage of the Schlumbergesoftware Petrel 2017 he Fledermous Mid
watersoftware was usefdr picking acoustic flare whichweredoneby CAGE, in addition
has Fledermous been used ifderpretation of bathymetric data apdesenting
geomorphologicatrosssectional profilesAll figures and illustrationbavebeen madn the
gr aphi c a lCorslDEwt20ta and Adsbe lllustrator.

As there were no available wellstime studyarea the stratigraphy has beetestmined by
expertise help from NPD and the usage of the lgBBlogical asssmentreportof petroleum
resources in the eastern parts ofribethernBarents Se@\NPD, 2017) to pick theorrect
reflectors Thereflectorsareprimarily interpreted manuig, with seeded 2D autotrackly

used athemost continuous reflectors mainlyameas at the Olga basin. Due to the lack of
well data confirming the correct placement for the formatams large distances between the

seismic linegherehavebeen some @llenges with the interpretations.

In order to examinéhefaults and potential gas chimnepshe study area the seismic

attribute variance edge methagsused in petrel. This attributeeasures theaceto-trace
variancefor a paticular intervaland generates a variance coefficient independent of
amplitude(Schlumberger, 2011 Areas with a high variance coefficienepresenteflectors

with a high degree of discontinuity commonly associated with seismic features such as faults,
gas chimneys, salt, basement, etc. Wailksas witha low variance coefficient represent

reflectors witha highcontinuity commonly associated with undisrupted conform stratigraphic

layers.
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In order to examine the maturity and gas hydrate stability zone which wittherf
elaboratedn chapter 6.and 6.5 t 6 s | mp o r t meanintervabveldcity donthet h e
differentformationsin the study areaThe well atthe Bjarmeland Platform wathereforeused
for the correlation as it to some degree shares the lghoiegiesand has according to
Henrikseret al,(2011a) been exposed to applimately the same amount of erosion and
uplift asthe study area in thnorthernBarents SeéFig.3.3 and4.7). The erosion and uplifs
regarded due to burial history whigtfluencesthe maturity of source rocks but also
compaction whictyovernsporosity and velocity of the sediments.

The correlatiorof the formations is based d¢ime chronostratigraphic and lithostratigraphic
diagram ofNPD, (2017)the net erosion model byenriksen et ak2011a) and the sonic log

of Well 7226/21 (Appendix A (Fig.3.3 and 4.7)The sonic log meased the formations

from NordlandGroup to the Havert Faration at the Bjarmeland Platforas seen in

Appendix A,the meaninterval velocity of theHekkingen/FuglenTubaen, Fruholmen, Snadd
andKobbeFormation werextractedo correlate velocity for formations in tmerthern

Barents Sealhe mean velocity of Realgrunnen subgroup had to be based on the Fruholmen
and Tubaen formations as the Nordmela and Stg formations were not present in the velocity
log. As the open shelf marine shalekidbbeshare some similarities with the Botneheia
Formation excluding the locally organicch intervalsof Botneheia Formatiowasthese two
correlated to each oth€Fig.3.3)

When correlating these two formation&itvorth taking into consideration the effect which
the organicrich intervals of Botnetia Formationmpose on the velocitystudies byHarris,
(2015)has indicated a systematically decrease of velocity E852% when theresia TOC
increase from 0 to 109%rogressivelyeduced formation interval velocigs a result of
increasing TOQas also been confirmed hgsethet al, 011)in the Barents Sea with the
source rock of the Hekkingen Formati@ue to little information regarding the extent of the
locally high TQC intervalsof the Botneheidormation and the effect on the velocityvias
assumed that the Botneheia Formation had a lower interval veloei®paf/sless than the

KobbeFormation

Interval velocities for the differeribrmationsareindicated in Table 4.5, the mean interval
velocity ofthe BotneheiaFormationis annotatedvith parenthesigviean formationvelocity

of theFFlatsalen Formation arihologieslocated deeper than the Havert Formati@s not
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examined by well 7226{2. The sediment velocitiegUpper TriassicLower Triassic,
Permian and Carboniferouspstherefoe correlated by the velocitiest the Bjarmeland
Platformused byKtenaset al,(2018)in his multi-layer velocity inversiormodel for
examining compacticbased net apparent erosion (ApperB).

700

T
20°E 30°E 40°E 50°E 60°E
NZ - Novaya Zemlia HJH - Hjalmar Johansen Hight OB - Olga Basin GH - Gardarbanken High ~800— Net erosion contour
SBB - South Barents Basin NKB - Nordkapp Basin SP - Spitsbergen ‘ Gas discovery ~-1000— Net deposition contour
NBB - North Barents Basin LH - Loppa High SH - Stappen High W Oilgas discovery ® Wells

Fig.4.7: Overview of the net erosion in the Barents Seasliaeled polygon indicates the similar erosion interval between the
Bjarmeland Platformyell 7226/21) and the Olga basin and Storbanken high. The white square delineates the study area
Figure modified from: (Henrikseet al., 2014).
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Table 4.5: Mean iterval velocitiedor formations in thenorthernBarents Seaorrelated withformations at the Bjarmeland
Platform in the Barents Sea Soughindicates theassumed velocity for tHgotneheia Formationvelocitiesfor Flatsalen
Formation, Triassic,Permian and Carboniferous frorfKtenas et al., 2@) Appendix B.

Formation name Barents | Formation name northern | Mean Interval Velocity
Sea South Barents Sea

Hekkingen and Fuglen FM Agardhfjellet FM 2650 m/s
Fruholmen and Tubaen FM Realgrunnen Subgroup 3000 m/s
Upper Triassic Flatsalen FM 3100m/s
Snadd FM Snadd/De Geerdalen FM | 3300 m/s
KobbeFM Botneheia FM? 3600m/s 3200m/s)
Lower Triassic Lower Triassic 4800 m/s

Permian- Carboniferous Permian- Carboniferous 5800 m/s

4.2.4 Gas hydrate stability zone modeling
The gas hydrate stability zone (GHS¥asmodeled for the study aresing the CSMHYD

program bySloan & Koh(2008)which generat@ressuretemperaturgghase boundary curves
for hydrates with mixed gas compositiofisie program calculates the GHSZ based on the
following parameters: water depth, bottom water temperature, thermal gradient, pare wat
salinity and gas composition of the gas hydrate. A little change in one or several of these

parameters will affect the presence or depth of the GHSZ.

Recent gather CTD (conductivity, temperature and depth) data from the -@8GEruise
which examineshe physical properties of the water was utdifer the GHSZ model
(Appendix Q. The \elocity of the sedimnts to determine depth was utilizeaised on the
velocity correlation of the stratigraplgtween théarents Sea North and Barents Sea South
(Tablke 4.5) Since the geothermal gradient in the Btse®ea is highly variablend there is no
available information regarding geothermal gradient imthwthernBarents Sea there had to

beassumedn average geothermal gradient o°G@%m in the study are@rig.4.8)
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Thermal gradient map of the SW Barents Sea
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Fig.4.8: Geothermal gradient model of the SW Barentsi®eaad on bottom hole measurements from wells indicated as
white dots and published data (Bugge et al., 2002Modifiedfrom (Vadakkepuliyambattat al.,2017).
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5 Results

This Chapteris dedicated to documeng all observations anthterpretationsn the study
area The main focus has beéminterpret formationdaults,geomorphologynd seismic
amplitude anomaliesdentification of a potential Bottom simulating reflector (BS®jsalso
donewhich will be used fofurtherdiscussiorof thegas hydrate potentiat the study area.

This Chapteris dedicated t@resent the stratigraphy and tleflectorsinterpreted within the
study area (Fig.5.1)-he main emphasiof this studywill be on the formations within
Mesozoic, as several publications haveadatid this era as containing the majority of
petroleum play the study areéGrogan et al., 1999Vorsley, 2008; NPD, 2037

The Top Billefjorden Group is represented by &die Carboniferous reflector. Theflector

is interpreted on a peak with tvassociatedtrong and entinuous trough§Fig.5.2) The

reflectoris mainly represented by a positive reflectaomplitude howeverfollowing the

reflector itbecomes negative aertain areas with a strong central tromgtich might explain

the local coal bodies of the Billefjorden Grodfhe Top Billefjorden Group is located as deep

as 2900 ms (TWT) at the Olga basin and as shallow as 1700 ms (TWT) at the central parts of
Storkanken highFig.5.2).

The sediment package fromddle Carboniferous to late Permian age is represented by the
middle Carboniferous reflector and Top Permian reflefkag.5.25.3). The Top Permian
reflector representa positive reflection coefficient and is interpreted on a relatively
continuous peakhe Top Permian reflector is howevanore discontinuous at the Storbanken
high imposing some challenges in the interpretation of this refl@€ip5.25.3). The Top
Permian reflector is located as deep250ms (TWT) at the Olga basin anddspthsof
-1650ms (TWT) at the Storbanken higRig.5.25.3). The mddle Carboniferou$ Top

Permian sedimentary package is relatively uniftimoughouthe Olga basin ith a thickness
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of approximatel50 ms (TWT) (Fig.5.2) This sedimentary package thins towards the
Storbanken high where it has a thicknes3@fms (TWT)at the high (Fig.5.3)

The Top Botneheia Formation is representedalbgte Anisianreflector, while the base is
represented by late Olenekianeflectorin the study areéFig.5.2) Thereis great uncedinty
in the interpretation ahe Botneheia Formaticat the Storbanken higtue to the quality of
the datachaotic reflectiosand dens faultingFig.5.35.4). The interpretedake Anisian
reflector is relatively discontinuous with a negative reflection coefficient, whiltatke
Olenekiarreflector is indicated by a continuous reflection with a positive reflection
coefficient(Fig.5.2) The thickness is relatively uniform throughout the Olga basth
Storbanken higlwith a thickness of 270 ms (TWT)hebase of thdormation is identified at
depths as deep as 1700 (M8VT) in the central parts of the Olga basin 4480 ms (TWT)

at the Storbanken higlfrig.5.2-5.3).

The De Geerdalen/Snadf@rmationwas interpreted between the Top De Geerdalen/Snadd
reflector and the &te Olenekian reflectdFig.5.25.4). The Top De Geerdalen/Snadd reflector

is represented b positive reflection coefficient, the reflector is relatively discontinuous
throughout the whole study area, with the reflector being slightly more continuous within the
Olga basinThis formationcorstitutes a250 ms(TWT) thick sedimentary package at the

Olga basin, ivasdifficult to measure the thickness at $tanken high as the formatiovas

highly affected by faults and chaotic reflections (Fig-5.4).

The Top Flatsalen Foration is represented lan early Rhaetiarreflector, while the base is
represented bthe Top De Geerdalen/Snadd reflector fréate Carniarage(Fig.5.2) The
Top Flatsalen reflectas represented bs positive reflection coefficienthis reflectoris
relativdy discontinuous throughout tlstudyarea, withthereflectorbeinga little more
continuous at the Olga basin and central parts of Storbanken high within the $&Asatic

Therewerechallenges related to thhaterpretation othis formation dudo chaotic reflection
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patternsandcomplexfaulting especially along the western and northern flanks of Storbanken
high (Fig.5.3-5.4). The thickness of the formationrislativelyuniform with anapproximate
thickness of70 ms at the Olga basin aladthikness 080 msfurther North at Storbanken

high. Thebase of théormation islocated atlepthsof 1200 ms (TWT)at thecentral parts of

the Olga basinthe formation ipresent throughout the study area exdeptertainareasat

the shallowest parts tiie Storbanken high, where the formation is eroded and terminates
against the seaflodFig.5.3 and5.5-5.6).

The Top Realgrunnen subgroup is representethbBaseUpper Jurassiceflector, while the
base of the formation iepresented bthe Top Flatsalemeflector(Fig.5.2-5.4). The
Realgrunnen subgrougp located between the Flatsalen Formation and Agardhfjellet
Formation andhas a redtively uniform thickness of 158s (TWT) throughout th®Iga basin
and Storbanken higfihe subgroup is present throughout large parts of the studwihea
the base of the subgroup being locaasdieep as 1150 ms (TWak)the central parts of the
Olga basin and the group beiaghdedandoutcroppingat the seaflooat certairareasof the
Storbanken higliFig.5.25.4).

The Top Agardhfjellet Formationis represented bihe BaseCretaceouseflector, while the
baseis represented e BaseUpper Jurassiceflector(Fig.5.2-5.4). TheBase Cretaceous
reflectoris characterized by a strong continuoegiative reflectowhich is easily traced
throughouthe study areaHowever somefaulting andoutcroppingreflectorsterminating
againsthe seafloor at the Storbanken higgsimposedsome challenge®r the intepretation
(Fig.5.3-5.4). The Formation haa uniform thickness varying from 600 ms(TWT) and is
located aa maximum depth of 1006hs (TWT) at the Olga basin. The formationesoded
andoutcrops at theeafloor throughout large parts@tiorbanken higkiFig.5.7).
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Fig.5.1: Overviewof the study area with the main structural elements, the red and yellow lines indicate the location of the
illustrated seismic linesThe black polygondelineatethe structural elements.
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Fig.5.2 Seisnt section illustrating theeflectorsinterpreted, position of theessmic line is indicated in Fi§.1.
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Fig.5.3: Seisnt section illustrating theeflectorsinterpreted, position of the isenic line is indicatedn Fig.5.1.
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