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Abstract

Large seabed depressions in the Inggydjupet Trough have previously been interpreted to be formed
by sub-glacial melt-water. However, fluid migration and gas expulsion occur over large parts of the
Barents Sea, which are frequently associated with seabed depressions. This thesis studies how the
seabed depressions are related to sub-surface canyons on the southern part of the Loppa High, SW

Barents Sea.

The canyons are located stratigraphically below the seabed depressions, and high-amplitude zones at
the canyon crests indicate accumulation of gas. Migration of fluids seems to take place along the
canyon flanks, and the canyons and their infills have been mapped out in order to infer the distribution

of shallow gas and their relation to the seabed depressions.

Uplift and erosion have influenced the fluid flow system several times since the formation of the
canyons. The final phase was related to glacial isostatic adjustment causing the gas to expand and build
up pressure before eruption and seepage of shallow gas took place. Severe erosion further caused the
seismic unit S2 to the absent in the southwestern parts of the study area. The thickness of S2 appears
to affect the distribution of depressions and fluid migration, as it acts as an impermeable barrier where
it is present and thus prevents fluids to reach the seabed and form depressions. The large seabed
depressions above the canyons occur in areas where S2 is not present, which suggests that shallow gas

is indeed a major contributor to the seafloor topography.






Acknowledgement

Masteroppgaven naermer seg slutten, og 5 ars studietid er plutselig forbi. Dette har veert en krevende,

spennende og lererik prosess.

Fgrst og fremst vil jeg takke hovedveileder Tom Arne Rydningen, og biveiledere Jim Myrvang og Iver

Martens for gode rad og kritikk. Setter virkelig pris pa all hjelp og apne kontorer.

@nsker ogsa a rette en stor takk til resten av EKM-kullet for mange trivelige stunder og et kjempeflott
milj@. En stor takk ma ogsa rettes til andre medstudenter pa brakka og ellers alle andre som har nytt

godt av kontorets moccamaster.

En stor takk rettes ogsa til mine foreldre for all stgtte igjennom studietiden.

This research is partially funded by ARCEx partners and the Research Council of Norway (grant
number 228107).

Richard Prytz

Juni 2016



Table of Contents

N [ o oo [¥ Lot T o O TSP UTO PP URPRPION 1
1.1 (0] oY =Tot {1V TSP 1
1.2 Ry U Te (VA T =T T PSSRt 2
13 L [0 e B g Y4 =1 o o [PPSR 2
14 ACOUSTIC FlUId dETECHION..ccu eiiiiieeee et e s e e 3
1.5 POCKMAIKS .ttt st st 5

PN CT=Yo) [o -4 or=1 Il o =T ¢=q o 101 s o [ TSR 7
2.1 Large-scale bathymetry of the south-western Barents Sea........cccovcveeeiviieeeiniiiee e, 7
23 Evolution of the south-western Barents SEa.........coocueiiieeriieeniee ettt 7

231 Pal@OZOIC . ettt et s hb e s b e e ab e e sareesneeesabee s 7
2.3.2 IMIESOZOIC ..ueiieiiiiieeett ettt st s s 8
233 L01=T 0o .20 1 o ST OPP PR PPPPOPPPROR 9
2.4 Mesozoic-Cenozoic stratigraphy and depositional environments.........cccccvevecieeiinciee e, 10
241 IVIESOZOIC ..eteeeiuteeee ettt ettt e ettt e e ettt e e st e e e e e e e sab e e s s enbe e e e e nre e e s eeareeeeeaareeeeeanreeas 10
24.2 L6170 o o [ ol PP PUPTUPPRRO 11
2.5 SErUCLUNAl @IEMENTS ...ttt st st st 13
2.5.1 oY o o F= TN 1= o VS USSP 13
252 Hammerfest Basin .....coocuuiiiieeiiee ettt ettt ettt st e s e bbb e e sabe e e sans 14
253 Bjarmeland PIatform .........eee oo e 15
2.6 Uplift and erosion of the Barents Sea — implication for hydrocarbon reservoirs ................. 16

3 DAta & METNOAS .ttt e h e st st b e e b b ns 19

3.1 (D 7 Y= £ OSSP O P P OTPPTOT 19
3.1.1 SEISIMIC HATA.. ittt st et e ne 19
3.1.2 WEIT DATA ..ottt e s e e 21

3.2 Seismic interpretation and indications of fluids..........cccceireiiiiiieciie e, 21

33 SEISMIC RESOIUTION ...ttt ettt sttt et e bt e st e st sb e e b e e b e nns 22
331 Vertical RESOIUTION ...coveiiiiiiieie et 23
3.3.2 HOrizontal RESOIULION . ..coviiiiiiiieece e 23

R IR Y 4 (] - ot £SO UR PR UR PSSO 25

3.5 Yo i VY7 [ IO OSSO PP PRSP 25
351 o ] PP TO PR 25
35.2 COTEIDIAW ..ttt ettt sttt et b e s bt sttt et e e b e s b saresare s n e ne e s 26

Y 1] a1 Tol e A= LT =T o] o VPR 27
4.1 MAIN FEFIECTOIS ...ttt ettt sttt et be e sbe e st e et e eneeas 27



4.1.1 The base CanyoN refleCtOr ... ... e e rrae e 27

41.1.1 DESCIIPLION oo 27
4.1.1.2 INTErPretatioN oo 30
4.1.2 The URU: upper regional unconformity .......ccecveeiiiiieiiiiie e sreee e sseee e 30
L 0t R B =T ol o1 ) 4 (o] T PP PPUPPRPPPPPN 30
0 A A 1 ) €= T o] (< - o ] o N 35
413 The Seafloor refleCtOr....couiiiie e 35
T2 500 0 700 AN B 1= =Y of ] o 1 ¥ [0 ] o SRS 35
L G T A [0} (=1 o oY =) - 4 (o] [ TP PPUPROPPPPN 40
4.2 YT a1 Tl 0 1) PRSPPSO 40
4.2.1 S0 ettt h e bbbttt e bt e b e b e e eh et e a et e et e bt e eheesheesaresabe e be e beenes 40
V250 20 0 R © 1= =Y of 1 o 1 (o] TSN 40
A 0 A 1 =T o] =1 - 1 o o TN 43
4.2.2 A1 TN 43
0 R D T=Y ol a1 ) 4 (o] PP PP PTPPURPPTPPO 43
T A A A | ) €= T o] =1 - 1 o o TN 44
4.2.3 S et h e bt h ettt e bt bt e be e b e e eh et ea et et e e bt e eheesheesareene e be e beenes 47
0. Tt R B =T ol a1 ) 4 (o] PP P PP PPPURPPTPP 47
L B N [ 1) (=1 4 =) - A (o] [PPSR PP PPTPURPPPP 48
D[ o{U 1 (o] o PSP U PUSTOP 49
5.1 Shallow gas accumulations on the southeastern Loppa High........ccooooiiieiiieeicciiee e, 49
5.1.1 Source and Migration of flUIAS ........ooieciiiiieee e 49
5.1.2 Distribution of ShalloOW ZaS .....c.uveiiiiiiiei e e 51
5.2 Large collapse features and pockmarks on the seabed and URU .........ccccccevvecieeiiiciieeecnnen. 53
5.3 Historical evolution and its impact on the observed depressions ........cccocceeeecieeeeccieeeenneen. 56
(6o 0 Tol [V o WO TP TSROSO 59
REFEIENCES ...ttt ettt b e bt s a e et e et e e be e s bt e sab e st e et e e be e bt e ebeeeaeeeateentean 61



1 Introduction

1.1  Objective

The objective of this thesis is to explain and document how large seabed depressions occur in the distal
parts of the Inggydjupet Trough, SW Barents Sea (Figure 1-1), with the aim of connecting these to sub-
surface fluid migration. Earlier studies shows that fluid flow occur over large parts of the Barents Sea,
and depressions (e.g. pockmarks) are frequently associated with accumulation of gas and fluid
expulsion (e.g. Chand et al.,, 2012; Vadakkepuliyambatta et al., 2013). The depressions seen in
Ingjgydjupet have previosly been interpreted to be tunnel valleys formed by sub-glacial melt water
(Andreassen et al., 2008). However, there are canyons located stratigraphically below these seabed
depressions, and there seems to be a strong correlation between the canyons, depressions, fluid
migration and accumulation. This thesis will investigate the distribution of shallow gas and high-
amplitude anomalies in order to document the correlation between the canyons and seabed
depressions. This is done by interpretating the 3D seismic survey SG9803 with the use of geophysical

attributes.

Figure 1-1: Bathymetric map of the SW Barents Sea and its surroundings. The location of the study area is indicated in red.



1.2 Study area

The study area for this thesis covers about 850 km?and is positioned between 71°53’-72°18 N 22°00’
- 23°31’ E at a maximum water depth of 400 m. The area is situated within Inggydjupet Trough in the
SW Barents Sea, a 150 km long glacial trough located north of Sgrgya between Nordkappbanken and
Tromsgflaket. Structurally, the study area is located on the southern part of the Loppa High, bordering

the Bjarmeland Platform and the Hammerfest Basin.

1.3 Fluid migration

Subsurface fluid forces are governed by gradients found in excess water pressure, natural buoyancy
temperature, and capillarity pressure differences. Lithologic layers slow or restrict the vertical
movement of hydrocarbons (Hooper, 1991). However, migration pathways do not always enable fluids

to reach the seabed; hence, accumulation of shallow gas may take place (Judd, 2004).

The fact that faults may act as both conduit and seal for fluids is well known, and may contribute to
migration pathways (Wiprut & Zoback, 2000; Cartwright et al., 2007). Faulting, in general, will reduce
porosity and permeability because of crushing and grinding of grains within sediments. Cementation
of faults may cause sealing of faults, which in turn stops migration. As fluid migration is halted, pressure
will begin to build up. If the pressure exceeds the fracturing pressure, further faulting will take place.
This process may repeat itself and cause interference within the migration pathways (Knipe, 1992). At
the sides of fault zones, hydrocarbons may migrate into permeable strata and appear as bright spot.
This might be challenging to identify in seismic due to uneven distribution and undefined fault zones.
Variations of leakage anomalies within leakage zones are classified as: stratigraphic levels where the
gas chimney terminates; levels dominated by high amplitudes; or the top of mobilized sediments.

Several leakage processes may take place within one leakage zone (Lgseth et al., 2008).

Permeability (k) is a rock property and the measurement of the ability of a porous material to allow
fluids to pass through it. Permeability is governed by Darcy’s law (Eq 1.1), which relates discharge and

fluid physical properties to a pressure gradient applied to the porous rock. Other contributing factors



is shapes of the pores in the rock and their level of connectedness, such as level of sorting and

consolidation (Bear, 1972).

_ —kA(P,—Py)
Q=—"7" Eq 1.1
Q = Fluid flux (m3/s k = Permeability (m?) A = Area (m?)
M = Viscosity (Pa - s) L = Migration length (m) P,-P; = AP = Pressure difference (Pa)

Equation 1.1 is only valid if there is an absence of chemical reactions, single fluid phase, and constant
elevation, constant instantaneous discharge rate through the rock and viscosity (Bear, 1972; Whitaker,

1986).

As differential pressures, (AP) increases with depths, the density and porosity will decrease
monotonically due to overburden. Compaction will cause an imposing force on grain contacts, which
causes shift and rotation of grains, it is highly dependent on lithology and diagenetic processes, such
as cementation fill in pore spaces. Although overburden, in general, increases density, it might have a
positive effect on porosity and fluid flow as rocks fractures (Guzzetta & Cinquegrana, 1987; Castagna

et al., 1993; Berndt, 2005) .

1.4 Acoustic fluid detection

Seismic expressions of fluid flow are often recognized by high amplitude anomalies and commonly an
indication of hydrocarbon pathways. These indicators may show both increase and decrease in
acoustic impedance. These features include seepage pipes, pockmarks, acoustic pull downs related to
fluid migration, and bottom-simulating reflectors (BSR) (Andreassen et al., 2007; Vadakkepuliyambatta
et al., 2013).

Vertical migration of gas through subsurface strata can cause widely distributed acoustic low-velocity

zones, called acoustic masking (Fig 1.2 a), and is often linked to shallow gas accumulations. Acoustic



masking is a result of deterioration of the seismic data and causes regions of chaotic signals. The nature
and shape of these zones varies accordingly with the process of geological formation, and are
commonly observed with most types of sediment mobilizations (Vadakkepuliyambatta et al., 2013).
Pull down effect (Fig 1.2 a) is a result of low velocity zones caused by gas within sediments. The
presence of gas causes a severe decreases in P wave velocity, thus the reflection will appear deeper in

the seismic than it actually is. (Judd & Hovland, 2007; Andreassen et al., 2007).
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Figure 1.2 — A seismic profile showing different types of seismic indications of fluids associated with fluid flow. From

(Andreassen et al., 2007).



1.5 Pockmarks

Pockmarks are a circular to elongated crater-like depressions found on the seabed caused by fluids
erupting and streaming through the sediments (Figure 1-3) (Hovland & Judd, 1988). The pockmark
density varies greatly from area to area and may reach up to 60 per km? in Norwegian offshore areas
(counting only those with a diameter of 10 m or more). Size is also a fluctuating parameter, and their
diameter are generally between 50 and 100 m with depths in the range of 1-3 m (Judd & Hovland,
2007).

Pockmarks are generally accepted as morphological expressions of leakage from subsurface petroleum
systems and in most cases attributed to expulsion of gas and pore fluids from underlying sedimentary
rocks or sediments (hydraulically active areas). Exploration geologists use pockmarks as a guide in
hydrocarbon exploration and in seismic, they are often located above zones of acoustic masking, such
as gas pipes and gas chimneys. They can be an indication of fluid flow and gas hydrate accumulation
(Figure 1-3). Features associated with seeps can be easier to identify than seabed seepages by
themselves (Judd & Hovland, 2007; Chand et al., 2012; Vadakkepuliyambatta et al., 2013; Rise et al.,
2015).

The SW Barents Sea region, including the western flank of the Loppa High and the Hammerfest Basin,
is also home to many relict pockmarks. These pockmarks are interpreted to have formed by methane
released due to gas hydrate dissociation during the last deglaciation. The largest pockmarks usually
occur in the deepest parts of the troughs where postglacial clays are thickest and decreases towards

basin flanks (Rise et al., 2015).
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Figure 1-3: A: Concept model of a pockmark depression. Gas discharge from the reservoir through a gas chimney. From

Hovland (1989). B: A seismic profile of the occurrence of a pockmark. From Cathles et al. (2010).






2 Geological background

2.1 Large-scale bathymetry of the south-western Barents Sea

The Barents Sea is a shallow, sub-arctic marginal sea located off the northern coast of Norway and
Russia. It borders the Norwegian Sea to the west, Svalbard to the north-west, Franz Josef Land to the
northeast, Novaya Zemlya to the east, the Kola Peninsula to the south and the Polar Sea to the North.
The Barents Sea spans 1 400 000 km? with the vast majority in the Russian territorial waters. As the
majority of the sea is located on the shelf, the average depth varies between 200 to 500 meters (Doré,
1995; Hoel, 2016). The Barents Sea is an epi-continental sea, making the present shelf area one of the
widest continental shelves in the world. The topography is partly influenced by the underlying bedrock
and structural trends, and it is rather irregular and characterized by several shallow bank areas. The
mouths of some of the troughs also display large submarine fans. Other prominent large-scale features
on the continental shelf are wedges, mega scale glacial lineations and iceberg scouring, which is caused
by the ice flows from the decay of the Fennoscandian ice sheet during the Last Glacial Maximum (LGM)

(Andreassen et al., 2008).

2.3 Evolution of the south-western Barents Sea

The Barents Sea has an extensive and complex history, which is related to erosion, uplift and
subsidence, and may be divided into 3 dominant rift phases: The Late Devonian-Carboniferous, the
Middle Jurassic — early Cretaceous, and the early Cenozoic. A number of tectonic pulses are found in

each phase as well (Faleide et al., 2015).

2.3.1 Paleozoic

During late Paleozoic, crustal extension took place in most of the area. This extension is characterized
by a general westward migration of the rifting formations that has caused well-defined rifts and basins.
The crustal extension also caused strike slip fault development in the northern areas. The area has
been largely stable since Late Paleozoic times, with the exception of epeirogenic movement that has

caused most of today’s vertical seabed levels. (Faleide et al., 1993). The SW Barents shelf was formed



as a central part of the northern Late Devonian Pangean margin, which is underlain by a Devonian
metamorphic basement that did form during the Caledonian Orogeny that provided a structural

framework for this area (Worsley, 2008; Smelror et al., 2009).

As the crustal expansion during the Carboniferous took place in most of the Barents Sea, half graben
features began to develop with a NE-trend that can be seen as the Hammerfest Basin today. The Loppa
and Stappen highs were also subject to heavy faulting during the Late Carboniferous to early Permian,
while northeastern parts of the Bjarmeland Platform and Nordkapp Basin were stable (Riis et al., 1986;
Worsley, 2008). Climate change during the Carboniferous also took place that caused extensive

evaporite depositions in the deepest basins (Smelror et al., 2009).

2.3.2 Mesozoic

During the Paleozoic-Mesozoic transition, extensional tectonic movements took place that dominates
the Paleozoic and Mesozoic tectonic history. These tectonic movements also triggered fault
movements that affected the region. (Faleide et al., 1993). Tectonic activities were most active during
the Mesozoic and Cenozoic times in the western parts of the Barents Sea and activity levels began to
cease towards the Triassic and early Jurassic. However, reactivated rifting began to take place during
the Triassic, which caused tilting of the Loppa and Stappen highs (Gudlaugsson et al., 1998). The
eastern areas were also subject to regional subsidence and influx of sedimentations during the early

Triassic (Gudlaugsson et al., 1998; Worsley, 2008).

The Mid-Jurassic is characterized by rifting and extensional block faulting, which is related to the
opening of the Central Atlantic. This Atlantic rifting began to accelerate during the Late Jurassic
towards the Cretaceous and as the North Atlantic opened, major basins and highs ceased to develop
(Faleide et al., 1993). Faulting with eastern and northeastern trends also took place during the Mid-
Jurassic due to the onset of the Kimmerian tectonic phase. This tectonic stage caused extension and
strike-slip alterations, which further sparked sea level changes and a regional transgression. Shales
began to deposit and further subsidence of the Harstad, Tromsg and Bjgrngya basins took place and
became major depocenters, as well with doming in the Hammerfest Basin, and other features such as
the Loppa fault complex (Faleide et al., 1984; Faleide et al., 1993; Worsley, 2008). Uplift and erosion
of the northeastern parts of the Barents Sea brought sediments in these depocenters (Smelror et al.,

2009).



In the early Cretaceous, rifting of the Atlantic continued to play a major role and several pull-apart
basins formed (Figure 2-2), such as Sgrvestsnaget Basin and the Vestbakken Volcanic Province (Smelror
et al., 2009). There are at least three tectonic phases related to Atlantic rifting during the Cretaceous,
which had a profound effect on the marginal structure, which is characterized by extension along the
Bj@rngyrenna fault complex, and terminated rifting in the Hammerfest Basin. The Loppa fault complex
were also given a further activation in the northwestern plane as the Atlantic rifted northwards.
(Faleide et al., 1993). During the Cretaceous, Loppa High was an island that eventually became inverted
as it subsided between the Bjgrngy and Hammerfest basin. Kimmerian fault movements also began to
cease (Faleide et al., 1984). In the Late Cretaceous Atlantic rifting of Norway and Greenland continued
but changed towards a strike-slip movement. The western basins began to subside, while eastern areas

experienced uplift (Faleide et al., 1984; Smelror et al., 2009).

2.3.3 Cenozoic

Strike-slip movement prevailed in the Cenozoic that caused further deformations (Smelror et al., 2009).
These deformations lead to the formations of additional pull-apart basins in the western parts of the
Barents Sea (Faleide et al., 1993). The rifting eventually changed towards a NW-SE course that induced
a reactivation of faults in the Vestbakken Volcanic Province and embryonic seafloor spreading and
graben formations took place around Svalbard (Smelror et al., 2009). Paleocene depositions took place
in these deep marine conditions and persisted today as features such as submarine fans the
Sgrvestsnaget basin (Ryseth et al., 2003). Separation of the Barents Sea shelf and Greenland Sea as
continued since the Oligocene and crust has been formed along the whole margin of the Barents Sea.
This crust formation further causes subsidence and accumulation of a thick Late Cenozoic sedimentary
wedge, which is fed from erosional processes from the Barents Shelf and Svalbard area (Faleide et al.,

1996).

The marginal evolution of the SW Barents Sea, as a passive shear margin, is closely linked to the
successive northward opening of the Norwegian-Greenland Sea, which began in the Paleocene-Eocene
transition. The history, is however, rather complex and uncertainties are linked to the area around the
opening of the southern Greenland Sea. Magnetic anomalies constrains the areas around Senja
fracture zone. The Greenland Sea is further extended in the northern areas due to alterations of the

spreading directions (Faleide et al., 1996).

Glaciation and deglaciation in the Northern Hemisphere has had a major effect on the Barents Sea,

which has been subjected to glaciation on several occasions during the Late Cenozoic. In addition to

9



glaciation, uplift took place as well and the entire Barents Shelf was uplifted during one phase. Because
of this, severe erosion occurred and large amounts of sediments were deposited along the western
margin (Nyland et al., 1992). Notably large sediment accumulations are found west of Bjgrngya,
dominated by trough mouth fans, where packages formed in very thick layers of glacigenic origins
(Vorren et al., 1991). Southern parts of the southwestern parts, such as the Hammerfest Basin and
Loppa High, were subjected a lesser amount of uplift and erosion, usually experiencing less than 2 km

of erosion (Smelror et al., 2009; Henriksen et al., 2011 b).

2.4 Mesozoic-Cenozoic stratigraphy and depositional environments

2.4.1 Mesozoic

During the Triassic, the Barents Sea experienced a deceasing trend in tectonic activities, and remained
rather stable. Although regional subsidence took place (Smelror et al., 2009). Non-siliceous fine clastics
were dominating in early-mid Triassic. As for highs and platforms, there is a major hiatus during the
transition between Permian and Triassic times. Southwestern areas were also prone to coastal
sedimentation with sources from the Fennoscandian Shield and the Uralian orogeny, which also played
a role on sediment transport to deep basins. (Worsley, 2008). The time span of Mid-Triassic to Late
Triassic, shallow shelf depositional environments generally display alternating marine transgression
and regression events. A major sea level rise towards the Jurassic combined with uplifting and high
sedimentation rates, eventually led a vast marine shelf foundation in the Barents Sea. (Faleide et al.,
1984). The Late Triassic-Early Jurassic also displays deltaic and fluvial settings, which reached Svalbard,
and large areas were prone to erosion through uplifting. Flooding of shallow marine environments also
took place in western parts, resulting in anoxic conditions and the formation of anoxic basins (Smelror
et al., 2009). Early and Middle-Jurassic is characterized by areas of uplift and erosional processes in
the western parts of the Barents shelf, which, during the Early Cretaceous, spawned a major sandstone
layer amongst the western margins of the Barents Sea as a result of a Late Jurassic Early Cretaceous
rift phase. This sandstone layer is a prominent upper part of present Loppa High and Hammerfest
basin. Distal and open areas went through development of claystones (Smelror et al., 2009). Fault-
controlled subsidence took place in areas towards Svalbard, which consists narrow extensional basins
containing marginal continental red beds that passes laterally into basinal carbonates and evaporites
(Steel & Worsley, 1984). Late Cretaceous suffers from a heavy hiatus in its seismic data in the Barents

areas (Faleide et al., 1984).
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2.4.2 Cenozoic

The onset of the Paleocene is characterized by severe flooding patterns in elevated areas, such as the
Loppa High, due to a major marine transgression event. Subsidence related depositions took place in
basins eastward from the Loppa High. Indications of a regional hiatus is also present (Clark et al., 2014).
The Paleocene succession indicates an uplift of the wider Barents platform, relative to the Tromsg and

Bjgrngya basins (Worsely et al., 1988).

From Late Cenozoic times to present, uplift and erosion were dominating events, as were fluctuating
guaternary glaciations that specifically began to shape the recent geological history. This led to thick
and prograding sedimentary depositions into the oceanic basins to the west and north (Faleide et al.,
1996). Uplift and glacial erosion has led to limited distribution of Cenozoic strata with estimates of net

erosions that exceeds as much as 500 m in several areas (Nyland et al., 1992).

Glacial packages fluctuates between 0-300 m in thickness on areas on the shelf, and 900 — 1000 m on
areas found on the shelf break (Vorren et al., 1991; Andreassen et al., 2008). As the ice sheet retreated,
depositions of silt and clay mixed with ice rafted debris. This continued for thousands of years and
eventually left glaciomarine clays, which is thickest in depressions and low-lying areas that reach up to
15 m in Inggydjupet (Chistyakova et al., 2010). Large morphological features are seen on the seabed,
which illustrates the dynamic actions of the retreating ice sheet (Andreassen et al., 2008; Winsborrow

et al., 2010).

East of Bj@rngya, glacial deposits can be distinguished from the underlying bedrock from a major
seismic reflector, which is the Upper Regional Unconformity (URU) that diverges into several
unconformities (Vorren et al., 1991; Laberg et al., 2012). In southeastern parts of the Barents Sea, the
URU is sub-parallel with the seafloor and exhibits a horizontal trend, but lowers horizontally westwards

(Andreassen et al., 2008).
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Figure 2-1: Lithostratigraphic diagram of the SW Barents Sea from the Triassic to present day. From (Ohm et al, 2008).
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2.5 Structural elements

The western Barents Sea and Svalbard continental margin consist of structures that can be separated
into three regions: A southern sheared margin along the Senja fracture zone, a central rift complex
associated with volcanism and a northern initially sheared, and later rifted, margin along the Hornsund
fault zone. The Senja Fracture zone, along with Vestbakken Volcanic Province, imprints the western
limit of the shelf and the transition to oceanic crust. The fault systems of Bjgrngyrenna and
Ringvasslgy-Loppa are used to define the limit boundaries between eastern and western parts of the
southwestern Barents Sea and it is bound to the Loppa High in the west (Faleide et al., 1984; Halland
et al., 2013). The western areas of the Barents Sea also includes Jurassic-Cretaceous fault zones that

forms some deep sedimentary basin boundaries (Faleide et al., 1984).

2.5.1 Loppa High

The Loppa High is situated north of the Hammerfest Basin and southeast of Bjgrngya Basin (Fig 2-2).
The Loppa High consists of an eastern platform and crestal western and northwestern margin and
possesses a diamond shaped outline. It is separated in the south by the east-western trending Asterias
Fault Complex. To the west, it is separated from the Tromsg and Bjgrngya Basins by the Ringvassgy-
Loppa and Bjgrngyrenna Fault complexes. In The east and southeast, it borders as a monocline fold
towards the Bjarmeland Platform and the Hammerfest Basin. The northeastern border is marked by a
major salt structure, the Svalis Dome, and its associated rim syncline, the Maud Basin. It is associated
with positive gravity and magnetic anomalies caused by a relatively shallow metamorphic basement

of Caledonian age, which underlie its western parts (Gabrielsen et al., 1990).

The western crest has been rejuvenated as a high at least four times since the Devonian, but tectonism
during Late Jurassic to Early Cretaceous and Late Cretaceous-Tertiary defined its present outline
(Gabrielsen et al., 1990). An important part of the erosional process took place in the Quaternary when

erosion rates increased due to the glacial conditions (Halland et al., 2013).

The Loppa High exhibits a complex geological history with several phases of uplift and subsidence
followed by tilting and erosion. During the Late Carboniferous, rift topography was filled an overlain
by Upper Paleozoic siliclastics, evaporites and carbonate. In the Late Permian to Early Triassic, the

Loppa Ridge was uplifted and tilted, followed by a gradual onlap during the Early and Middle Triassic.

13



A deposition of thick Upper Triassic layer formed which is now known as the Snadd Formation. On the
southern crest, Paleogene shales formed and overlies Middle Triassic claystones (Halland et al., 2013).
The Loppa High exhibits a Polygonal Reef Pattern due to fluctuating sea-level changes caused by up to

100 m thick algae build-ups (Smelror et al., 2009).

2.5.2 Hammerfest Basin

The Hammerfest Basin (Fig 2-2), a shallow basin with depths up to 6-7 km with an ENE-WSW striking
axis, is separated from the Finnmark Platform to the south by the Troms Finnmark Fault Complex, and
from the Loppa High to the north by the Asterias fault Complex. Its western limitation towards the
Tromsg Basin is defined by the southern segment of the Ringvassgy-Loppa High Complex, whereas its
eastern border at the reference level has the nature of a lithospheric flexure against the Bjarmeland
Platform (Gabrielsen et al., 1990). The eastern and northern border faults juxtapose a Jurassic aquifer
towards Triassic formations. Eastern parts exhibits gradual transitions into formations found in the
Bjarmeland Platform (Halland et al., 2013). The Hammerfest Basin may be parted into two sub-basins
— western and eastern, which is diverged by the extension of the Trollfjord-Komagelv fault trend. The
western sub-basin show a generally westward trend towards the Tromsg Basin and is characterized by
a moderate central dome, which parallels the basin axis. Its fault system show trends in the E-W, ENE-
WSW and WNW-ESE directions. As for the eastern sub-basin, it shows lesser trends of faulting, and it
exhibits sag basin characteristics. Structurally, the Hammerfest Basin has been dominated by
extension, although it has been suggested that the deformational style indicates Late Jurassic to Early

Cretaceous strike-slip reactivation (Gabrielsen et al., 1990).

Northeastern trending basins of the southern Barents Sea can be traced back to Late Devonian to Early
Carboniferous times, which is pursuant with the separation dates of the Hammerfest Basin from the
Finnmark Platform that occurred in Late Carboniferous times. The Hammerfest and Tromsg basins
were presumably parts of a larger epeirogenic depositional system during the Triassic to Early Jurassic,
still it appears as the Hammerfest Basin identified as a separate depocenter during the Lower Triassic.
The present outlines emerged during the Mid Jurassic, along with its central dome feature (Gabrielsen

et al., 1990).

The strata of Middle to Upper Triassic is characterized by lower sequences of interbedded shales and
sandstones, which is periodically carbonaceous with fragments of coal, overlain by a shaly and silty
unit that with an increasing amount of sandstone upwards. Sediments are interpreted to be of deltaic

environments (Linjordet & Grung, 1992). From Lower to Middle Jurassic, the strata consists primary of
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sandstones interbedded with thin shale layers. These layers are deposited in a shallow marine to

coastal plain environment with fluctuating coastlines (Linjordet & Grung, 1992).

2.5.3 Bjarmeland Platform

The Bjarmeland Platform (Fig 2-2) is situated, and represents, the area between the Hammerfest and
Nordkapp basins to the south and southeast, and against Sentralbanken and Gardarbanken highs in
the north. It borders, and is terminated by, the crestal areas of Loppa High in its southwestern areas.
The Bjarmeland platform went through an uplift during the Tertiary, which resulted a gently southerly
dip of platform sediments and a gradual subcrop of older sediments to the north at the unconformity
of the Quaternary base (Gabrielsen et al., 1990). Stable Late Paleozoic structural features are found in
the Bjarmeland Platform. These structural features are interpreted as a transition from a pre-platform
to a platform development during boundary between Early Carboniferous clastic rocks and Late
Carboniferous to Permian carbonates. Foraminifera found in cores indicates similar results (Gabrielsen

et al., 1990; Bugge et al., 1995; Larssen et al., 2002).

The platform started to develop as a stable platform during the Late Carboniferous, and is assumed to
be underlain by Paleozoic and Precambrian rocks. It was presumably terminated to the west by a fault
zone, with a north-south orientation, during the Late Permian to Early Triassic. Its border against Loppa
High took place as a result of tectonism during Late Mesozoic, which gave rise to the present Loppa
High and Fingerdjupet subbasin. Structural elements in central areas of the Bjarmeland platform are

related to salt tectonics and fragile extension (Gabrielsen et al., 1990).
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Figure 2-2: Structural elements in the study area. Loppa High shown in red. Seismic survey SG9803 shown in black. Modified

from (Henriksen et al., 2011).

2.6 Uplift and erosion of the Barents Sea — implication for hydrocarbon reservoirs

Uplift and erosion has taken place in the southwestern Barents Sea on several occasions. Different
methods, such as vitrinite reflectance, fission track analysis and mass balance calculations, shows a
range between 500 and 3000 m, with an increase from west to east (Figure 2-3). It is important to
distinguish between tectonic uplift, which is an active uplift mechanism, and passive uplift caused by
erosion of sediments that leads to isostatic adjustment. Active uplift mechanisms leads to erosion and
place sediments above sea level (Reemst & Cloetingh, 1994). The south-west Barents Sea also exhibits
deformed sequencing due to tectonic movements from the Late Mesozoic and Cenozoic, which differs
from the thick and un-deformed general trend in the Barents Sea. This has proven to make structural

correlations difficult task (Nyland et al., 1992). This large-scale, predominantly glacially related, uplift
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and erosion that has caused a major impact on sedimentation depositions and other features such as
hydrocarbon accumulation in petroleum systems. As for prospectivity, the reservoir qualities, at
certain depths, are generally lower than expected and source rocks display more maturity than
expected. A majority of Barents Sea wells shows that most the Paleogene section and the entire
Neogene section is not present (Henriksen et al.,, 2011 b). Seal failure related to removal of
sedimentary overburden is thought to be the primary cause of such reservoir properties. Other
reservoir qualities affected by uplift are porosity and permeability. Reservoir rocks tend to have the
compaction and diagenetic properties that reflects its deepest burial depth. However, diagenetic
processes will in general reduce porosity and permeability, causing the uplifted reservoir rock to

possess a lower reservoir quality than expected at this depth (Doré & Jensen, 1996).

Reduced pressure related to uplift and erosion will cause present gas to expand. Hence, if a reservoir
is filled to its spill point, the hydrocarbons will eventually leak out from the reservoir. In other words,

present oil will leak out, essentially leaving only gas (Doré, 1995).
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Figure 2-3: A regional map of the Greater Barents Sea illustrating the net erosion. Over the entire Barents Sea region net
erosion ranges from 0 to > 3000 m. Location of survey SG9803 is marked as red (not to scale). Modified from Henriksen et al.
(2011 b).
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3 Data & methods
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Figure 3 -1: Overview of the datasets used. Seismic dataset SG9803 as indicated. Wells 7222/11-1 can be seen as red dots.

3.1 Datasets

This study is based on the 3D seismic dataset SG9803 located in the southwestern Barents Sea, along

with the exploration well 7222/11-1 to correlate seismically stratigraphic units.

3.1.1 Seismic data
The seismic 3D dataset SG9803 was collected by Saga Petroleum in 1998 and provided the support for
well 7222/11-1 (NPD, 2016). See table 3.1 for more detailed info.

The convention adopted for the seismic polarity, is that of SEG (Society of Exploration Geophysicists)
standard. In the SEG standard polarity, convention is based on a negative water-bottom reflection

coefficient, which corresponds to a positive polarity. Thus, the zero-phase wavelet will be symmetrical
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with respect to zero time and will peak at zero time. For SEG reverse polarity, it is flip-sided. The
minimum phase wavelet has a short time duration and a concentration at the start of the wavelet, thus

it begin with a “down kick” and is zero before zero time (Yilmaz, 2001).

A Normal
polarity

Zero-phase RCH - ’ "

Minimum-phase Re+ -} oo

Upper Zero Crossing

i

*-'.‘* - W

<+— Maximum——

Lower Zero Crossing
Amplitude

Min 0 Max

Figure 3-2: A: Overview of SEG polarity convention. Normal zero-phase is used for this study (Sheriff, 2006). B: A zero-phase
signal with positive polarity from the seabed reflection in SG09803. Positive amplitude is given in red/yellow, while negative

amplitude is given in blue. C: Explanation of terminology used on the seabed reflector seen in B.

Table 3-1: Overview of seismic information used in SG9803. Location of SG9803 can be seen in Figure 3-1.

Polarity Phase Dominating | Area Inlines Crosslines | Inline
frequency (km?2) orientation
(Hz)

Normal Zero-phase | 40 850 1824 3643 NW - SE

20



3.1.2 Well data

Well 7222/11-1 (Fig 3.1) was drilled in 2008 with the Polar Pioneer platform, with its primary objective
being to prove possible hydrocarbon accumulations in middle and upper Triassic reservoir rocks. It did
contain both oil and gas, in which exploitable gas accumulation is estimated to be between 2 — 14
billion Sm3. However, due to poor reservoir qualities, in addition to complicated formation structures,
it is temporary plugged and abandoned (NPD, 2008). The well data is used to determine age of seismic

units and reflectors. See table 3.2 for more detailed info.

Table 3-2: Overview of information of lithostratigraphic units found in well 7222/11-1. Location of 7222/11-1 can be seen in

Figure 3-1.

Interval Top depth TWT (ms) Top depth TVD (m)
Water column - -
Nordland GP 531 379

Kapp Toscana GP 591 451
Fruholmen FM 703 589

Snadd FM 740 636

Kobbe FM 1620 2007

3.2 Seismic interpretation and indications of fluids

Seismic mapping is a geophysical technique where the aim is to map geological structures from
reflection of seismic waves. The waves are created from a seismic energy source and by examining
the travel time of these waves caused by rock interfaces, known as reflectors, we can “map” the

subsurface layers and structures of the earth.

Their own acoustic impedance, Z, defines the subsurface layers, which is defined as:

Z=9p- v Eg 3.1

Where p = density, and v = velocity.

21



The reflection strength at a boundary is governed by a reflection coefficient and can be quantified

between -1 < R < 1 with the following equation

— (Z2-24) — (P2v2— p1v1)
(Z2+24) (p2v2+ p1v1)

Eq3.2

Where

R = the reflection coefficient
p1 = density of medium 1, vi = velocity of medium 1

p2 = density of medium 2, vz = velocity of medium 2

The physical nature of rocks determines if the reflection coefficient will be positive or negative, that is
“softer” overlying “harder” rocks or vice versa. An obvious result of the reflection coefficient equation
is that stronger amplitude yields stronger reflections. In most cases, the magnitude and reflection are
determined by geological conditions, thus forming a connection between reflections and geology

(Andreassen, 2009).

3.3 Seismic Resolution

Seismic resolution is the ability to differentiate how close reflectors can be, yet still be distinguished.
There are two points of resolution — vertical and horizontal, both of which are controlled by signal
bandwidth. Seismic velocities will generally increase with depths, as compression will take place and
cause diminishing resolution due to decreasing frequencies (Yilmaz, 2001). In 3D seismic data you can

see an object if it is larger than either the vertical or horizontal resolution (Rafaelsen, 2006).

The relationship between velocity, frequency and wavelength with increasing depth can be seen in

(Figure 3.2). The dominant wavelength of seismic waves is given by:

A= Eq3.3

v
f

Where v is velocity and f is the dominant frequency.
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Figure 3.4 — The relationship between velocity, frequency and wavelength with increasing depths. Taken from (Brown 1999).

3.3.1 Vertical Resolution

The standard basis for vertical resolution is the dominant wavelength (Eq 3.3). To distinguish two
reflections, one from the top and one from the bottom of a thin layer, there is a limit on how close
they can be, yet still separable. This limit is governed by the layer thickness, and is the core issue of
vertical resolution as wavelengths determines the resolution. The general acceptable threshold for
vertical resolution as a limit of separability is a quarter of the dominant wavelength, and is the smallest

separation of two wavelengths at a given time (Eq 3.4) (Yilmaz, 2001).

Eq3.4

3.3.2 Horizontal Resolution

As sound wave fronts travels in three dimension spherically, the horizontal resolution is governed by
the Fresnel zone and refers to how close two reflection points can be situated horizontally, yet be
recognized as two separate points rather than one. Thus, to distinguish lateral elements on seismic

data, the elements needs to exceed the Fresnel zone (Yilmaz, 2001).

The Fresnel zone is defined in Figure 3-5 A.
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Hence, the radius of wave fronts may be approximated to:

= /@_E Lo
r= 5 —2\/7 Eq 3.5

In 3D seismic, the Fresnel zone is reduced to an eclipse perpendicular to a small circle with higher focus

and resolution (Figure 3-5 B). The Horizontal resolution is thus given as:

= — Eq 3.6

By using Eq 3.6 and a p-wave velocity of 1800 ms (average glacial sediment velocity), the horizontal

resolution of SG9803 is calculated to 11.25 m.
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Figure 3.5: A — The definition of the Freznel zone in terms of dominant frequency, f. Taken from (Yilmaz, 2001)..B: — The
focusing effect of migration in two and three dimensions. The small red circle depicts the 3D migration. Modified from

(Rafaelsen, 2006).
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3.4  Artefacts

Artefacts can take place in seismic data and interferers the data and/or may cause misinterpretation.
The artefacts found in SG9803 are related to the acquisition of the data, which appears as parallel lines
in the same directions as the gathering vessel at the surface, and as “faults” beneath them (Figure 3.6).
These are called seismic acquisition marks, and avoided by altering the light settings, but can still be

noticed.

Figure 3.6: Seismic profile showing the occurrence of seismic acquisition marks. Sub-surface as horizontal lines to the left and
parallel lines on the surface.

3.5 Software

3.5.1 Petrel

Petrel is the primary software used in this thesis. Petrel is a tool owned by Schlumberger and is an
exploration and production software platform used by the petroleum industry. It allows the user to
interpret seismic data, perform well correlation, calculate volumes, and produce maps and so forth.

Depth of seismic data is given in two-way travel time (TWT).

RMS (root mean square) amplitude maps are used to map out amplitude anomalies in areas associated
with fluid flow. The RMS attribute map calculates the sum of average amplitude values for a given
window. These values are then squared in order to avoid negative values before the square root is
used. This process causes enhancement of seismic amplitudes allowing easier identification of zones
of interests, as the impedance contrast between sediments and morphological structures are
heightened. Time thickness maps are used to map out the TWT between two surfaces, which is further

used to illustrate the thickness and extent of seismic units.
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3.5.2 CorelDraw

Figures used in this thesis are made through CorelDraw, a vector graphic editor.
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4 Seismic stratigraphy

This chapter will focus on the description of the seismic reflectors and units interpreted within the 3D
dataset SG9803. The three reflectors described in this study are the base canyon, the upper regional
unconformity (URU), and the seafloor (the URU and seafloor coincides in the southwestern parts of
the area). An overview of the reflectors is shown in (Figure 4-1). Depths are given in two way travel

time (ms).
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Figure 4-1: Inline 8215 illustrating the interpreted reflectors. The seafloor reflector is shown in green, the URU in yellow and

the base canyon as teal. Notice that the URU is truncated by the seafloor reflector.

4.1 Main reflectors

4.1.1 The base canyon reflector

4.1.1.1 Description

The base canyon reflector (Figure 4-1) is situated between 553 to 1635 ms TWT. The base canyon
reflector is discontinuous, and truncates the underlying Mesozoic strata (Figure 4-2). Hence, the base
canyon is an angular unconformity (Figure 4-2 B).The reflector displays five V-shaped canyons in its
middle parts (Figure 4-2 C), and a significant depression towards southeast (Figure 4-2B). The canyons

displays a decreasing trend in size from southwest towards northeast.
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Canyon #1 is situated on the western side and the white dotted line marks its southeastern termination
(#1 at Figure 4-2 C). Canyon #1 is up to 3500 m at its widest. The canyon reaches depths of 1200 ms
TWT and with a length of up to 18000 m along its longest path. The canyon has a meandering shape,

and divides into two major paths.

Canyon #2 (Figure 4-2 C) has a width of up to 3000 m at the crests with alternating continuous to
discontinuous reflections at its interface (Figure 4-2 A, C & Figure 4-10). The canyon is mostly situated
on depths of about 700 to 800 ms TWT, although depths down to 900 ms TWT exists. Canyon #2 also
show meandering character, but to a lesser extent. The bottom base length of canyon #2 is about

15000 m, and it divides and branches out towards northwest.

Canyon #3 and #4 (Figure 4-2 C) displays similar properties and has an upper width of up to 2000 m
between the shoulders, but differs in horizontal orientation. They are situated on depths of about 900
ms TWT. Meandering is far less prominent in these canyons, and there are little to no sign of branching

at their termination points.

Canyon #2 (Figure 4-2 C) is the smallest one, and it is situated in an area where the data quality is poor
as the reflector is discontinuous with low to medium amplitude. The width is up to 800 m. The length
of the canyon is measured to around 3000 m, but it may continue further northwards. It is situated

slightly above the others on a depth of about 800 ms TWT.
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Figure 4-2: A: Inline 8265 illustrating the base canyon reflector in teal. B: Crossline 4603 illustrating the base canyon reflector

in teal. C: Surface of the base canyon reflector. The black seismic line refers to the profiles shown in (A) and (B). Canyon features

are indexed as 1 to 5. See figure 5-1 for reflector overview. Vertical exaggeration set to 10x.
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4.1.1.2 Interpretation

The base canyon reflector (Figure 4-2) is a result of erosional processes taking place under regional
uplift of the Loppa High. According to (Gabrielsen et al., 1990), the Loppa High was an island during
most of the Cretaceous, being eroded along its margins by deep canyons cutting into the Triassic
sequences supplying submarine fans to the surrounding basins (Faleide et al., 1993). Cretaceous

sequences appear as units that onlap and infill these erosional valleys.

The base canyon reflector (Figure 4-2) is a result of erosional processes taking place under regional
uplift of the Loppa High. According to Gabrielsen et al. (1990), the Loppa high was uplifted during Late
Jurassic to Early Cretaceous time, and continued as an island during most of the Cretaceous. The uplift
lead to erosion along the margins creating deep erosional valleys or canyons cutting into Triassic

sequences, and hence, forming submarine fans in the surrounding basins (Faleide et al. 1993).

As the reflector dip from northwest to southeast, the sediment thickness and depositional
environments differs and hence, the reflector shows varying reflection characteristics along its path
due to erosion of different lithology (Fig 5-9 B). In high areas close to the URU reflector (Figure 4-2 B),
the reflector is discontinuous with low to medium amplitude, which may be credited to erosional
deglaciation processes leaving only resistance surfaces and/or combined with underlying fluid

migration.

4.1.2 The URU: upper regional unconformity

4121 Description

In general, the URU is quite continuous. The URU is truncated by the seafloor in southwestern areas.
It spans from 474 to 652 ms in TWT. Its amplitude is mostly strong. The seismic tracking of the URU in
SG9803 is based on the work of a previous master thesis (Midtbg, 2000). The URU will further be

described in two sub-divisions based on the topography (Figure 4-3 B).

Area | (Figure 4-3 & Figure 4-4) is rather flat and ranges from 475 to 550 ms TWT, with the shallowest
part in the northeast, dipping towards the southwest. A prominent feature in area | is the northwest-

orientated depression in the southwestern part, which extends up to 4400 m in width. The area is also
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covered with small circular depressions with depths up to 25 ms and widths up to 500 m (Figure 4-4 A

& C). Linear marks with a northeastern direction is situated along the surface.

Area Il (Figure 4-5) is about 550 km?, and ranges from 510 to 650 ms TWT in depth and shows a trend
of alternating amplitude strengths, with some discontinuity. The middle parts shows a large
depression, which is up to 600 ms deep and 3000 m long (Figure 4-3 B & D). The depression is also
adjacent to circular depressions (B & D) which is the deepest parts of the URU reflector, consisting of
depths up to 650 ms and diameters up to 2000 m. Discontinuous areas are present in the southwestern
areas (Figure 4-3 A & D). Two linear depressions are present in the northeastern areas (Figure 4-5 A &

D) with lengths of about 13000 m and depths up to 15 ms.
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Figure 4-3: A: Inline 7415 illustrating the extent of the URU reflector. B: Surface of the URU reflector. The black line refers to
seismic inline 7415. Dotted white line illustrates the topographical sub-areas for further interpretation. Vertical exaggeration

set to 10x.
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Figure 4-4: A: Inline 8615 illustrating the URU reflector. B: Sub-divisions used of the URU reflector surface. C: Enlarged map of

URU surface area I. The black seismic line refers to the seismic profile shown in (A). Vertical exaggeration set to 5x.

33



a A | B

500 ms

Elevation time (ms)

480

D

Crossline 6403

0 15

Figure 4-5: A: Inline 7165 illustrating the URU reflector. B: Crossline 6403 illustrating the URU reflector. C: Sub-divisions of the
URU reflector surface. D: Enlarged map of URU surface area Il. The black seismic lines refers to the profiles shown in (A) and

(B). Vertical exaggeration set to 5x.
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4.1.2.2 Interpretation

The URU (Figure 4-3) is a regional erosion surface found in the Barents Sea, and defines the base of the

glacigenic sediments on the shelf (Vorren & Kristoffersen, 1986).

Area | (Fig 5-7) is a rather homogenous surface, in terms of depths and erosional patterns, which is
likely caused by a rock that exhibits resistance towards erosion. However, there is one prominent
feature - a large-scale depression, spanning some 4400 m at its widest. This depression is likely a paleo-
trough of ice stream origins, which seems to continue in Area Il. The circular depressions of area | is
hard to interpret, as the underlying seismic resolution is poor (Figure 4-4) and artefacts were difficult

to remove. The circular depressions could be paleo pockmarks and/or seismic acquisition artefacts.

Amplitude anomalies are seen beneath the surface of area Il (Figure 4-5 B), which is likely caused by
underlying fluids. This explains the circular depressions (Figure 4-5 B & Figure 4-5 D), and is likely
explained through underlying fluids (l.e. pockmarks), which is likely linked with accumulation of gas in
sediments in the region. These depressions also correlate with both depressions further explained on

the seafloor.

4.1.3 The seafloor reflector

4131 Description

The reflection has a continuous high amplitude. The depths to the seafloor ranges from 360 ms to 580

ms TWT, and has a southwesterly dip. The seafloor is divided in three sub-areas (1, l1& lll)(Figure 4-6).

In the northeast (Area | in Figure 4-6 C) the seafloor is dominated by furrows. These furrows ranges
from depths of 1-10 ms TWT and widths of 50 m to 150 m and their numbers decline from northeast
towards southwest as the water depths increase. The deepest furrows are found on depths of 570 ms
TWT. A majority of the furrows exhibits an east-west orientation. In the western part of area | there is
a slope that ranges from 0.5 degrees in the northern parts and 2.5 degrees further south. The southern

parts of the area is very smooth and horizontal, although it exhibits a small southwesterly incline.

A prominent slope separates area | and Il in the eastern part of the study area (Figure 4-7 A & C). Some

small circular depressions occur, with widths up to 100 m. Furrows are also present here, but they are

35



much shorter in extent. The transition towards south is dominated by the topographical changes of

area lll (Figure 4-7 C).

Area lll (Figure 4-8) covers the southern and deepest area of the survey, opposed to area | & Il the
topographic characteristics is different, which is caused by truncation of the URU reflector (Figure 4-8
A). The area is overall very rugged. The most prominent feature found in this area is a southwestern
orientated meandering depression located in the central part of area lll. This depression is about 50
ms deep and up to 650 m wide (Figure 4-8 A & C). The seabed is rather flat and smooth north of this
feature, with some minor furrows of random directions, with a circular depression towards northwest.
The southern parts of area Il also exhibits depressions and minor furrows. The depressions of Area I

correlates with subsurface high-amplitude areas (explained in the seismic unit section).
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Figure 4-6: A: Inline 7515 illustrating the seafloor reflector in green. B: Sub-divisions of the seafloor areas. C: Enlarged map of

seafloor area I. The black seismic line refers to the profile shown in (A). Vertical exaggeration set to 10x.
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Figure 4-8: A: Inline 7815 illustrating the reflectors interpreted. The seafloor reflector is shown in green and the URU reflector
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contour map of seafloor area Ill. The black seismic line refers to the profile shown in (A). Vertical exaggeration set to 10x.
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4.1.3.2 Interpretation

Area | is rather planar, with a slight incline towards east, and prominent furrow features (Figure 4-6),
which are likely caused by iceberg plough marks, a common seafloor feature found in the latitudes of
SW Barents Sea (Andreassen et al., 2008) . The plough marks does generally show an east western
orientation. The width and depth of the plough marks, up to 150 m wide and 10 ms deep, reveals that
the icebergs must have been of considerable size. All though the majority of plough marks show an
east western orientation, there is a lesser amount of intersecting plough marks, yet they are of smaller
nature - a feature that could be caused by temporary changing sea ice dynamics. The depressions
around area | are situated within the Inggydjupet Trough, a trough that was eroded by fast-flowing ice

streams during the last glacial maximum (Winsborrow et al., 2010).

Area |l does also display furrows which is likely caused by plough marks, yet they are smaller than those
described in northern area I. Area Il is situated on a depth of about 500 ms (Figure 4-7 C), a similar
depth of that on southern area |, hence the icebergs need to reach deeper in order to gouge the
seabed. Sediments accumulated in area Il may have been caused by drifting from area |, as it is situated

below and in the same direction as the plough marks.

Accumulation of hydrocarbon gas in sediments is known to take place in this region. This is caused as
glaciations remove thick layers of seabed sediments, which triggers opening of pre-existing faults and
creation of new ones, facilitating fluid migration and eventually escape from the sub-surface (Chand

et al., 2012)

4.2 Seismic units

421 SO

42.1.1 Description

Unit SO (Figure 4-9) is situated beneath the base canyon reflector. It and is about 400 ms at its thickest.
Its thickness is governed by the lateral extent of the base canyon reflector (Figure 4-2). The internal

reflection configuration varies between parallel and subparallel (Figure 4-9).
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The internal reflection amplitudes are high and internal reflectors are rather continuous, but

distortions appear around high amplitude areas (Figure 4-9).

Several high-amplitude anomalies are found along the ridges adjacent to the canyons (Figure 4-10 B).
The density of amplitude anomalies are decreasing from west to south, and the strongest ones are
located southwest of canyon #1 (Figure 4-10), and follow the ridges laterally as well (from southeast

to northwest).

Acoustic masking and dim zones are observed beneath bright spots (Figure 4-9 & Figure 4-10)
throughout the unit, and these extend through several internal stratigraphic units. These are especially

prominent in proximity to faulting.

Figure 4-9: Inline 8065 illustrating the extent of SO (shaded yellow) beneath the base canyon reflector (teal).
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Figure 4-10: A: Crossline 4203 along the seismic anomalies west of canyon #1. B: Crossline 4903 along the anomalies of the
ridges between canyon #1 and #2. C: RMS amplitude map of seismic unit SO. The RMS search window is set to 25 below the
base canyon surface. Yellow lines refers to the profiles shown in (A) and (B). Canyon #1 and #2 are shown as shaded blue.



4.2.1.2 Interpretation

The parallel to wavy reflection characteristic is associated with uniform sedimentation conditions for
the sequence on top of a subsiding substratum. Parallel geometry occurs in shallow waters, reflecting
coastal plain or shallow marine depositional environments (Veeken, 2007). Earlier studies have shown
that this unit is characterized by fluvial to shallow marine sedimentary environments. (Smelror et al.,
2009; Henriksen et al., 2011 b). The upper termination limit of unit SO is a result of later erosion, which

subsequently formed the canyons.

Internal fluid migration is clearly visible within SO, as features such as dim zones and chimney
structures (seen as distorted seismic) and local bright spots are present (Figure 4-10). The bright spots
suggests accumulation of gas. Gas chimneys are associated with irregular distribution of low-velocity
gas-charged zone, formed due to an upward migration of gas/fluids (Vadakkepuliyambatta et al.,

2013).

422 S1

4221 Description

Seismic unit S1 (Figure 4-11 & Figure 4-13 A) is situated between the base canyon and the URU (Figure
4-1), and is up to 1000 ms thick to its eastern/southeastern directions and gradually thins and pinch
out towards west and northwest. The upper termination of S1 is truncated by the URU. The thickness
is up to 500 ms within the canyons (Figure 4-13 A), which show signs of subparallel infill. Towards

southeast, S1 shows tangential oblique features (Figure 4-11 B).

Unit S1 consists of rather discontinuous reflections internally (Figure 4-11 A). Disruptions also occurs.
Internal amplitudes is generally weak, with some exceptions of medium amplitude reflections, such as
those shown in the middle parts of Figure 4-11 B. Areas close to the canyon ridges of unit S1 (Figure 4-
11 A) are characterized by a transparent reflection configuration and irregular reflections. High-
amplitude areas in S1 are very few, but some are located in the western part of the survey (Figure 4-

12).
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Figure 4-11: A: Inline 8215 illustrating the reflectors used to define the unit boundaries. Seismic unit S1 is represented by the
blue shade. Seismic unit S2 is represented by the red shade. B: Crossline 6203 illustrating the above seismic units C: Overview

of the seismic lines used (in yellow).

4.2.2.2 Interpretation

Both internal amplitudes and continuities of reflections of S1 (Figure 4-11) is poor, but they generally
show a parallel to subparallel configuration, especially in lower parts of the canyons. Lower parallel to
sub-parallel configuration is associated with the marine and shallow marine sedimentary environment,
as the canyons were filled. Discontinuity in upper parts of S1 (Figure 4-11 A) is likely caused by different
depositional environments and unconsolidated sedimentation and fluids trapped within sediments.
The transparent reflections in areas close to the canyon ridges of unit S1 (Figure 4-11 A) are likely a

result of fluid migration related to the canyon ridges of SO.
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The thick south-southeastern section of S1 (Figure 4-11 B & Figure 4-13 A) is situated in the
Hammerfest Basin. The seismic shows a direction of downward coastal onlap along the Loppa High
slope, and sediments have likely eroded from Jurassic strata and deposited in the form of basin floor

fans or turbidity lobes during the Cretaceous.

The high amplitude areas within S1 (Figure 4-12) is likely caused by the URU in this area, which acts as
a less permeable barrier between the seafloor and S1, causing accumulation of fluids. Fluid migration
within S1 correlates and is likely the cause of depressions seen in the seafloor, such as pockmarks and
the crater structure (Figure 4-8 C). This is explained as high amplitude areas within S1 is close to non-
existent, which suggests that fluids reaches the seafloor (i.e. no accumulation) and subsequently
causing the depressions seen in the seafloor (Figure 4-7). Fluids also seems to migrate some parts

upwards to S2 (later descripted in S2 section).

Min RMS Amplitude Max

Figure 4-12: RMS amplitude map of S1. The RMS search window is set to 30 above base canyon reflector. Yellow lines illustrates

depressions on the seafloor.
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Figure 4-13 A: Thickness map of unit S1. B: Thickness map of unit S2. Overview of seismic units are seen in Figure 4-11.
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423 S2

42.3.1 Description

Seismic unit S2 (Figure 4-11 & Figure 4-13) is situated between the URU and seafloor (Figure 4-1). The
unit is up to 160 ms TWT thick in the central part of the study area, and about 100 ms TWT thick in the
northeastern areas (Figure 4-13). Towards east, the unit displays a wedge geometry. The western and
eastern areas generally show very similar patterns with thickness around 40 ms TWT. Thin and
somewhat flat areas are found in the northern parts with thickness around 80 ms TWT. Reflection

configuration is in general discontinuous, with various amplitude strengths.

High-amplitude areas is mostly seen in S2 (Figure 4-14) in the north and northeast of the survey.
Reflections is highly distorted and weak within S2 in areas close to amplitude peaks. Signs of fluid
migration is present and related to areas in proximity to high-amplitudes and often correlates with
circular seafloor depressions (Figure 4-7 C). Depressions of the URU surface (Figure 4-5) are also in

proximity to high amplitude beneath S2 (Figure 4-10 & Figure 4-14).
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Figure 4-14: RMS amplitude map of seismic unit S2. RMS search window is set to 25 above URU. Yellow lines illustrates

depressions of seafloor, whilst blue lines illustrates URU depressions.

4.2.3.2 Interpretation

The wedge in the eastern part is likely the result of an advancing glacier, as reconstructed by

(Winsborrow et al., 2010).

The high-amplitude area in the middle of the S2 unit (Figure 4-10 & Figure 4-14) is likely related to the
former ice streams in the area by removing unconsolidated sediments and leaving resistant rock. The
amplitude anomalies are explained through these lithological changes (change in acoustic impedance),
as this area displays the same direction as the depression of the URU surface seen in Figure 4-5. Other
high-amplitude anomalies seen in S2 is likely linked with fluid migration, which can be explained by the

correlation of fluid related seafloor depressions (Figure 4-7 C).
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5. Discussion

The results and observations from the stratigraphy chapter will be further used to explain and
document how the seabed and URU depressions within Inggydjupet are formed, and how the
amplitude anomalies found within SG9803 are related to these depressions. Mechanisms related to

fluid migration will also be further analyzed and integrated with the results.

5.1  Shallow gas accumulations on the southeastern Loppa High

The acoustically masked areas observed in the result chapter yields valuable information about
accumulation, trapping and migration pathways. Fluid flow through marine sediments is a dynamic
process, as fluid migration is associated with excess pore-fluid pressure, uplift and erosion, dissociation
of gas hydrates, and hydrocarbon generation, leakage from deep and shallow source rocks and

reservoirs (Vadakkepuliyambatta et al., 2013).

5.1.1 Source and migration of fluids

Zones of acoustic masking and/or acoustic distortions is common beneath the canyon reflector in
seismic unit SO (Figure 4-10). The deteriorated seismic signal suggest that this is associated with gas
chimneys. This indicates that the chimneys seen in the study area represents leakage pathways (Figure
5-1). However, permeability is seldom the same in all directions within a rock and vertical permeability
is generally far lower than permeability horizontally to the bedding (Selley, 1998). Thus, migration
takes place in all directions, but SO is probably more permeable than S1, causing the migration paths
observed within SO and along the canyon flanks (Figure 5-1). Faults are a common feature within the
Snadd formation and in areas where acoustic masking occur, and can be seen all over the SG9803
survey (in both areas beneath the canyons and areas beneath the URU). Migration linked with shallow

faults are likely a contributor some of the shallow gas and accumulations seen (Figure 5-2).
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Figure 5-1: Concept model of fluid flow within canyon #2 in seismic unit SO. The dim zone (shaded yellow) is an indication of

fluid accumulation and is terminated as a high amplitude bright spot.
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Figure 5-2: Concept model of shallow fault related fluid migration within the survey. The fault plane is related to acoustic
masking, which is terminated as a high amplitude area beneath the URU. This suggest that the URU is impermeable in this

area causing accumulation of fluids.
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5.1.2 Distribution of shallow gas

High amplitude anomalies linked with accumulation of shallow gas are differently distributed due to
the different nature seen within the seismic units. As observed in seismic unit SO, the anomalies are
mostly situated in the canyon ridges and along the canyon flanks (Figure 4-10). These observations

suggests that accumulation within SO is caused by the different permeability compared to S1.

As seen in the RMS amplitude maps (Figure 4-10, Figure 4-12, Figure 4-14), few high amplitude areas
can be seen above the URU, or within S2. High-amplitude areas are mostly situated beneath the URU
(Figure 5-2). This suggests that S2 has a low permeability and traps ascending gas in most of the survey,
although anomalies are observed in the western parts (Figure 4-13). In the southwestern areas where
the URU is not present, it is observed a very different topography on the seafloor (Figure 4-8). This
correlation strongly suggests that the absence of URU leads to gas seepage to the water column and
different properties of the seabed, or S2, which further causes the large depressions observed (Figure

5-3). The depressions will be discussed later.

However, there are anomalies found within S2 (above the URU) (Figure 4-14), which may be linked
with faulting and/or fracturing due to pressure build up. These anomalies are mostly found in the
western parts of the survey, where the URU seems to have an impact on SO (as an impermeable barrier

altering pathways), and related to the depressions seen in the seabed where S2 is present (Figure 4-7

& Figure 5-4).
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Figure 5-3: Concept model of fluid migration related to the presence of the upper regional unconformity (URU). The model is

based on the depression seen as the collapse structure seen in (Figure 4-7).
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Figure 5-4: Concept model of depressions observed above the URU. Fluid migration is seen as distorted seismic on the right
side. It is hard to say if migration takes place from SO to S2, but accumulation can be observed as a high amplitude area

beneath the URU. The depressions in the seafloor are likely pockmarks.
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5.2 Large collapse features and pockmarks on the seabed and URU

Several depressions are observed and identified throughout the study, and appears on both the
seafloor and URU. These occurs where fast-flowing glaciers have eroded the surface in Area Ill (Figure
4-8), and where sub-surface fluid migration is observed as high-amplitude areas, which is mostly
related to base canyon surface migration (SO & S1) (Figure 4-10), and the associated distorted seismic.
This suggests that they are caused by underlying fluid migration and gas expulsion within SO and S1, as
seen in the seismic data. The correlation of canyon related fluid migration and seabed depressions is
shown more detailed in Figure 5-5. These depressions are therefore very likely related to shallow gas,
as there is profound evidence of migration along the canyon flanks before accumulating in the crests.
The depressions varies greatly in size and some of the larger ones cuts into the lithified bedrock. Their
large size is likely credited to large amounts of fluids freed instantly by glacial related gas expansion
later explained (Figure 5-6). The remaining URU surface (seismic unit S2) in the area is likely related to
distribution and shape of depressions. This observation can be seen in (Figure 5-3), where small parts
of impermeable barrier remains, thereby altering the distribution of seafloor depressions, as seafloor
depressions are smaller where S2 is present. However, large circular depressions situated in the central
parts on the URU surface (Figure 4-5) strongly correlates with observed seafloor depressions,
suggesting the same formational mechanisms caused by eruption and seepage of shallow gas (Figure

5-5).

Seafloor Area Il (Figure 4-7) contains smaller circular to semi-circular depressions identified as
pockmarks. As most pockmarks develop in areas where seafloor sediments are fine-grained, suggests
that less glacial related erosion have taken place in these areas. The distribution of smaller depressions
further seems to correlate with the absence of the URU, or the S2 unit and the fluid migration pathways
previously discussed. Depressions seen in Area Il are likely caused by shallow fault migration within S2.
The smaller circular depressions observed on the southeastern URU surface (Figure 4-4) are likely

caused by artefacts, and thus not paleo pockmarks or linked with fluid migration.

The seabed depressions have previously been interpreted as a tunnel valley formed by sub-glacial
melt-water (Andreassen et al., 2008). However, depressions in the SW Barents Sea are often related
to expulsion of shallow gas and Inggydjupet has numerous fluid related depressions, e.g.
(Vadakkepuliyambatta et al., 2013; Rise et al., 2015). Hence, there is little doubt that ascending shallow
gas affects the formational mechanisms of these collapse structures and depressions (Figure 5-5).
Similar crater structures are observed in Bjgrngyrenna, a major trough in the Barents Sea, which shares

the same properties as Inggydjupet Trough. These crater structures have been interpreted not to

53



originate from sub-glacial melt-water, as these depressions were incompatible with the distinct
appearance and patterns related to sub-glacial melt water and formed after grounded ice retreated
from that area. These studies concluded with a process related to shallow gas or gas hydrates (Solheim

& Elverhgi, 1985; Solheim, 1991; Solheim & Elverhgi, 1993).

The most widely accepted explanation of depressions related to seafloor gas seepage are from both
thermogenic sources and biological breakdown of organic matter (Hovland & Judd, 1988; Judd, 2004).
As for this area, biogenic sources may probably be excluded, as organic matter in late glacial
depositions seldom exceed 1-2%, which is to scarce to create such depressions (Solheim & Elverhgi,
1985). Gas of thermogenic origins are thus the likely cause of the observed depressions in the study
area. Seepage are known to differ in both as controlled seepage and as explosive and sudden
expulsion, creating depressions of different sizes. The ascending fluids are then distributed in the

surrounding water column (Hovland & Judd, 1988; Judd & Hovland, 2007).

54



Min RMS Amplitude Max
d | 1

‘Thickness (ms)
0 500

Figure 5-5: The relationship between sub-surface high-amplitudes, buried canyons and seafloor depressions. A: Map of the
seafloor displaying depressions (10x vertical exaggeration). B: RMS amplitude map of the canyon ridges within seismic unit
S0. Its correlation of seafloor depressions is illustrated as the yellow/green dotted line (RMS search window set to 25 ms below
the base canyon reflector). C: A time thickness map of seismic unit S1 (stratigraphically beneath the seafloor, as S2 is not
present in this area). As accumulation takes place in the crests, the overlaying depressions are influenced by the extent of the
canyons. D: Seismic section of a high-amplitude area of a canyon crest. Yellow arrows displays the fluid migration along canyon

flanks. Notice that the depression is situated directly above fluid accumulation.
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5.3  Historical evolution and its impact on the observed depressions

Regional fluid expulsion is severely affected by erosion and deglaciation, as sub-surface gas expands
due to retreating glaciers through glacial isostatic adjustment. This implies that fluid expulsion likely
happened during the Quaternary. The expansion of gas eventually caused massive amounts of
pressure to build up, which subsequently caused violent eruptions and the collapse features and
pockmarks seen within the area. This is explained in more detail in Figure 5-6. Erosion and deglaciation

is well known to facilitate fluid migration and expulsion in the SW Barents Sea, e.g. (Chand et al., 2012).

As today’s seafloor topography differs, fluid migration will subsequently do so as well. Seafloor Area |
& |l consists of moraine depositions, whilst area Ill displays erosional features (Figure 4-6 - Figure 4-8).
The moraine depositions (Area | & Il) in Inggydjupet consists of Nordkappbanken, a sedimentary
wedge, to the east, and Bjgrngyrenna end moraine zone to the north. These depositional
environments prevents fluids to reach the seabed and form depressions, as sediment cover is generally
thick. In Area lll, however, the eroding ice streams have altered the topography by removing top layers
(seismic unit S2), which influences the presence of gas and migration pathways, as seen in the concept

model in Figure 5-6.

56



Bjarmeland Platform

5 km

Loppa High

Hammerfest Basin

Figure 5-6: A: Overview of the area with a conceptual profile. B: Jurassic and Triassic strata (unit SO) with the initial erosion
and uplift of the Loppa High. C: Infill of Cretaceous and Cenozoic sediments creating unit S1. D: Fluid migration and
accumulation takes place for an unknown period. E: Quaternary glacial erosion takes place, eroding top sediments of unit S1
and creates unit S2. As glaciers retreat, isostatic rebound causes regional uplift. F: The uplift causes the gas to expand, which
builds up enormous pressure. G: The pressure reaches critical values and eruptive mechanisms causes the depressions seen

on both the URU and the surface.
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Conclusion

Interpretation and the use of geophysical attributes in the 3D seismic survey SG9803 has made
it possible to map out shallow high-amplitude anomalies and infer the distribution of shallow
gas in the Loppa High, SW Barents Sea.

The study area contains numerous acoustically masked zones and high-amplitude associated
with fluid migration and accumulation.

High-amplitude areas are frequently associated with canyon crests, suggesting migration along
the flanks and faults with accumulation in the crests.

The seabed depressions on the southeastern rim of the Loppa High appears to have a strong
correlation with the gas accumulations observed at the canyon crests. These depressions are
therefore most likely related to shallow gas, and not formed by subglacial melt-water as
previously interpreted.

Uplift and erosion appears to be a major contributor to fluid migration, as it affects sub-surface
expansion of shallow gas. As the shallow gas expands, pressure builds up and violent eruptions
and seepage takes place. Fluid related depressions are also found on the URU.

The size and distribution of depressions are further related to glacial erosion and depositions.
In areas where the sediment cover is thin, fluid related depressions are abundant, as seismic
unit S2 is not present. There are no signs of fluid related depressions on the northern and

northeastern parts of the study area where the sediment cover is generally thicker.
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