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Abstract

Threedimensional (&) seismic interpretatiosiof data from the Samson Donghow direct
connection betweerthe local geological evolution of the ar@ad the regional tectonic and
stratigrgohic development of the western Barents Sea. Rifting events, halokinetic movements,
uplift and glacial processes influencétk area of the Samson Dom&he Samson Dome
structure,located in the southwestern part of the Ottar Basjnepresents a structural gh on

the Upper Paleozoic depoete of the Bjarmeland Platform. Salt volumbegneath the
Samson Dome are in a range of 500 to &@ . Many hydrocarbon indicators such as high
amplitude anomalies, bright spots, zones of chaotic reflections, phase reversal reflections
have been observed in the araajacent to the salt domePresence gbotentially significant
shallowgas accumulations in the area make Samson Dome thaigest fluidflow feature

in the eastern part of western Barents Sea covering approximatelyQids0 Here, three fault
typesexistin the study area, where Type 1 faults represent crestal faults, Type 2 comprises
elongated sukparallel fauls, and Type 3 includes polygonal faults surrounding the dome
structure. These faults act as potential fluid leakage pathwaybsydrocarbons observed in
shallow strata of the Samson DonMy Master thesiscomprises:analysis of the stratigraphy

of the Samson Domand mappings of acoustic anomalies and faults in the amedh the aim

to propose atectonostratigraphic and fluiflow model for the area in connection witthe

overall geological evolution of the western Barents Sea.
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1. Introductionand fundamentatheory

1.1 Objective

The tectonic development of the Barents Sealt systeminfluences both fluid migration
pathways and shallow gas accumulations. The tectonostratigraphic development varies over
time, and the high number of basins, platforms and dometertfthe complex development
of the area. Previous studies in thesternBarents Sea have suggested that fluid flovsesxi

in many areas and thereforewadespread and abundairie.g. Faleide et al., 2015, Knies et al.,
2009, Henriksen et alChand et al., 208). Many structural features in western Barents Sea
are associated with hydrocarbon fluftbw. These structural features include basins, highs,
platforms, as well as salt structures and accumulatiang. (Vadakkepuliyambatta et al.,
2013). It appears that a&haracteristic pattern of fluid accumulations sh&up acoustically as
high amplitude anomalies in seismic records. They have lassociated withfaults and
related tectonosratigraphic developmentsHaleide et al., 2015, Knies et al.020Henriksen

et al.,Chand et al., 2008).

My master thesis consists of theoretical and practical parts. The theoretical framework
comprisesdiscussion of fluid migration, its mechanisms and indicators of hydrocarbon
migration. The description of geology of the studgailincludes the theoretical part arid

made by the compilation of updated and relevant literature, particularly literature focusing
on the western Barents Sea. The practical part represents seismic interpretation of the 3D
seismic cube BG1002 in PetrelEE&oftware Platform 2015 and wellbore data from the well
7224/7-1.

The aim of this master thesis is to study and describe local tectonostratigraphic and fluid
migration development of the Samson Dome within the overall geological evolution of the
region figurel-1). Itis conducted by seismic interpretation of the 3D seismic cube BG1002 in
Petrel E&P Software Platform 2015. The interpretation should allow deciphering important
tectonic phases and their influencen dluid migrations and shallow gas accumulations. The
objectives are twofold. First, to apply the Petrel E&P Software Platform 2015 for mapping
geological formations, structures and acoustic high amplitude anomalies. Second, to develop
a stratigraphy for he cube using borehole information, identify major individual faults and

fault networks using seismic attributes and automatic fault detection, determine the



tectonostratigraphy including fault system development. For this, | map acoustic anomalies

and ther stratigraphic position in spac@nd popose a conceptual model for the fluid flow,

gas accumulation and tectonic development
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Figurel-1. Location of the Barents Sea. Modified from Mattos et al., 201¢



1.2. Fluid flow in the subsurface

There are many types of fluids present in the subsurface: hydrocarbons, mud, watey, brin
etc. It is important to understand principles of their migration in order to analyze possesses
that are going on in the subsurface, interpret seafloor and underground structures and
features, study marine biological processes and composition of thensceand identify
potential geohazards (Judd, Hovlar2Q)07). In this paperhe theoretical part is primarily

focusingon fluid migration of hydrocarbons.

1.21. Hydrocarbon fluid migration

Hydrocarbon fluid migration is a process of movement of hgdrbons withirthe subsurface

due to excess porHuid pressure. Such processes as sediment loading, uplift, erosion,
dissociation of a gas hydrate, polygonal faulting, generation of hydrocarbons and their

seepage from source rock and reservoir may calusé migration (Lgseth et al., 2009).

Hydrocarbon migration can be subdivided into three phases, primary, secondary, and tertiary

migration (Figure R):

Primary migration impliesransport of newly generatechydrocarbons from the source rock
into the adacent reservoir rock. Once hydrocarbon are expelled from the source rock, they
may form tiny oil globules or gas bubbles within the cosgsined carrier beds. Since more
hydrocarbons migrate to the carrier rocks, these globules and bubbles grow and are
influenced by buoyancy forces. If buoyancy forces exceed capillary forces that prevent
migration, upward secondary migration of hydrocarbons oc&a&condary migration occurs
during long time and long distancéisrough permeable rockdracturesand faults. Thus,
secondary hydrocarbon migration is the movement of hydrocarbons after expulsion from a
source rock through carrier and reservoir rocks or fault and fracture systetmshe trap
(Jahn and Graham1998). During next hundreds of years and even longiuids that
abandoned the reservoir proceed to move. This movement is referred as tertiary migration

(Minescu et al., 2010).

Tertiary migration represents movement of hydrocarbons from one trap to another or to a
surfaceby seepng primarily due to thegravitational forces of water influxThistype of
migration occursn all the petroleum reservoirsandmay inducereduction of hydrocarbon

volumesand changesn fluid characterThe main concept of tertiary migration is based on

3



the tendency of all natral systems to reach equilibriumAfter the end of two first migration
phases, fluids are chaotically distributed and pressures are not in equilibrium in the reservoir.
Thus, tertiary migration occurs in order to reach this equilibrium. It includes folpatages:

a transport of fluids from higher to lower pressuresdistribution of fluids to normal
gravitational positionsa decrease of phase dispersion to the smallest {filidd interface

area, anda rearrangement of the present fluids atmicro and macroscalgMinescu et al.,
2010).

Figure 1-2. Three migration phases: (A) Primary migration (expulsion); (B) Secondary m
(migration); (C) Tertiary migration (remigration, seeps). iRetd from Matthews, 2008.



1.22.Mechanisms of fluid migration

Fluid migration is controlled by several mechanisms, known as Darcy Flow, diffusion, and

fracture flow (Lgseth et al., 2009Vang et al., 2010

Darcy Flow
One of the most importanmechanisms of fluid flowwhichcan be applied to describe all

types of fluid flow in permeable and porous mediad SELINBa &SR Ay 51 NDé&Qa

’?’m r‘]

{

C

Where Q is the totalow/discharge 'Q permeability of the rocki.e. hydraulic conductivityQ
thickness of the geologic strata - hydraulic potential differencg.e. hydraulic headndt -
viscosity i.e. fluid thicknesgBerndt, 2005). Sincefluid flows from high pressueeto low

pressures, negative sign issed in the formula

5 | NJ & injliesthht #ibtal specific dischargequds the product othe permeability of the
rock, total pressure droand the areavhere discharge takgdace.This lawcan be applied to
describe all types of fluid flow in permeable and porous mediacept for the cases when
given value of hydraulic conductivity is not valid in reality. For example flitwmwthroughthe
rock containing large number &ifacturescompared with the area of interest, bloautsand

flows on a microscopic sca(®erndt,2005.

Diffusion
Diffusion is dluid transport mechanism based on the concentration gradient. It represent
random movement of solute molecules in the fluidcaeise of their kinetic energy and is
RSAONMAO SRsFrstLaeKS CAO1Q

s 020

Qw

Where v is a flux through the medium/O is diffusion coefficient for porous medi&
concentrationof a solutegs distance(~ NI 6 S 1 | Y Z002ADiflodive fiedlistquite slow,
and goes from high to low concentratioris order to reach a state of homogeneity (Watson
and Baxter, 2007)Xoncentration differences of poruid components induce diffusive flux
in almost the same manner as pepeessure differences cause fluid flow within porous and

permeable media. (Bernd2005).



Fractureflow

Fracture flow representkeakage mechanisrmccurring along the faultand trough fractures

or above small parts of trap. This leakage mechanism takes place in differenimspestially
limited set of fractureslongfault zonesjn hydraulidracturesoverlyinghighly overpressured
reservoirs(Figurel-3), onthe sides or above salt domes within fractures that formed due to
tectonics (Lgseth et al., 2009). In order to indlEskage a resewvoir should adjoirthe fault

in anappropriateplace, therehydrocarbonsare presentand the pore pressurishigh enough

to reactivate hydrocarbon migration Wiprut and Zoback2002). Faults and fractures may
enhance the permeability and porosity ofeéhreservoir and provide high flow rates of
hydrocarbons. Howevefractures and faults may act as leakage pathways, which can cause
depletion of traps that were ¢h in hydrocarbons within relatively short time (Wennberg et

al., 2016; Lgsetht al., 2009.
@ P Pr

Figure1-3. Mechanism of the fluid flow migration through hydiractures. A) Fluid pressure exce
minimum stresses in the overburden and, thus, overpressure is created. First fracture forms
flow starts migrating upwards into the seal due to the pressure difference, causing more frac
form. C) Constant fluid flow from the reservoir to the seal induces propagation and widening ¢
D) Conduit path for fluid is created that resduiltso possible formation of fluid escape featu
Retrieved from Cartwright and Santamarina, 2015.
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1.2.3. Indicatorsof hydrocarbon fluid migration

Seismic reflections caused by the changes in acoustic impedhatare not attributed to
lithological differences within the rock, may be indicators of hydrocarbons and areas with

diagenesis (AndreassgP009).Following features may serve as indicators of fluid migration:

Acoustic masking

Acoustic masking is one of most common indicators of gas in sedimentei€inic profiles,

it appears as vertically oriented wigmit zone of low amplitude reflectianwith distorted
continuity. Such low amplitude and chaotic continuity of seismic reflections can be explained
by impedance contrast resulting from low seismic velocities in gas and much higher seismic
velocities in the surrounding sediments. Acoustic nragkis usuallypresent on seismic
sections in a form of gas chimneys or seepage acoustic pipes (AndreassenA2@66n et

al., 2007.

Gas chimneys are defined as vertically orientedumns of low amplitude and irregular
reflector continuitythat arefilled with gas, mainly methane (Heggland, 2014). These zones
are characterized by wipeut seismic signal and noiséas chimneys are leakage pathways

for hydrocarbonsand are usually associated with faultingentsen et al. (2007) taibute
formation of g& chimneys to thre@hases The caprock needs to include fracture network,
which gas from the reservoir can migrate through. This gas migration should occur at a
constant rate. Further, the diffusion of gitem fractures to adjacent unfractured rocks take
place. Gas accumulations cause fluctuations in seismic velocity and induce scattering of

seismic waves.

Cap rock volumenhich hydrocarbons migrated to angthere gas chimneyor seepage pipes
formed, may be referred as leakage zone. All types of legemigration processes take
place within this zone. Leakage zone comprises such elements as root, body of the leakage
zone, and dop (Figurel-4). The place at the bottom ok leakage zone, where leakage of
hydroarbons starts, is defined as root. This areamportant for hydrocarbon exploration,

since its size and character may provide information on leakage processes and hydrocarbon
charge of the reservoir. Body of a leakage zone comprises area where hydn€anove
vertically up to the top, where leakage stops. The pladeere uppermost leakagprocesses

occur according to seismic observatitop of the leakage zone, is often located next to or on



the sea floor, and may cause formation of seabed depressiocis as pockmarks and craters.
Seepageof hydrocarbons results from present active leakage or indicates that leakage has

recently been active\(adakkepuliyambattet al., 20B; Lagseth, 2009).

_lga!q:_ge zone

e o 3

Figurel-4. (A) Gas chimney located above a salt dome, (B) Interpretation of the gas chimn
defined leakage zone and its maiarts. Retrieved from Andreassen, 2009.



Seepage acoustic pipes are verticast-vertical, narrav zones oflow seismic amplitude and
disruptedcontinuity of reflections Amplitude anomalies such asoustic masking and bright
spasare typicaly observed within the pipeas shownn Figure 15 andFigurel-6. Diameter

of acoustic pipes varies with depths well as inclination of the pipe from a vertical, which
may reach up to 60°. Usually diameters of the pipes are about 200 meters; however, they may
vary from few tens of meters to even over 500 meters. Hegjtithe pipes lagin arange of

200 to 500 meters with some exceptions timay exceed 2000m or even 5000xery often,
geometry of the pipes follows fault zones, structural and topographic highs, buried scarps,
pinch outs or paleochannelsSurface pockm@rks are usually formed in the areas where
seepage pipes terminate. Nevertheless, some pipes do not reach the seabed, but form buried

pockmarks within the subsurfaci@urel-5) (Cartwright and Santamarina, 2015).

1 pockmark [Se

-

{RESERVOI — - -

T —

Figure 1-5. Acoustic pipes with surface pockmark and buried pockmark at the zones o
terminations.Retrieved fromCartwright and Santamarina, 2015



Fault and fracture zones

Fauls and fractures act as good conduits for hydrocarbon migration. Hydrocarbons migrate
upwards along the fractures and faults due to increased pressure difference formed after
faulting. Hydrocarbondlow into permeable rok layers adjacent to fault zone, but are not
likely to be detected within the zone itself. On seismic profiles, they appear as number -of high

amplitude anomalies insidgermeable layers (Andreassen, 2009).

High amplitude anomalies

Increase in seismia@plitude may be caused ksignificantchanges in lithologgr can be an
indicator of hydrocarbon presende the rock Seismic reflections of higtmplitudesare often
referred as bright spoté-igurel-6). They apear on the seismic profile due to sudden changes

in acoustic impedance. For example, if shale layer is located above gas sand deposits, the
sudden change in acoustic impedance occur and bright spot that serves as a direct

hydrocarbon indicator appears dhe seismic sectiofAndreassen, 2009).

= Seabed #

A e
o —— S =

Reflection amplitudeA - s " ) ~ Reflection amplitude - 1' k'm' :

(s

~

Figure1-6. Seismic profile with indicators of hydrocanbituid migration including acoustic maski
seepage pipes and high amplitude anomalies. Retrieved from Andreassen et al., 2009.
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Pockmarks

Pockmarks are cratdike depressions on the seafloor formed by the seepage of fluids through
the seabedHovand, Judd, 1988)Figure 15). They have been detected in many geological
environments such aseas, oceans, lakes, eWidth of pockmarks varies a lot and lays in a
range of 110 meters (unit pockmarks) and -0 meters (normal pockmarks), while height
of unit pockmark and normal pockmark is usually less th&hmeterand from 1 up to 45
meters respectivelyPockmarks are usually observed in fomained sediments, where they
formed due to escape of gas or other fluids (Judd and Hovland, 2881).was mentioned
above, pockmarks are usually formed at the top of the leakage zone of gas ckimney
acoustic pipes. Thus, pockmarks can adiad flow andhydrocarbon indicators, as well as
indicatorsof underground hydraulic activity, subsurface fluid pressure areas in places with
high earthquake activity, and potential geohazards such as arke#®e seafloor instability

with probable slope collapsgiovland et al., 2002).

Gas hydrate and shallow gasccumulations

In areas with significant number of fluid flow features, gas hydrates are often present. Gas
hydrates are crystalline compoundsnsisting of water andyas, where gas molecules are
trapped within a cagdike framework of hydrogetrounded water molecules (Hovland, 2005).
Specific temperature and pressure conditions are needed in order to form gas hydrates. For
example, onshore areas Polar Regionand offshore sediments at the depths of 3800
meters and with temperatures lower than 10°C are favorable terms for foomatif gas
hydrates The zone of subsurface characterized by conditions where gas hydrates may form
and be stable iseferred as gas hydrate stability zone (GH&®Hurel-7). (Hovland, 2005
Andreassen, 2009

Fluid flow migrating upwards or laterally through structural leakage pathways such as
polygonal faults, saliapirs, aults, and gas chimnegan betrapped by the impermeablgas
hydrate stability zon¢eading to the occurrence oflaottom-simulatingreflector (BSRfwWang

et al., 2010)BSR is the base of gas hydrate stability zone ftilbiws iso-temperature lines

and, thus, appears as reflection parallel to the seabed oa seismicprofile (Figure1-7).

Sudden impedance contrast between layers overlying BSR and containing gas hydrates, where
seismic velocity is high, and untieng sedimats that are characterized by low seismic

velocites due to the presence of free gas, result into BSR refleci@ndreassen, 2009}t

11



temperature within GHSZ increases or/and pressure decreases under certain conditions, gas
hydrates dissocte and free gas continues to move upwards towards the surfacming

shallow gas accumulatiorfgvang et al., 2010).

GH e “_SEA SURFACE ] ©
hesssssssssss z kTEMPERATURE
'I
‘ GH =
& PHASE BOUNDARY
/ Bueete V a
! SHELLS =
: »—SEA FLOOR 5 X~
/77

GHSZ Z g
GASHYDRATE T - s &

- : I | | , .,

TEMPERATURE (°C)
[ SEDIMENTS GAS HYDRATE PRESENT

Figurel-7. Gas hydrate stability zone (GHSZ) and water column top gas hydrate stability (TGH
on relation between temperatures and depth. Retrieved from Barnard et al., 2016.
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1.3 Geologyand hydrocarbon potentiaif the Barents Sea

Barents Sea@overs an enormouareaedgedby the coasts of Russia amtbrthern Norway,
NovayaZemlyathe Atlantic OceanFranz Josef Land a&YValbardarchipelagogowards the
Arctic OcearfFigurel-8). It coversl.3million E | andhas averagevater depths of only 300

m. Barents Se#s situated in amntracratonic setting, and has been affected by several tectonic
events since posCaledonian to Cenozoic timd3arents Sea can be roughly divided into two
provinces: Western and Eastern Barents fEmure 1-9). Tectonic and stratigraphic
development of the western and eastern part of the Barents Sea diffistactly withtime,
magnitude andrientation. There arealso majordifferences in sediment thicknessd basin
characteristics as wellas inunderlyinglithosphericmantle densitybetween Western and

Eastern Barents Sea thesiused alifferent crustal and lithospheric configuratigemelror et
al., 2009)
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Figurel-8. Structural map of the Barents Sea. Retrieved from Marello et al., 2013
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Geology of the Eastern Barents Sea was dominated bydimplex tectonic events dovaya
ZemlyaPechora Basin, and by Uralian Orogdébgological setting of the Eastern Barents Sea
was quite stable after Caledonian Orogeny and less affectaddbynic eventscompared to
the Western Barents Se&eological history of the wsternprovince was mainly defined by
major postCaledonian rifting and later rifting events that resulted into continental breakup

along the northwesten margin of the Eurasian pla{&melror et al., 2009

Ik

T H S DR

Elevation - Bathymetry (m)

Norwegian =
Greenland

~—i Timan-Pechora

Cenozoic indif. P Lower Triassic-Permian

Neogene B Upper Carboniferous-Permian
. Paleogene I Paleozoic undiff. -
[0 Cretaceous I Upper Devonian-Carboniferous 500 km
B Jurassic I Devonian
[ Mid-Upper Triassic BB Pre-Devonian == sillintrusion

Figure1-9. Bathymetry of the Barda Sea with a rough division into western and eastern pro\
regional geological profil®etrieved from Smelror et al., 2009.

Late Mesozoic and Cenozoic time@se characterized bysigiificantly active tectonic
developmentin the Western Barents S&ath highdepositionrate withinsedimentsequences

of Cretaceous, Paleogene and Neogene sediments in the Harstad, Tromsg and Bjgrngya
BasinsWhile rifting influenced the Western BarentseSgasin development, the basins of the
Eastern Barents Sea lay on a stable continental platfdtmsmayimply that a suture zoe

exists between Eastern and Western Barents. $tavever,sucha transitionzone between
Western and Eastern Barents Sea stithains an open question, as well as the location of the
Caledonian suture of this transition zone in the southwestern Barents Sea and its extension

into the Eastern Barents Sea (Ebbing et al., 2007).
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Such a transition zone could be defined by domirgafawult trends that are mainly4S to NNE
SSW within Ringvass#igppa and Bjgrngyrenna Fault Complexes. The area to the west of
transition zone is dominated by NMESW, NISW and locally i$ fault trends, while &V,
WNWESE to ENESW fault trends prevaih the southeastern BarentSea, where thick

sediment pilesaccumulated dung Upper Paleozoic addesozoioqNPD).
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WesternBarents Sea hasthick sediment sequencef Upper Palaeozoic to Cenozoic rocks.
As seerfrom Figurel1-10, Upper Palaeozoiand Mesozoicsediments, particularly Triassic,
dominateon Swalbard Platform. Theipaleo surfaces are quitkat and without any traces of

strong tectonic activitynoldingarea.

The a&ea to the south of the Svalbarda®iorm and towards theeast, i.e.Norwegian coast
comprises numerous small basins and structural highshe central regionwithin Late
Jurassie Early Cretaceous sediments, aR@laeocendeocene successions in the western
basins(Figure1-10). Thecontinental margin includes a southern Senja transform margin, a
centralrifted margin on thesouthwest of Bjgrngyaelated to EarlyTertiary volcanic activity,
andanorthernmarginalong the Hornsund Fault Zone that s¥aist transferedandafterwards
rifted. A qustal transitiornzone is limited by narrow zone along the margin south of Svalhard
which isoverlainby a thick Upper Cenozoic sedimentamgdge(Faleide et al., 2010; Eldholm
et al., 1987).

Hydrocarbon &ploration of theBarents Seatarted in1980with the first discovery made in
1981.It has been proven thahe Barents Sea has a hydrocarbon potential due to its geological
setting.Late Jurassic and Triassic formations are considered to be most faveoabbe rocks

for the production of hydrocarbongate Jurassic Hekkingen Formation has highest oil and gas
potential, and is the largest source rock in the western Barents Sea. Snadd and Havert Triassic
Formations have high hydrocarbon potential as wedltgest gas discoveries of the western
Barents Sea have been found within these source rocks (Vadakkepuliyambatta et 3)., 201
Nevertheless, there are still many discussionsh@prospectivityof the Barents Seiacluding
tectonostratigraphic developms. Distribution of reservoirs and source rockghe Barents
Seais mainly connected to three tectonic stages: Paleozoic Caledonian Orogeny, Late
Paleozoie Mesozoic Uralide Orogeny, and major Late Mesezbanozoic rift episodes and
tectonic breakupn the western part of the Barents S€blenriksen, 2011Formation of he
Barents Seaoccurred de to two major continental collisiondollowed by continental
separation, i.ecollision of Baltica and Laurentiuring midPaleozoic, subsequeMesozoic

rifting events and Cenozosundering(Doré, 1995 Gernigon et al., 20)4Barents Sea was
subject tomajor tectonic uplift and erosion during Cenozoic timedter the opening of the
NorwegianGreenland Seat approximately 55 MaMagnitude ofboth uplift and erosion

varies largely within regions dhe BarentsSea. Net erosion values are estimated to bain
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rangeof 0 and3000 metersThe age of the erosioand upliftof the Barents Sehas beera
subjectof significantdiscusgn among scientist since thaee events playn important role
for hydrocarbon prospect evaluation. Moreover, results of erosion and uglféict reservoir
quality, source rock maturity and migration pathways of hydrocarb®hsgy increase the risk

of leakage and gas cap expans{blanriksen et al., 2011b).
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2. Geological framework of th&esternBarents Sea

2.1.Tectonostratigraphic evolution of tWesternBarents Sea

The western Barents Sea is part of the continental shelf of northwestern Eusdsted
north of FennoscandiaReninsuladjoiningthe NorwegiarGreenland Sea arevalbardn the
west.Western Barents Sea geoldggs been affected by several tectoenents, rift episodes,
from postCaledonian to Cenozditnes that formed present complex of basins and platform
areas.The western Barents Sea rift systentamsideredto be the centre of the Caledonide
orogenthat has adominatingNESW strike directior{Faleide et al., 203(Ritzmann et al.,
2007). Development of the southwestern Barents Sea geology comprisesnsaichtectonic
phases as the Timanian, Caledonian, and Uralian orogenies,-ftiatatic Late Permian
Mesozoicrifting in the western part, and the breakup and opening of the Northern North

Atlantic Ocean alonthe western margin of the she{Gernigon et b, 2014).

2.1.1Paleozoic

The history of development of the Western Barents Sea starts with a moubitsliting
tectonic event known aRaleozoic Caledonian Orogeny that occurred about 400skdated

in the Middle Ordoviciarand culminatedin the Siluria. It causedrift development of the
southwestern Barents Seaplift to the west and distribution of sediments across the shelf in
the direction of carbonate plébrms to the eas{Henriksen et al., 2011.aleozoic Caledonian
Orogeny resultedrom gradud convergenceof Baltica and Laurentia continents and their
subsequent collision, during which margin of Baltica subducted beneath the Laurentia in
Silurian to Early Devonian timeand lapetus Ocean closggFigure 2-1). Because of the
collision, the Laurentiaplate (Greenland, Noht America) and the Baltic pla{&candinavia,
western Russjaconsolidated into the Laurasian continefarly Palaeozoic tectonic events
formed the Scandinavian Caledonides that repreésandarge number of thrust sheets of
diverse composition, rgin and grade of metamorphisrfRoberts 2003).The Caledonide
Orogenoutcrops are presenni Norway, westernmost Finlandiestern Swedengn Svalbard
and in northeast Greenlandin Norway, theyextend for about2000km from the Stavanger
region inthe southto the Barents Sea region the north. The Caledonide Orogen of the

Barents 8elf is exposed on Svalbaatbng most of the ndhern and western coasts of the
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main islands Spitsbergen and Noudtandetwith generalstrike inN-Sdirection (Gee et al.,
2008).

Gundana

Figure2-1. Convergence and subsequent collision paths of Baltica and Laurentia cot
from Early Ordovician to Late Silurian time, based on paleomagnetic reconstructions. R
from Roberts, 2003.
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Further collision between Laurasiaantinent and Western Sdriaformed theeastern margin
of the Baents Seaduring the latest Perman-earliest Triassievith Uraian orogeny at the
junction of this collisiorand its nothern extension, Novaya Zemlyauring PermiasTriassic
times the Uralde orogeny becamethe last stagein the formation of the supercontinent
PangegRoberts 2003) Further tectonostratigraphievolution of the areavasdominatedby

an interaction between marine transgression arsgriesof tectonicepisodes that resulted in

the breakup of the Pangea supercontine(iore, 1991).

Crustal etensional tectonic events characterzedevelopment of thewestern Barents Sea
during the Late Palaeozoic and Mesozoijgarticularly in The EarlyMiddle Devonian,
Carboniferous, Permian, Triassic and late Jurdssity Cretaceougeriods. They comprised
collapse of theCaledonian and Uralian orogetielts andsubsequenbreakup of the Pangea
supercontinentRifting had a general westward migration trerds a resultmajor rift basins
crossinghe Barents Shelf ana range of intermediat@latforms and structural highfermed,
well-defined rifts and pulbpartbasinswere createdn the souhwest, and thebelt of strike
slip faults developedin the north Late Palaeozoic crustal extensiaccounted for the
formation of half graben structureenda subsequentegional sag basjeoveringlargestparts
of the presentBarents ShelfTecbnic conditions on Svalbard Platform and #eestern part of
the regional basin have been relatlyestable since Late Palaeozdinwever,the areawas
subject toepeirogenic movements that resulted in elevation differenitggresent geological
setting(Dore, 1995 Faleide et al., 2030

2.1.2.Mesozoic

A significant Early Triassic rift episode occurred in the western Barenis\Ssla further
tectonically quiet conditions and postift thermal regional subsidence characterized the
geological historyduring the Triassic period in the western Barents.3¢awever, minor
tectonic events took placen the Bjameland and Finnmark platform®melror et al., 2009
Faleide et al, 1984Western margin, wheréoppa High wasubject touplift and erosion in
the Early Triassic, comprises larger number of active fautippa Higlihasundergone several
phases of inversion. Sequence patterns from the Loppa High display that it becsitaeoh
maximum depositiorin the sedimentary basim Late Triassidyut was dterwardsuplifted as

a high in Late Jurassic.
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Svalbard and Bjgriya tectonic regimes were calm, and clasticmarine sedimentation
dominated the area from the Sverdup Basin to the Pechora Basifihe aea between
Greenland and Navay was subject to riftig processes in a forrof discrete pulses in the
Jurassicfor whichdirect evidenceexistson SvalbardRifting during Middle to Late Jurassic
times dominated on the Hammerfest Basin and generally along the western margin due to the
westward extensional igime direced towards Atlantic rift systeniGabrielsen et al. 1993).
Tectonic activity increasedthrough the Late Jurassic in theestern Barents Seand
culminated in the Early Cretaceous. It resulted in formatainthe presentday structural
configuraton ofbasins and highs (Gabrielsen et al. 1990). The main rifting iBahents Sea
wasassociated withbasinan the western partincluding theHammerfest Basiand Finnmark
Platform (Henriksen et al., 2011aJheLate Jurassiearliest Cretaceous regial extension
prevailed in SW Barents Sea and triggered the developmeBjwohgya, Harstad and Tromsg

basins as prominent rift basiriBaleide et al., 2010).

Early Cretaceousme in the northern Barents Sea ¢haracterizedoy prevalent magmatism
without any significantraces of faultingLarge intrusions and extrusions are present both
onshore (Svalbard and Franz Josef Land) and offshore north of the Barents Sea. This volcanism
was associated with the opening of the Arctic Ocean during Late Mesoeparticular rifting

and breakup in Amerasia Basin and the development of Alpha Ridgisitd uplift of the
northern margin and formation of southwaigrograding delta sequence¥hus, major part

of the Barents Sea washighplatformin Late Cretaceousnd Cenozoi¢Faleide et al., 2010
Polteau, 2016Smelror et al., 2009Rifting episodes resulted in a rapid subsidence along the
western margin during Early Cretaceous and deposition of a very thick Cretaceous sediment
succession in Tromsg, HarstaggBgya and Sgrvestnaget basiienriksen et al., 2011a).
During the Late CretaceouBaleocene, pll-apart basins formed in the westernmost parts of

the Barents Sea due to significant rifting between Norway and Greenland and-Stpke
movements and defonation on the De Geer zone, meghear system connecting Late
Mesozoie early Cenozoic crustal extension iorthh Atlantic and Arctic regio(Gmelror et al.,

2009 Roberts et al., 2012).
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2.1.3.Cenozoic
Cenozoictimes are associated with continental biegp of the North Atlanticmargins,
opening of the NorwegiarGreenland Seaand formation of the sheared western Barents Sea

continental margin

NorwegianGreenlandSeaand Eurasia Basigea floorspreading started around 553 Ma
during Paleocen&ocendransition. At the sameime, a significant magmatic eventcurred

that resulted in formation of volcanic rifted margins on Lofoten aodtheastern Greenland
shelvegSmelror et al., 2009)Such a magmatic event at ca. 56 Ma is the major base for the
& aleocened 2 OSy S ¢ KSNX I f :&ypdhks¥sizitring whit huge &mounts of
methane and CO2 reached the atmosphere causing a dieiglerature increase by §8 °C

(Frieling et al., 2016).

A megashear zone connecting the Norwegi@neenland Sea @nhEurasia Basin served as a
basis for formation of the western Barents S&valbard margin during Eocene extensional
regime. Compressional deformation occurred within the Spitsbergen Fold and Thrust Belt due
to the continental strikeslip system betweerSvalbard and Greenland, which was active
during PaleoceneEocene. Stress resulted from threinsgressiorto the west of Svalbard
acted over large distancesind caused compressional deformation on the eastern part of
Svalbard as wellin addition, it isassumed that this compression is alsgsponsible for

development of @dmal structures present in the Eastern Barents edeide et al., 2010).

Since Oligocene Greenland and North America moved in a more westerly direction compared
to Eurasia continent. flus, extensional regime started in the Greenland Sea to the west of
Svalbad inducing opening of the Fram Straithich afterwardsestablid©ied the only deep

water gateway between the North Atlantic and Arctiaringthe Miocene.

Northern Hemisphere glacteons during the Late Pliocene created major unconformities
within sediment formations of the western Barents ShélfiocenePleistocenetimes are
associatedvith an uplift and etensiveglacialerosion ofCenozoic and some part of underlying
sediments orthe Barents ShelTheerosion was more prominent in the western Barents Sea,
particularly in the northwestiHere, about 3000 meters of sediment successicaseroded on
Svalbard. Erosion rate in the southwestern Barents Sea varies between 1000 andet&G0) m

Large amounts of eroded sedimentgere transported towards the shelf margirand
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accumulatedon the continental slopas thick wedges of clastic sedimenitsaform of trough

mouth fans(Bjgrngya and Storfjorden fan&gmelror et al., 200%aleideet al., 2010).

2.2 Uplift and erosion of the Barents S&ace the Cenozoic

Today, an active discussion is going on about the uplift and erosion of the Barents Sea. First
ideas on Barents Sea uplift and erosion appeared in the beginning"ofet@ury and were

suggested by Fridtjof Nansgmased on his observations of bathymetry and geological setting

of surroundingarea® LYy Moy nQad 6KSy KeRNRBOINb2y SELIX 2N
a first well was drilled, these ideas on uplift and erosion weoefirmed. Based on coal
petrographic studies on Svalbard several years later, it was confirmed that the area was
subject to a significanuplift and erosion of about 200 m. Data from the first wells in
Hammerfest Basimdicated anuplift as well, basedn unusually low sandstone porosities at

present depth. Scientists assumihat the sediments must have been buriadmuch greater

depths, as for examplat least 100-1500 m deeper. The san@nclusion was derived from

the maturity levelof therocks, wiich is too high for the present burial depth. Despite the fact

GKIFG 24 2F REFEGF KFra 0SSy FOljdzZANBR Ay (KS
ongoingdebates, particularly relatedto time frames of uplift and erosion, mechanisms of

uplift and bcation of the major uplifts (Nyland et al., 1992).

Uplift and erosion irthe northern North Alantic region,andin the Barents Sea in particular,
during Cenozoic wasduced by bothtectonic and glacial processes.ritiudes at least two
main phases ofiplift and erosion: the first one during latealeogeneand the secondiuring
the Quaternary. The first evemtas caused by the opening of the Norwegi@reenland Sea
and formation of the sheared western Barents Sea continental matigensecond evenis
considered to battributed to glaciationsandisostasy(Butt et al., 2002)Magnitude of uplift
varies depending on location and lays in a range of 0 to 500 meters (Henriksen et al., 2011b).
Tectonic uplift and erosion related to plate reorganizatiorthe NorwegianGreenland Sea
took place at the time of Eocer@ligocene transitiorand Neogene timesThe uplift is
considered to be more prominent in the Svalbaréa where it resulted fronma deeprooted
thermal anomaly.Uplift in the shear zone areaf the southwesérn Barents Sea wdsss

pronounced andvascaused byhermomechanicatouping (Laberg et al., 2011).
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Barents Sea wasubaeriallyexposed until the Early Pleistocene due to Miocétiecene
uplift, andconsequentlywas subjected to severrosion. Thus, eroded sediments were shed
into low-relief areas at that time, i.e. southwards and eastwards across Barents Bieliet
Cenozoic erosionf the westernBarents Sea, defined as the difference between total erosion
and total deposition thgkness, lays in a range @&nd 3 km, and varies from place to place
but with most prominent erosion in the northwestern parffhere is a discussion on
mechanisms that contributed most to this erosion; was it eitdeminated bytectonics or
glacial proesseqZieba et al., 2016; Solheim et al., 19B@itt et al., 2002

Based on the results from Ocean Drilling Progranwas indicated that glaciation in the
northern hemisphere may have begun around 5.5 Ma or eafftesducts of glacial erosion
depositd on the outer shelf and continental slopes of the Barents Sea allowed calculating the
magnitude of glacial erosiofErosion durindg-ate Cenozoic glaciations and interglagialcial
changes makes up twihirds of the total Cenozoierosionin the BarentsSea Therefore,
despite the influence of other mechanisms&gal erosionis considered to be a predominant

erosion mechanism atate Cenozoitimes (Butt et al., 2002).

Larsen et al(2003)divided glaciations and erosion of the Late CenoZdib Mapresent
times) into three phases: onshore, transitional, and shelf phd3ering the times prior to
PliocenePleistocene glaciationsnajor part of the Barents Sea was lowland and locaed
about present sea level. On the contrary, northern part of theeBty shelf and Svalbard
regionwas exposedavith elevations up to 1500 nBecause of this fact, glaciations started in
the mountain areas of Svalbard and subsequently extended and covered larger distaaces
to decrease in global temperatures at the timeMiddle Pleistocenereaching western and
northern shelf edge®f the Barents SeaScandinavian mainland was ice covered as well.
However, most of the parts of Barents Sea remainedriee. At places that were icéee and
emergent, fluvial processes #l asa major erosion mechanisnThis phase of glaciation

occurred about 2.8..5 Ma, and is referred as an onshore phésgrsen et al., 2003).

The next, transitional glaciation phase occurred arounddl%Ma and implied further ice
sheet extension undedecreasing temperature&candinavian Ice Sheet induced erosaty
next to the coast of Scalinavia Shelf edge at the mouth of the Bear Island Trough was
significantly eroded due tadvance and retreatmovements of glaciersice Sheets on
Scandinaviamainland and the Barents Sea were probably not connected at that Enmosion
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and sedimentation rates during this phase are estimatedeach its maximunbased on the

observations ofleposits in the Bear Island Férarsen et al., 2003).

50-60 ka

90-100 ka

Figurell2. Ice shet extent during different places of Weichselian glacia @) Ice limits during La
Glacial Maximum. Retrieved from Larsen at al., 2003.
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The last pase of glaciation and erosion, a shelf phase, occurred around 0.Sédanents
were eroded alonghe entire Barentshelfduring this phasgand vast icesheet drainage

towards the shelf edge occurrgtlarsen et al., 2003).

Zieba et al(2016)indicatedthat glaciation of the western Barents Se@n be correlatedvith
marine isotope stagessccalled MIS Oxygen isotope ratios (016/018) of planktonic
foraminiferas resemble change in ice volume and sea level and thus glacial interglacial changes
(e.g. Shaddeton, 1987). Zieba et ak@16) identifies four stages: MIS 16 (63%84.7 ka), MIS

12 (438.7428.0 ka), MIS 6 (138X¥34.6 ka), and MIS 2 (1918.0 ka) Stage MIS &he Saalian
glaciation,is associated witdistribution ofice sheet on the entiredents Sea and deposition

of regional till deposits.This glaciation was the largest one compared to subsequent
glaciations. Weichselian glaciatian are divided into three main phases with different
maximum glacial limits and shifting glaciation centresthe EarlyWeichselian (10®0 ka)
southwestern Barents Sea became-icee, while gla@tion continued in the northern and
eastern parts. Western and northern shelf breaks became glaciated arout® k@, i.e.
during Middle WeichselianAfterwards, aromd 2515 ka at Late Weichselian, the whole
Barents Sea waagaincovered withan ice-sheet, what created highly compacted sediments
on the shelf The earliestWeichseliarglaciationwas largest in theastern part of the Barents
Sea, while the latest ongas largesin the southwesern part.lce sheet positions during three
phases of Weichselian glaciation are shownFigure2-. Period from14 ka to 11 ka is
considered to be Last Glacial Maxim(@#reba et al., 2018 arsen et al., 2003

Pleistocene lgciatiors sufficientlyinfluencedthe geomophology of the Barents Sea. Ice sheet
dynamicscausederosion on theentire shelf areaand transport oferoded sedimentgo the
present day margingMlodern geonorphology ofthe Barents Sea compriseballow banks of
about 106200 m below sea level and deep troughs up to 500arseebelow sea levelLarge
amount of glacial material wanovedinto the major depocenters, which now form a system
of large submaringlacialfans abng the continental marginCorrelation between ice flow
pathways and development of submarine troughs is evideitigure22-3, where the largest
fan in the Arctic region is the Bear Island Trough Mouth (Bebaet al., 2016 Laberg et al.,
2011; Vorren et al., 1991
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flow pathways (arrows) during the Last Glacial Maximum. Retrieved from Larsen et al., 2003
of main submarine glacial landforms. Retrieved from Jakobssen et al., 2014.
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Plio-Pleistocene deposits along western SvalbBedents Sea margin form a large
unconformity with preglacial sedimentbelow and glacial sediments on t@gigure2-4, Figure
2-52-5). A drong reflector, known as the uger regional unconformity (URUgpresens
erosional base for several glaciations was formed around 2.5 MaWithin the Plio
Pleistocene deposits sewereflectors identify regional smaller unconformities: -RR1.
Dominant reflectors R7, R5 and R1 divide the sedimentary succession into three maj
packages: Gl, Gll, ar@lll, which correspond to Naust Formation of the Nordland Group
(Larsen et al., 2003The regional unconformity corresponds to reflectors R1, R3nR&ei
Bear Island Fargtorfjorden Fan, antsfjorden Fan, respectivelfrigure 25). This correlation,
thus, shows the time of théast majorglacialerosionreaching theURUlevel. Thistime is
assumed to correspond witmaage oR5adjacent to Svalbard and later to the central Barents
Sea(Larsen et al., 2003).
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Figure 2-4. Seismic line through southwesteBarents Sea continental margin. Main sedin
packages Gl, Gll, and Glll are bounded by most prominent regional reflectors R7, R5, and R1
upper regional unconformity, defines the border betweengleeial and glacial deposits. Retrie
from Lalerg et al., 2011

29



Sediment package Gdverlying reflector R7%onsists of products of fluvial and glaciofluvial
erosionof the Barents Seaefliments were eroded and depositelliring the period from ca.
2.7 to 1.5 Ma, when Barents Sea remainedfree, but Svalbard and Northern Scandinavia
were covered bynice sheetUnconformity R71narks the onset oflgcial sedimentleposition
around2.3 Maand consequentlgnincrease in general sedimentation raend corresponds
with the base otrough mouth fanson the western marginDuring that time, major pagof
the Barents Sedave probably emerged therefore, fluvial sediment transporprocesses
dominated in the aredZieba et al., 2016; Larsen et al., 2003).

Package$Il and Gll contain deposits that resulted from Barents Sea shelf erosion by glacial
ice-sheetadvancesThese sedimentaere deposited on the outer shelf and on the Barents
Sea conhental slope. It is estimated that the first glacial advance in the western part of
Svalbard occurred around 1.6 Ma, while at the Bear Island Trough Matrgan 1.41.5 Ma.
Glacial erosion since 1.5 Ma ramifeom 330to 420 m. Magnitude of glacial depibion at that

time is unknown because of the absendeoo-shelf sediments at presetime (Zieba et al.,
2016).

30



4w H
<130 ka
3W G
<200 ka Gl
\
W <330 ka i
W E
— R1 <0.2-0.44 Ma =
— R2 0. Ma
— R3 0.78 Ma—— T Gl
— R4 0.99 Ma—— T
— R5——1.3-1.56 Ma
B
—R6———16-17 Ma Gl
L—R7——2.3-2.5 Ma A
N lsfjord?-n Fan Bellsulnd Fan Storﬁor?en Fan Bear Is||and Fan S

21-19 ka 3 3
U Saale? Mid Weichselian?

|

T
14° 1 6° 20° 24° 280

S N
0.2

3W Ly O L
»
0.6
7'10 . 7'20 1 7'39 T TWT (&83

Figure2-5. Stratigraphic succession of the late Pliocene to Pleistocene deposits with displayt
major reflectors, RR1, and three main sediment packages Gl, Gll, and Glll, and a table

correlations. Mdified from Larsen et al., 2003.

31




32



3. Fluid migration indicatiorend development in the \Barents Sea

Western Barents Sea has been subject to many tectonic eventsgrépisodes, uplift, and
glacial and erosional processes fr@ost-Caledonian to Cenozoic timeBeep sedimentary
basins, platforms and structural highs, fault and fracture complexes have been formed in the
western Barents Sea due to these tectonic pecitiess. Moreover, depositional environment

has been favorable for the formation of mature and hydrocarbon rich source rocks that are
located at relatively shallow depths due to the Cenozoic uplift. All these factors form a solid
base for fluid migration deelopment in the western Barents Sea. Such features indicating fluid
migration as gas chimneys, leakage along fault and fracture zones, seepage pipes, pockmark
like depressions, and accumulations of shallow gas and gas hydrates have been observed in

the western Barents Sed&/@dakkepuliyambattat al., 2013.

Upward migration of hydrocarbons, their seepage through the seafloor and accumulation of
gas at shallow depths are mainly attributed to Cenozoic uplift and eroBioré(1995. These
processes decreas pressure within the sediments and, consequently, induced liberation of
dissolved gas from formation water and its remigration to shallower structures (Dore and

Jensen, 19967adakkepuliyambattat al., 20B).

Cenozoic glaciations influenced fluid migpa to a lesser extent than erosional processes and
uplift. Nevertheless, changes in generation and migration of oil and gas, redistribution of
hydrocarbons within the reservoirs and their spills have probably occurred due to the thermal
fluctuations within the iceunderlying sediments. Such fluctuations resulted from series of

rapid buildups and subsequent removals of ice sh¥atlgkkepuliyambattat al., 20B).

It has been observed that fluid migration indicators are usually observed above oil and gas
discoveries. For example, researches from Loppa High show still ongoing gas migration along
faults and gas seepage through the seabed, what is a positive sign for hydrocarbon
exploration. In this way, studying fluid migration indications is crucial andssacg procedure

for petroleum industry Vadakkepuliyambattat al., 20B; Chand et al., 2008).

33



34



4, Study areaSamson Dome

There aremany structural features in western Barents Sea that are associated with
hydrocarbon fluidflow, occupyingareas varing from 1 to 600Qa . These structural features
include basins, highs, platforms, as well aslt satructures and accumulations

(Vadakkepuliyambatta et aR013) (Figure 41).

== _» _— _|__Total Area Coverage : ~3000 k'

.B g

2

i

74°N

No. of Fluid flow festures
g 8

s

B T Y Y ¥
150 5100 00-150 150200 200250 260300 >300
Area of Fluid fiow features (sq.km)

.
N

73N

\

L°"°T|H'9": ‘Samson Dome

72°N

e

Finnmark Platforrh

I Large Fluid Flow features
Il Hycrocaron Discovenes
71°N [~ ] Cratacaous High
| Deep Cretaceous Basn

I Palaeczoic High in Platferm
| | Platform
|| Pre-Jurassic Basin in Platferm
[0 satt

| Shallow Cretaceous Basin in Platform
" Terraces end Intra-Basinal Elevations

[T volcanics

15°E 20°E 25°E 30°E

Kilometers

70°

Figured-1. Structural features in western Barents Sea with approximate total area coverage. R¢
from Vadakkepuliyambadtet al., 2013.

Thearea chosen for further studies, Samson Dommégcated in thesouthrwestern part othe

Ottar Basin and represents a structural high on tbpper Paleozoic depocentre of the

Bjarmeland Platform (Breivik et.all995).Presence of large salt amounts within the area of

the Ottar Basin has been proved and estimated taapproximately 680 | based on the

gravity anomaly observationgstimations of salt volume beneath the Samson Daneein a
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range of 500 to 60 | . Due toits large size and significant salt accumulations, the Ottar
Basin is considered as one of the major evaporatsiis in Barents Sea, as well as the area
above the Samson Dome is the largest filaav feature in the eastern part of western Barents

Seacovering approximately 158 | (Breivik et al., 1995; Vadakkepuliyambatta et 203).
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5. Data and Methods

5.1.Seismic and welldaand Interpretation methods

The dataset used in this master thesis3® seismic cube BG1002 and well log data from

7224/7-1 (Figue 51, Figure5-2). ED5GUTM35 coordinate system was chosen for seismic

dataset and well dateSeismiaata for the cube BG100&as acquired ir2013and is provided

by BGGroup The seismic dataset consistsl®@9inlines and3426crosslinesThe areaof this

seismicsurveyis located at Samson Dora@d coversabout11707Q4 .

. Deep Cretaceous Basin

. Marginal Volcanic High

- Palaeozoic High in Platform
. Platform

. Pre-Jurassic Basin in Platform

. Shallow Cretaceous Basin in Platform

. Terraces and Intra-Basinal Elevations

. Vaolcanics

D Cretaceous High

Figure 5-1. Locationof the seismic dataset BG1002 (red rectangular) at Samson Dome, well -
(black dot) and main structuralementsnext to them. Modified from NPD FactMaps 2016.
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Figure5-2. Position of 3D seismic cube BG1002 and main structural elements nextltistitated it
2D window in Petrel.

The well 7224/7-1 was drilledby Statoil(previouslyDen Norske Stats Jjeselskap A/pas a
wildcat in Lopparyggen @st area on the Bjarmeland Platforma988 It was drilled on the
Samson Dome structure with closure on all {@kgocenesedinents. 2 St f Qa (201t @
depth is 3064 mGasbearing sediments were detected in thaervals from 1660 td.775 in
the Kobbe Formation, anglasshows were recordedn the intervals froml658 m to 1784 m,
1856 m to 1871 m, and 1922 m to 2027 #t the same time, prmeabilityof the formation
was estimated to be very low and even absent at s@®etionsbased on the coranalysis

andrepeat formation teste(RF) measurement¢NPD, factpages).

The data analysis and interpretation have been made by seidata interpretation of3D
seismic cube BG100&nd well data from theborehole 7224/7-1 in Petrel E&P Software
Platform 2015 Methodsapplied for this data analysis include the use of seismic attributes,
interpretation of main seismic horizons, as walifaults and fractures as potential fluid escape

paths, and gas accurtation indicators. CorelDraw X@s been used for editing figures.
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Theinitial 3D dataset BG1002 has been processed to-pbase, reversgolarity according

to SEGolarity standardwhere negativeeflection coefficient tffough) stands foincrease in
acousticimpedance (Sheriff, 2006)n order to convert seismic wavelets into more usual
format, Phase Shift volume attribute in Petrel was used and new seismic cube processed to
zerophase SEG normal polarityas made, where positive reflection coefficient (peak)

corresponds to increase in acoustic impedaci€igure 53).
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Figure5-3. A) Initial phase of seismic sighal (SEG-pbese, reverse polarity) of cube BG1003. B) F
of the seismic signal of cube BG1002 after applying Phase Shift volume attrib@Gted®Bhase
normal polarity, (Sheriff, 2006)).
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5.2. Seismic resolution

While interpreting seismic data, its resolution plays an important ralav S dich fis dze
ability to separatéwo features that are very clogegether; the minimum separation divo
bodies before their individustl RSy ( A G A Sheriff} 2006 f 243 G¢ 0

Seismic exploratioruses a method of creation of seismic waves by artificial sourcedler
to acquire information about geological structures in the subsurface. The mathadves
observation othe arrival time of thevaves reflected fronmterfaceswith a sufficient density

velocity contrastsocalledseismiaeflectorsor acoustic impdance contrasts (Z).
(I) ” 3 ,
Where” - is density of the layery velocity of seismic waves this layer

Acoustic impedance of subsurface layers is determinedeiiymsc wave velocitiesSeismic
velocitiesand wavelengthsncrease with higher burladepths due to increasing degree of
compaction and diagenesis of the sedimemd the same time, frequencies decrease with
increasing burial depths. This leads to the fact that seismic resolution is higher at shallow

depths andget poorerwith increasingdepths(Andreassen, 20QBrown, 1999

Seismic resolution comprises horizontal resolution and ventesadlution A geological object

of interest have to be larger than vertical or horizontal resolution limit in order to be seen in

3D seismicMoreove, if two features lay on the large enough distance from each other,
anomalies that they produce are easy to be distinguishéden they ardocated toocloseto

each other their effects merge andnake it very hard to distinguish between them. This

condihk 2y & I NB O f f SR & NXeaprdiv@Igryares-4)(Shdriff, 4108 . NS a 2 t @

—Vmumv—\/t!\\/ \/M\/

RESOLVED RAYLEIGH'S UNRESOLVED
CRITERION

DECREASING IMAGE SEPARATION ——— =

Figure5-4. Example on resolved and unresolved condition of two similar geological features de
on the distance between them. Retrieved from Sheriff, 1997.
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5.2.1.Verticalresolution
Vertical resolution i minimum verticathicknessof a sediment layer necessary to produce a
seisnic reflection that is visible in seismigertical resolution depends awavelength and is
defined as:
6 A OCEAAITT 0D E4—d1
T 1
Where_is a wavelength), - velocity,f- frequency.

Thus, when thickness of the layer is less than a quaftarwavelengtrand larger than a limit

of visibility, destructive interference occurs. Limit of visibility %0) isa minimum thickness

for a bed toproducea reflectiondistinguishable from tb backgroundif the layer thickness is

in the interval betveen a quarter and a half of a wavelength, constructive interference takes
place. No interference occurs and two separate reflections appear in seismic in case if bed

thickness exceeds a half of a wavelength (Andreassen, 2009).

5.2.2.Horizontakesolution
Horizontal resolution is defined as trsizeof the Fresnel zoneoughly circular aredrom
which seismic waves are reflected producing seismic reflectioa.Fresnel zone is an interval
on the reflector from whichseismic signaketurns to the hydrophae within a halfcycle after
the onset of the reflegon (Andreassen, 2009)-ollowing equation helps to define the
magnitude of the Fresnel zone:

w_o0

i Q=07

¢ Q

Where rf is a radius of the Fresnel zgné average velocityf- two-way traveltime, f-

dominant frequency.

Based on the equation above, we can claim thatrdiusof the Fresnel zonacreaseswith
depth, increasing velocity, and lower frequendyus,horizontal resolutiondecreaseswith

depth, increasig velocity, and lower fragency(Andreassen, 2009).

In order to improve horizontal resolution, migration and shrinking of the Fresnel zone is done.
Migration of 2D-seismic datas done along the seismic line resulting in an elliptiesttiggped

Fresnel zone, while migration d@dD-seismicdata is done along the seismic line and
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perpendicularto it as well, resulting in a smaller size of the Fresnel zone with a shape of a

circle(Figure 55).

A Pre-migration Post-migration
2D Fresnel Zone 3D Fresnel

‘ B Zone

Seismic
line — /\
A
Post-migration Post-migration
2D Fresnel Zone 2D Fresnel Zone
along the line perpendicular to line

Figure5-5. Migration of the Fresnel zone for 2D and 3D seismic data (Andreassen, 2009).
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Frequency spectrum for the 3D dataset BG1003hown inFigure5-6, where dominant

frequency is approximately 28 Hz.
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Figure5-6. Frequency spectrum for dataset BG1002

Vertical resolution of the seismic dataset BG1002, if we assume wave velocity to be 1800 m/s:

o A s m1m .
7 AOAAT QQE% ¢ toa

g agin s x s @D
6 A O ORI OTBEE??O— o0 @

Inline spacing for the dataset BG1002 is 25m, crossline spacing is 12.5m, and sampling rate

equals 4.
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5.3 Seismic attributes
Seismic attributes iPetrel E&P Software Platform 204Ee avalable inthe form of attribute

volumes and surface attributes. Seismic attributesare provided as an aid to better
visualizationand, consequentlysuperior interpretation of seismic data by improvement
enhancenent and correlationof geologicalinformation that often is not easily seenn
conventiona seismic Surface attributes extract seismic properties out of volumes based on
waveform analysis and give an output as a surface. While volume attributes make virtual or
realized volumes of the input seistrby extracting information from dferent properties of

the analytical signa{Schlumberger, 2015Both surface and volume attributes have been

applied for seismic data analysis in this master thesis.

5.31.RMYroot mean squareAmplitude

An attribute that calculateghe square root of the sum of squared amplitudes divided by the
number of samples within the specified windoWwhis surface attribute helps tmeasure
reflectivity of the sediments in the chosen area and, thus, to identify potential hyabmra
bearing zonesby revealing bright spots and amplitude anomalies in the seismic. data
NeverthelessRMS is sensitive to noiseceit squares each value within the chosen window
(Schlumberger, 2015, Koson et al., 2014).

Ci|o

WhereNis number of samples; trace valuesyw andn are window values{oson et al., 2014).

5.32.Variance (Edge Method)

Variance attribute measures local variance in the signal by appdisgnal coherence
analysis in other wods, it evaluates similarity of traces and wave shapes within the chosen
vertical window. This attribute aids detection of faults, fractures, major unconformities and

channel infillgSchlumberger, 2015, Pigott et al., 2013).
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5.3.3. Ant Tracking

Ant Trackig is a unique algorithm for fault detection anaterpretation, whichimitates
movement of ant coloniewhile searching for fooah the ground. Artificial ants in the program
search for fault zones and collect information related to fault association$iein way, and

thus, provide necessary data for making an attribute volume cube with sharp and detailed
fault features. Variance or Chaos attribute volumes are used as an input data for the Ant

Trackingattribute since they aresensitive to faults

Ant Traking mechanism include followingfeps seismic conditioningoy application of
structural smoothing tool in order to eliminate background noisdge detetion, and edge
enhancementAnt attribute is an intensive and tirreonsuming algorithm. Thus, | hemcrop
a small data section and test different parameters on it before applying the parameters on the

primary data setn order to reactthe bestresults(Schiimberger, 2015; Ngeri et al., 2015).

5.3.4 Structural Smoothing

Structural smoothing is a sighprocessing tool aimed at enhancing the continuity of the
seismic reflectors in the input seismic data and noise reduction, guided by the local structure.
It is also applied for detecting flat spots by running smoothing attribute without dip guiding.

It is possible to choose between three filter options in parameters of structural smoothing
attribute: plain option with regular Gaussian smoother, -digided option, which conducts
smoothing parallel to dipping in the seismic, and edge enhancement, whichtwmfilters

first and then the least chaotic one is Gaussian filtered again resulting in enhanced edges in

the seismic (Schlumberger, 2015).

5.4. Artefacts

Artefact, or seismic acquisition footprint, is a definition for all noise features that appear on
the seismic and are not related to geology. They should be taken into consideration during
interpretation of the data. Despite the fact that during seismic processing a lot of data noise
is being removed, some artefacts remain in the data, and sometimes quite hard to
distinguish real geological features in the data from artefacts. Main types of artefagisigee

due to the sparseness in acquisition geomednd processing artifacts, which appetany
remainedaliased noisés not completely remowéand, thuspenetratedinto the seismic data
(Andreassen2009; Mahgoub et al., 2017)
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6. Resultaind Interpretation

In this chapter, | present observations and interpretations of the 3D seismic dataset BG1002
in connection with the well data 7224/X. The research focuses on (1) the seismic stratigraphy
including definitions of major seismic horizons and units that are correlated to well data, (2)
interpretations of seismic amplitude anomalies and (3) detection and interpretations of fault

systems angbotential fluid flow pathways.

6.1. Seismic stratigraphy
Interpretation of seismic stratigraphyf the study arednas been made based on the seismic
data from thedataset BG1002nd wellbore information from NPD Factpages, as weliyas

usingprevious staliesfrom the area (Mattos et al., 2016; Breivik et al., 1995).

During the interpretation of seismic croesectionsof the dataset BG1002ight seismic
horizonswithin the study arednave beerdefined (Figure6-1): Seafloor Horizorand Horizon

1- Horizon 7. Based on the data from the well 7224/hese horizons have been interpreted
to be the tops of theearly Triassic Havert and Klappmyss Formatlaats, Triassic Fruholmen
Formation, Late Jurassic Hekkingenrfation, Late Cretaceous Kolmule Formation, and

Pleistocene Norland Group.

Afterwards, based on the geometry of seismic reflections these horizons have been combined
into 5 stratigraphianits (Figure6-1) correspndingto Permian, Triassic, Jurassic, Cretaceous,

and PaleogeneQuaternary geological time sequences.
Unit 1

Unit 1 is interpreted to be a sediment sequence of Paleozoic Era that comprises twiaitaib
divided by MidPermian unconformity(Horizon 1) (Figure 6-1). Well 7224/7-1 does not
intersect unit 1, thus, its boundaries and subits were defined based on the reflection

pattern of the strataas well agprevious scientific workis the area(Mattos et al., 206).
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Figure6-1. a) Uninterpreted seismic inline 1794 crossing through Samson Dome. b) Interpreted seisi
1794 crossing throughaghson Dome illustrating five seismic units and eight seismic horizons including s
position of well 7224/71; some major faults in the area, and lenticular evaporitic body.
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Mid-Permian unconformity (Horizon 1) representsi@gativeseismic reflection of medium
I Y LI A ( dzR S¢ geophéry(Rigare6d &igure6-8). This horizomlivides Unit 1 into two
sub-units. The lower one comprisesediumamplitude wavy reflections interpreted as
carbonate buildups. They are illustrated on the thickness miaf-igure6-1 later in the text
Within this sb-unit a structureof lenticular geometrys observed below the carbonate build
ups. On the sides of this structure seismic reflections termiaatkshowvertical orientation
(pullup). There are almost no seismic reflections within gteucture (Figure6-1). Onthe top

of this structure discontinuous reflections of low to medium amplitude are observed. Due to
the absence of seismic reflections within tegucture and pulup effect onits sides, the
lenticular gructure is interpreted to be an evaporitic bodiy e. the base of the Samson Dame
Discontinuous reflections obW to medium amplitudeon its top are interpreted as top salt.
Since amplitude of togalt reflections is not high, we can assume that ntruded into more

compacted sedimerst(Tarleton State University, 2017).

Horizon 2 is interpreted as Late Permian unconformity and represents a positive seismic
reflection of medium amplitud€¢Figure6-1, Figure6-8). This horizon is relatively continuous,
however, reflections above the evaporitic bodyre disturbed and discontinous. These
intermittent reflections could be caused by small offset faults formed because ofshigs
conditionsduring salt intrusion into overlying sedimen®eflection pattern within this sub

unit is subparallel and of low to medium amplitudes.
Unit 2

Unit 2 is interpreted as a sedimentary sequence of Triassic P@figdre6-1). The base of
Unit 2 is Horizon 2Based on the reflection patterand well information, unit 2 wa sub

divided into 3 sukunits: 2a, 2b, and 2c.

Top of sukunit 2a is Horizon 3 that represengzsositive high-amplitude reflecton and
coincides with the top of Early Triassic Havert Formatbrthe depth of 2663 meters
according to well informatiorHorizon 3 is continuous, however, in the area above the Samson
Dome structurea loss of reflection continuity is observed. It yneecaused by faults formed
due to sediment deformation during salt intrusion. Thickness of-saolt 2a is quite equal
throughout the study area,without any major variations. Theeflection pattern is

characterized by low amplitude reflections with paratteksub-parallel geometry.
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Subunit 2b is limited by Horizon 3 (lower boundary) and Horizon 4 (upper boundtoyix.on

4 represents a negative reflection of low to medium amplitude that is located at the depth of
2222 meters in well 7224F1 and coincidesvith the top of Klappmyss Formation. Horizon 4
loses its continuity next to the area of Samson Dome similarly to Horiz&uBunit 2b is
441m thick and does not showny major variations in thickness throughout the whole study

area.

The upper boundar of subunit 2cis a strong negative reflectionyhich corresponds to
Horizon Sandcoincides with the top of Late Triassic Fruholmen Formation at the depth of 931
m in well 7224/71. Thickness of the sulmit varies throughout the study area. Thicknes$s o
the subunit in the well is calculatetb be 1291 meter. It comprises three formations: the
Fruholmen, the Snadd, and the Kobe formations.-8uib 2c includes higher number of faults

in comparison to other suhnits in Unit 2(Figure 618). These faultsre of largergeometry

and have deeper penetration. Reflection pattern of the sufit is characterized by parallel to
sub-parallel reflections of medium to strong amplitude and moderate to strong frequency.
Reflections are quite continuous, however, there aaggé number of discontinuities above

the area of the Samson Dome that are caused by large offset faults.
Unit 3

Unit 3 represents a quite thistratawith a total thickness abnly 139 meter, and is interpreted
to be a Jurassic sediment sequelegure6-1). The top of unit 3 is Horizon 6 occurring at the
depth d 792 meters below the seaflooAccording tothe well measurementsHorizon 6
coincides with theop of Hekkingen Formation. The lower boundafythe unit, Horizon 5,
marks the top of the Late Triassic sediment sequence. Bbthese horizonshowreverse
polarity and medium to strong amplitude. Reflection pattern of uniisXharacterized by
parallel seismic reflections dfigh frequencythat are quit discontinuous due to the large

number of faults that cut ifFigure 618).
Unit 4

Unit 4is interpreted to be the sediment sequencetbé Cretaceous$’eriod withHorizon 7as
its topand Horizon 6, the top of Hekkingen Formation, as a lower boundacordng to the
wellbore data, unit 4 is 391 m thick. It comprises Knurr and Kolmule Formalibaesop of

this unit is Horizon 7 interpreted as the top of the Kolmule Formation|ipper Cretaceous
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unconformity at the depth of 401 meters below the seabed.iitmr 7 represerdga continuous
reflection of highamplitude and normal polarityhat truncates over the crest of the Samson
Dome (Figure6-2). This is the only surface the study areawith a significantdegree of
erosion Some high amplitude anomalies cut by faults occur at shallower depths of thé unit
(Figure6-2, Figure 614). Lower part of unit 4 representn intensivelyfaulted stratigraphic
zone and comprisesmany of the largest faults Reflection pattern of this unit varies
throughout the study area. Most of reflections are discontinuous and of medium to strong
amplitude.In areasabove and close to the Samson Dome strucggemetry of reflections is
quite chaotic(Figure6-13, Figure6-14). Reflections in the south and soudfast part of the
area are of strong amplitude and parallel, but very discontinuous due to the large nurhber o

deep faults(Figure6-15).
Unit 5

Unit 5 is interpreted to be the sequence of Cenozoic Era, Paleeg@umaternary Period.
Thickness of this unit is 108 meters and its top coincides with the sedNiD, Factpges)

This unit is 108 meters thick and comprises Nordland and Sotbakken (Torsk Formation)
Groups Reflections of the top and base of this unit are continuous and of high amplitude and

normalpolarity (Figure6-2, Figure6-13).

Horizon 7 the lower boundary of Unit BlividesPaleogeneQuaternaryand Cretaceous strata
and marks the large unconformityu®aceof this horizon is the only surfaeéth a significant
erosion cegree.Wavelet view of horizon 7 shows positive polaatyd so doeshe seafloor
reflection (Figure 62). Horizon 7 is interpreted to be URlthe upper regional unconformity,

the majorerosional base for several glaciations

Reflection pattern within theunit 5 is discontinuous and ehedium amplitude. However,
quite many discrete highmplitude anomaliesbrightspots,are present within the uniat the
depths of approximately #0-490 ms (Figure6-13, Figure6-14). Thisdepth interval has been
further chosen for analysis of higgmplitude anomalies in the area aridr RMS #ribute

map. No faults were mapped within this seismic unit.
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6.2. Main surfaces
Surfacedor each horizon have been made in Petrel in order to visualize varsf@tructural
features vertically through the seismic cube. Time structural maps for each surface are

presented belown Figure6-12.
Seaflor

It is clearly seen on the structural map of the seafloor in the study aredtibaturface has a
large number offurrows (Figure 6-4) but also linear continuous artefactén contrast to
arctefacts, @irrowson the seafloor are not parallel to each other and are quite curved. Thus,
we can interpret these furrows as plough marks, and not as rsegke glacial lineations that
tend to be more parallel and of a larger scale (tens of km long and several km wide)4&afael

2006). Predominant trendf plough marksn the study areas eastwestdirection.

Figure6-4. Structural map of the seafloor with high number of plough maviestical exaggeration
setto 3.
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In the study areasome pockmaritike depression features arebserved(Figure6-5). They
have circulaand semicircularshapeand are predominantly located on the plough mai®s.

the seismic section there are no significant amplitude anomakeeaththese features such

as dimspots or gachimneys(Figure6-5). Due tothe absence of mplitude anomaliesand
because othe fact that most of the depressions aassociated wittplough markswe can
interpret these pockmarkike featuresas morphological depressions formetien iceberg re
adjusts its hydrostatic equilibrium while meltingloy ploughing ofhe ground bytarge iceberg
keels during iceberg movemeirito shallower watersr during low tidal conditiongBrown

et al., 2017)At low tide in shallow waters icebergs may rest on the seafloor forming footprint
depressions. They majso swing around being pushed by water and wind currents creating
circular and semcircular depressions on the seabélthese features are usually defined as

iceberg pits anadtan be confused with pockmarks (Judd et al., 2007).
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Surface H7Upper RegionaUnconformity (URU)

SurfaceH7, the lower boundary of Unit ,5represents a boundary betweeRaleogene
Quaternary and Cretaceous strata and marks the larggnformity(Figure6-6). Thissurface

has one of thenighest erosion degree in comparison to other surfaces made based on the
previously defined horizons in the areBrosion rate isunequally distributedwithin the
surface: degree of erosion increases in the direction from the north to the south of thg stud

area.

Figure 6-6. Surface H7 representing Upper Regional Unconformity with a higreeley erosior
Vertical exaggeration is set to 3.
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As it is mentionedefore, surface H7 has been interpreted as Upper Regional Unconformity
(URU) based on polarity of horizon 7, wellbore information and reflection termination
patterns (Figure6-2). URUrepresents erosional base for several glaciatianglwas formed
around 2.5 MaLarsen et al., 2003)t separategylacial sediments of Cenozoic Era from the

pre-glacial bedrock.
Hekkingen FormationH6) and Fruholmen Formation i5)

Surface H6 and H5 repragecorrespondingly upper and lower boundaries of the most faulted
stratigraphic unit in therea(Figure6-7). Largdault patterns are observed on the crest of the
Samson Dome and further from its flanks both sufaces Faults on the crest of the Samson
Dome form radial patternFaults to the north from the crest of thdome are more sub
parallel, elongated, and have easest trend. On the surface H6 some features resembling
polygonal faults are observed in the ntlo and north-eastern pars of the study area. Quite

high degree of erosion is observed in the south pathefsurface H5.
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Figure6-7. Structural maps of surfaces H6 and H5 illustrating faults patterns in the area: radial |
on the crest of the Samson Dome, alvallel elongated faults to the north of the Samson Doame
features resembling polygonal faults in the northern part of the area (surface H6).
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Late Permiarinconformity (SurfaceH?2)

Surface H2 that has been previously interpreted as Late Permian Unconformity contains some
features of polygonal geometriesterpreted as carbonate polygonalounds(Figure 610,
Figure6-8). Average thickness of these features has been calculates in previous shiges (
2015) ands approximatelyl51 m Polygonal mounds dominate the south and soutkeast

of the Samson Domewhile they are completely absemt the northrwest of the Samson
Dome Some polygonal mounds of smaller scale are, however, present in the-eastarn

part.
Mid Permian Urtonformity (Surface H1)

Surface H1 interpreted as Mid Permian Unconformity is characterizedntgjor change in
geometry of morphology. Large isolated buiids dominate the morphology of this surface
and are located mainly in the souttastern and notti-easternparts (Figure6-11). Thickness
of these buildups has been previously calculated in studies of Alves, 2015. Thus, average
thickness of observed isolated builghs has been estimated to be approximatelyp5#, and
maximum thickness is about 739 m. Isolated buiid of a maximum thickness are located to
the southeast of the Samson Donkhese features appear as wavy reflections of medium to
high amplitude on seismiarofile (Figure6-8).
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Figure 6-8. Seismic section through the part of inline 2258 illustrating Upper Permian moun
isolated buildups of earlier Permian time.

59



Polygonal mounds in Late Permian strata and isolated fuklin the Earlier Permian strata
are observed on slices of variance napwell(Figure6-9). Twovariance maps at the depths

of 2992ms and 3312ms illustrating these geological features are presented below.

Variance slice Variance slice

2= 2992 MS o5t

¥ by

Polygonal mounds i
Late Permian strata

10 km

Figure6-9. Variance maps showing difference in geometries of the study area within Permian :
A) Variance slice at the depth of 2992ms illustrating geometries of Late Permian polygonal mc
Variance slice at the depth of 3312ms illustrating geometries of isoladmbicate buildups withir

earlier Permian strata.
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Figure 6-10. Structural map of surface H2 highlighting polygonal mounds in the Upper P
strata. Vertical exaggeration is set to 3.
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Figure 6-11. Structural map of surface H1 highlighting isolated becerate buildups. Vertice
exaggeration is set to 3.
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Figure 6-12. Structural maps for seafloor and HHl surfaces with certain interpreted geolog
features and formations.
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6.3. Amplitude anomalies

Highest amplitude anomalies in the study area are observed within Uthie & enozoic strata
(Figure6-13). Mostof them are located at the depths of approximately 410 to 490 ms. High
amplitude anomalies within these depths occur as many diseénééevalsand bright spotsin

Figure 613 some of these high amplitude anomalies are illustrated arelzbomed section

Figure 6-13. Interpreted and uninterpreted seismic profiles through the middi¢he inline 214
illustrating high amplitude anomalies, zones with most chaotic reflections and zoomed seismit
of brightest reflections with their wavelet proféed some bright spots within the red ellipses
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