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Abstract

The late Cenozoic evolution of the southwestern Barents Sea shelf includes periods of uplift, erosion and
glaciations. This part of the stratigraphy has been studied using 2D and 3D seismic data, with emphasis on
the interplay between uplift, erosion and glaciations and salt movement. The study area comprises the Svalis,
Samson and Norvarg domes and the Nordkapp Basin, where halokinesis has been a major influence on the
tectonostratigraphic evolution.

The study includes systemization and categorization of the timing of salt activity relative to the erosion of
the shelf, in the Nordkapp Basin, and on the Svalis, Samson and Norvarg domes. Very late to almost recent
salt movement has occurred within some of the diapirs in the Nordkapp Basin and the Svalis Dome,
evidenced by uplift of the Upper Regional Unconformity (URU) surface and the seafloor above the salt.
Furthermore, the study reveals significant local variations in salt movement of the diapirs in the Nordkapp
Basin, with a trend of more late salt movement towards the northeast. This is possibly attributed to a larger
original salt thickness in this part of the basin compared to in the southwest. A mini-basin filled with
glacigenic sediments is found adjacent to the Svalis Dome, and this is assumed to be a result of a
combination of deeper glacial erosion of less resistant strata on the Loppa High, and less exposure to erosion
due to the continuous salt rise and elevation of the adjacent dome. The Norvarg and Samson domes are not
found to be influenced by late Cenozoic salt movement, which is attributed to factors such as original salt
thickness, overburden strength and early Cenozoic erosion. Spatial variations in lithology due to salt-related
doming and faulting is assumed to have influenced both the pre-glacial and later glacial erosion of the

Norvarg Dome during the Cenozoic.

Overall, the relationship between salt diapirism, erosion and glacial influence is found to be complex. The
structural elements within the study area have experienced different pre-Cenozoic evolutions and have been
exposed to varying degrees of erosion and also phases of grounded glaciers. The halokinetic history of the
structural elements is also different, causing the salt structures within the study area to have different

responses to the late Cenozoic uplift, erosion and glaciation of the shelf.
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1 Introduction

1 Introduction

Uplift and extensive erosion resulted in the removal of large amounts of sediments from the Barents Sea
shelf during the Cenozoic (Vorren et al., 1991; Knies et al., 2009; Smelror et al., 2009; Laberg et al., 2010;
Henriksen et al., 2011b). The erosion of the shelf has been under discussion for over a hundred years, since
Nansen (1904) published a pioneering study on the topic, and has been a major influence on the present
stratigraphy and morphology of the shelf. The region has experienced early Cenozoic erosion related to
uplift and the opening of the Norwegian-Greenland Sea (Vorren et al., 1991; Lasabuda et al., 2018a) and
late Cenozoic glaciofluvial and glacial erosion (Laberg et al., 2012). Ice sheets covered the shelf
periodically, giving high rates of erosion on the shelf and high rates of deposition along the slope (Laberg
et al., 2010).

Another major influence on the geological evolution of the shelf is salt tectonics. The movement of salt in
the subsurface may result in doming, fracturing and subsequent erosion of strata in some areas, and
subsidence and sedimentation in others (Alsop et al., 2012). Salt tectonics have been an important factor in
the tectonostratigraphic development of several of the structural elements of the shelf, including the
Nordkapp Basin and the Norvarg-, Samson- and Svalis domes (Gabrielsen et al., 1990; Rowan and Lindsg,
2017). The timing and extent of salt tectonics is influenced by erosion. During the late Cenozoic glaciations
2000 meters of strata are estimated to have been removed above the Nordkapp Basin (Worsley, 2008;
Henriksen et al., 2011b) and according to Koyi et al. (1995), the removal of overlying sediments and

exhumation of some salt diapirs within the basin enabled late salt activity.

There have been several studies describing the timing of active diapir rise within the Nordkapp Basin
(Gabrielsen et al., 1990; Koyi et al., 1995; Nilsen et al., 1995; Bugge et al., 2002; Grimstad, 2016) and the
Norvarg-, Samson- and Svalis domes (Gabrielsen et al., 1990; Breivik et al., 1995; Mattos et al., 2016). The
influence and feedback from salt tectonics on erosion and vice versa is not very well understood, but the
timing and spatial variation of these processes is essential to the late Cenozoic development of the Barents

Sea region.
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1.1 Objectives
The main ambition of this thesis is to study the late Cenozoic development of the southwestern Barents Sea,
with an emphasis on the relation between erosion and salt tectonics and how these processes influence one

another. Some key objectives are listed below:

o Interpret the shallow seismic stratigraphy above the Upper Regional Unconformity (URU).

e Investigate and understand the relationship between erosion and salt tectonics, and how these
processes have influenced the late Cenozoic evolution of the southwestern Barents Sea.

o Compare the salt diapirs in the Nordkapp Basin to the Svalis, Samson and Norvarg domes to identify

differences in how erosion has affected the salt diapirs, and vice versa.

1.2 Study area

The Barents Sea is an epicontinental, shallow sea bounded to the west and north by passive continental
margins, and by surrounding landmasses to the south and east. Geographically the Barents Sea is bordered
by the Norwegian and Russian coastline in the south, Novaya Zemlya to in the east and the Svalbard and
Franz Josef Land archipelagos to the north (Figure 1.1 a)) (Smelror et al., 2009). The study area is located
in the southwestern Barents Sea and covers approximately 49800 km?. It comprises the Nordkapp Basin,
Bjarmeland Platform, as well at the Svalis, Samson and Norvarg domes (Figure 1.1 b)). The study focuses
on the shallowest stratigraphy (Figure 1.2), primarily the URU and the glacigenic sediments above.
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Figure 1.1: Map showing the location of the study area. a): Bathymetrical map of the Arctic waters, with the Barents Sea outlined
by a red circle. b): Map showing the main structural elements within the study area (purple dotted rectangle) outlined in blue. SD
= Svalis Dome, SaD = Samson Dome, ND = Norvarg Dome. The position and orientation of the profile in fig. 1.2 is shown by the
orange line. The marine border towards Russian territory is delineated by the black dashed line. Base map provided from the
Norwegian Petroleum Directorate (NPD). Map in figure a) modified from IBCAO version 3.0 (Jakobsson et al, 2012).
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Figure 1.2: Profile through the study area showing the stratigraphy and main structural elements. The dotted purple rectangles outline the part of the stratigraphy targeted in the
study. Figure modified from Henriksen et al. (2011a).
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1.3 Salt
1.3.1 Deposition

Salt is an evaporite mineral, precipitated during evaporation of water, when the concentration of ions in the
solution increases, relative to the amount of water. The chemical composition of evaporites is dependent of
the water chemistry, temperature and the salinity at the time of precipitation (Nichols, 2009). Thus, the
mineral composition reflects the environment in which they were precipitated (James & Dalrymple, 2010).
The physical properties of the most common evaporite minerals are listed in table 1.1.

Table 1.1: Physical properties of the most common evaporite minerals. After Jones & Davidson (2014).

Mineral Composition Hardness Density Seismic velocity
(Mohs) (kg/m?3) (m/s)
Halite | NaCl 2.5 2200 4500
Gypsum | CaSO4 2H,0 1.5-2 2300 5700
Anhydrite | CiSO4 3.5 2900 6500
Dolomite | CaSO4 MgCOs  3.5-4 2870 6300
Sylvite | KCI 1.5-2 1990 4110

1.3.2 Salt migration

Salt is incompressible relative to surrounding rocks and its density is constant with depth (Jenyon, 1986).
At a certain depth, the density of the overburden will exceed that of the buried salt, enabling it to become
plastic and migrate upwards. It requires relatively little added pressure, with only a few hundred meters of
overburden necessary for it to act plastic (Fossen, 2010). The plastic salt will migrate upwards through thin
or weak zones in the overburden, resulting in deformation and fracturing of the strata (Figure 1.3) (Nichols,
2009). The mobility of the salt is influenced by its chemical composition (James & Dalrymple, 2010). As
the salt pierces through the overburden and migrates from its original position, the adjacent overburden will
subside to fill the space left behind by the salt, generating rim synclines (Trusheim, 1960; Giles and Rowan,
2012; Rojo and Escalona, 2018). The subsidence of the overburden is commonly compensated by infilling
of new sediments above. The different structures resulting from the migration of salt and subsequent
deformation of strata are collectively termed salt diapirs, and these are classified according to their shape
by, as linear structures (salt canopy, wall, anticline, and roller) and circular structures (salt pillows, stocks,

glaciers and sheets) (Figure 1.4) (Fossen, 2010).
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Concentric
collapse faults

Early faults

./ Salt \

Figure 1.3: Illustration of salt migrating to form a salt diapir and the most common adjacent
structures. Figure modified from Fossen (2010).

Figure 1.4: Classification of salt structures from their morphology. Circular structures are shown to the right, while linear
structures are shown to the left. Figure from Fossen (2010).
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1.3.3 Seismic imaging

The visualization of salt in seismic data presents some challenges, and though the seismic acquisition and
processing techniques have been vastly improved the last decades, there are still some challenges.
A salt body has a constant density and velocity with increasing depth, with the P-wave velocity of halite
and anhydrite being 4500 m/s and 6500 m/s respectively (Fossen, 2010). Though there may be some
impurities in the salt, the velocity is generally much higher than that of the surrounding water saturated
shales and sandstones (1500-2000 m/s). The large contrast may cause velocity distortions in the seismic
data, such as pull-up effects. When the seismic waves propagate through the salt body at such a high speed,
the interface at the strata below the salt may appear at a shallower depth than the adjacent sediments in the
time domain (Figure 1.5) (Jackson & Hudec, 2017).

There are also several challenges with imaging and interpreting salt bodies, related to their complex
morphology. The morphology of the diapir may change a lot laterally, giving uncertainties during
interpretation, especially if the area is poorly imaged. In addition, the interface between the salt body and
the surrounding rocks or sediments is commonly quite steeply dipping (Figure 1.3). This complicates the
seismic imaging of the salt structure (Jackson & Hudec, 2017). Fault complexes around and above the salt
diapirs are also common, and may cause uncertainty for interpretation near the salt body (Fossen, 2010),
and need to be considered when interpreting seismic images. Variations in stress and pore pressure in the
sediments surrounding the salt body may cause seismic velocity anisotropy, something that may be
challenging to correct for during processing of the seismic data (Jackson & Hudec, 2017).

==
Time pull-up beneath salt
Figure 1.5: Seismic section illustrating the pull-up effect that salt bodies may cause seismic data to have in the time-domain. The

interface below the salt appears at a shallower depth than what the reality is due to the high velocity of the salt. Figure modified
from Jackson & Hudec (2017).
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2 Geological background

2.1 Tectonic development

2.1.1 Paleozoic

The Paleozoic tectonic development of the Barents Sea is defined by two main events; the Caledonian
orogeny (Late Silurian — Early Devonian) and the extensional regime that followed. Converging plates and
compressional tectonics resulted in the collision of the Laurentian (present day Greenland and North
America) and Baltic (present day Norway) tectonic plates. The subsequent closing of the lapetus Sea and
collision of continental margins resulted in the formation of the Caledonian orogenic belt (Dore, 1995;
Gabrielsen et al., 1990; Worsley, 2008). Following the orogeny, an extensional collapse and rifting during
Late Devonian to Mid-Permian formed several fault-bounded basins and highs in western parts of the
Barents Sea shelf, such as the Tromsg, Bjgrngya, Nordkapp, Fingerdjupet, Maud and Ottar basins (Faleide
etal., 2015).

2.1.2 Mesozoic

At the onset of the Mesozoic, the landmasses on Earth were gathered in the Pangaea supercontinent. The
Barents Sea was at this time located at approximately 50-55°N, in the northern region of the supercontinent
(Ryseth, 2014). The rifting that started in Late Devonian continued into the Early Triassic, but other than
the subsidence related to this, the period from Early Triassic to Mid-Jurassic is defined as a tectonically
calm period in the western Barents Sea (Glgrstad-Clark et al., 2010; Smelror et al., 2009). Passive, regional

subsidence has been described on the Bjarmeland and Finnmark platforms (Henriksen et al., 2011a).

From Mid-Jurassic to Early Cretaceous regional extension continued, resulting in further opening of the
basins formed during the Paleozoic (Faleide et al., 1993). Fragmentation of Pangaea that began during the
Triassic reached a maximum during the Jurassic, forming new continents and basins as the supercontinent
split up. Due to sea floor spreading between the Canada and Makarov basins in relation to the opening of
the Amerasian basin in the Arctic Ocean, the high Arctic underwent several stages of rifting, magmatism
and sedimentation during this time (Dore, 1995; Corfu et al., 2013).

During Barremian to Aptian times, the Barents Sea shelf was dominated by magmatic activity, leading to
the development of the High Arctic Large Igneous Province (HALIP) (Corfu et al., 2013). Cretaceous
igneous rocks from this period have been found on Svalbard, Franz Josef Land and in the subsurface of the
adjacent shelf (Nejbert et al., 2011). Evidence of the HALIP in the form of igneous rocks have also been
found in the northeastern and southeastern Barents Sea, showing the large extent of the province (Polteau
et al., 2015). The extensional regime and magmatic activity during the Early Cretaceous resulted in uplift

of the northern Barents Sea shelf, tilting the strata southwards.
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2 Geological background

2.1.3 Cenozoic

The Barents Seas complex development during the Cenozoic is highly influenced by rifting and extension
related to the opening of the Norwegian Greenland Sea (Faleide et al., 2008; Lasabuda et al., 2018a). Rifting
along the Norwegian margin spread northwards during this time, resulting in transform movement and later
extension along the western Barents Sea margin (Kristoffersen & Talwani, 1977). The western Barents Sea
margin saw transpression, extension and transtension during the early stages of the opening of the
Norwegian Greenland Sea (Ngttvedt et al., 1988; Faleide et al., 2008). Simultaneously, the eastern and
northern Barents Sea shelf experienced uplift (Smelror et al., 2009). The onset of spreading is estimated to

be the Paleocene-Eocene transition, based on magnetic polar reversals (Talwani & Eldholm, 1977).

In the early Oligocene, reorganization of the spreading plates caused the Greenland and north-American
plates to move in the same direction, leading to extension and subsequent seafloor spreading along the
Norwegian-Greenland margin. In Miocene, the Barents shelf was tectonically quiescent (Ryseth et al.,
2003), while the sea floor spreading opened the Fram Strait (Kristoffersen et al., 1990; Engen et al., 2008).

2.2. Stratigraphy and depositional environment

2.2.1 Paleozoic

During the rifting that occurred from the Late Devonian, syn- and post-rift sedimentation occurred, filling
the newly formed basins. Later, during the late Carboniferous and early Permian the depositional
environment was dominated by shallow marine and subaerial settings. Carbonates were deposited during
high stand, while during low stand large areas were left exposed, resulting in deposition of thick evaporite
successions (Figure 2.1) (Worsley, 2008). As the Barents Sea moved further north due to continental drift,
the depositional environment transitioned from a warm water carbonate platform to a cold one closer to the

Late Permian.
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Figure 2.1: Paleo-map of the southwestern Barents Sea shelf showing the depositional environment during late Carboniferous,

when the study area (outlined in red) experienced shallow water conditions with evaporitic deposition. Modified from Smelror et
al. (2009).

2.2.2 Mesozoic

The Barents Sea saw several cycles of regressions and transgressions related to the tectonic development of
the region during the Mesozoic, which heavily influenced the sea level and sediment supply. In the Triassic
period, high subsidence and sedimentation rates dominated the shelf. The uplifted Uralian highlands,
Novaya Zemlya and the Fennoscandian shield supplied the shelf with sediments, that prograded towards the
basins in the west (Riis et al., 2008), while the south was an area of denudation (Figure 2.2). The transition
from Upper Triassic to Lower Jurassic is marked by observably more condensed sediment successions in
the southwestern Barents Sea. The Upper Triassic was characterized by high subsidence and sedimentation
rates, while the rates were lower during deposition of Lower Jurassic (Smelror et al., 2009; Ryseth, 2014).
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Figure 2.2: Paleo-map of the southwestern Barents Sea shelf during Lower Jurassic, showing how large parts were areas of
denudation, while parts of the study area (outlined in red) was dominated by lacustrine clastic deposition. Modified from Smelror
et al. (2009).

A shift in depositional environment occurred throughout the Jurassic, starting with a Norian flooding in the
Late Triassic which was followed by a shoreline regression in the Early Jurassic. This resulted in widespread
deltaic and eventually alluvial depositional environments (Klausen et al., 2017). The regression reached its
maximum during the Hettangian-Sinemurian and was followed by a regional transgression that dominated
the Middle Jurassic. During this time, the shoreline retreated landwards (Klausen et al., 2017). The sea level
continued to fluctuate through the Middle and Late Jurassic. A regression in Middle Jurassic exposed the
shelf to erosion, resulting in an unconformity observable on seismic data across large parts of the central
and western Barents Sea (Smelror et al., 2009). Another transgression followed towards the end of the
Jurassic, establishing a marine environment across the Arctic (Semme et al., 2018). During the Jurassic-
Cretaceous transition, the uplift of the northern Barents Sea caused a forced regression in the Svalbard
region (Gjelberg & Steel, 1995; Worsley, 2008). The uplift was related to the opening of the Amerasia Basin
and development of the HALIP. As a result, eroded sediments from the uplifted highland prograded
southwards were a shelf-environment dominated (Figure 2.3) and were deposited as clinoforms (Worsley,
2008; Glgrstad-Clark, 2011).
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Figure 2.3 Paleo-map showing the depositional environments on the Barents Sea shelf during the end of the Lower Cretaceous,
where the study area (outlined in red) experienced a shelf-environment during this period. Modified from Smelror et al. (2009).

Overall, the evolution of the Barents Sea shelf is complex, and the region was influenced by a combination
of different depositional environments and climatic conditions. The main stratigraphy and evolution of the
study area on the shelf is summarized in figure 2.4 below, along with the main phases of halokinesis. The

salt-related evolution of the study area is described in more detail in chapter 2.4.
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Figure 2.4: Stratigraphic chart showing the main events and depositional environments of the southwestern Barents Sea, as well
as the main stages of halokinesis. Modified from Henriksen et al. (2011a). The part of the stratigraphy that is the focus of this

study is outlined by the dotted purple rectangle. Note the pronounced unconformity after the Cretaceous deposition.
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2.3 Cenozoic uplift and erosion

The early Cenozoic depositional environment of the Barents Sea shelf was greatly influenced by the opening
of the Norwegian-Greenland Sea to the west. Seafloor-spreading gradually expanded northwards along the
margin and extension furthered basin-development on inner parts of the southwestern shelf (Lasabuda et al.,
2018a). During the Eocene, most of the shelf was a highland exposed to erosion, while the southwestern
shelf was a low relief area that received large sediment quantities from the uplifted highland (Rasmussen
and Fjeldskaar, 1996; Butt et al., 2002). In the Oligocene and Neogene, the northwestern Barents Sea
experienced increased uplift, and became the main sediment source to subsiding basins near the western
margin (Smelror et al., 2009; Faleide et al., 2015; Lasabuda et al., 2018a). The highland supplied thick
successions to the shelf, consisting of relatively unconsolidated and easily erodible sediments (Laberg et al.,
2012). These sediments were mostly removed during late Cenozoic glacial erosion, and thus the present
distribution of Cenozoic strata is limited to the westernmost basins. Paleogene strata have been observed in

the Nordkapp Basin, but are eroded on adjacent platforms (Henriksen et al., 2011a).

Several studies have presented estimations of the total average Cenozoic erosion in the wider Barents Sea
(Henriksen et al. 2011b; Ktenas et al. 2017). Henriksen et al. (2011b) presented a net erosion map for the
wider Barents Sea, suggesting a total erosion between 900-1400 meters in the southwestern Barents Sea
region. The majority of the erosion is suggested to be due to glaciations during the Late Cenozoic (Vorren
etal., 1991; Knies et al., 2009; Laberg et al., 2010). This is inferred from trough mouth fans along the shelf
edge comprising large amounts of glacigenic sediments (Vorren et al., 1991; Faleide et al., 1996; Laberg et
al., 2010). However, a considerable amount of pre-glacial sediments overlying the oceanic crust along the
shelf edge indicates a significant pre-glacial erosion component (Vorren et al., 1991; Fiedler and Faleide et
al., 1996; Hjelstuen et al., 1996).

2.3.1 Pre-glacial erosion

The pre-glacial erosion of the shelf is suggested to have a tectonic and thermal origin (Wood et al., 1989),
related to the opening of the Norwegian-Greenland Sea (Smelror et al., 2009). During the Paleocene, the
Stappen and Loppa highs and parts of the Bjarmeland Platform were exposed to erosion and supplied
sediments to the developing continental slope in the west (Figure 2.5a) (Vorren etal., 1991; Lasabuda et al.,
2018a). Meanwhile, shallow marine to shelf conditions dominated in the Nordkapp Basin (Figure 2.5a).
From the Paleocene-Eocene transition, the structural highs and the margin west of Svalbard served as
sediment sources. The southwestern source area is assumed to have expanded eastwards, with larger parts
of the Bjarmeland and also Finnmark Platform experiencing erosion and shedding sediments to adjacent
basins (Figure 2.5b) (Vorren et al., 1991; Lasabuda et al., 2018a). At the end of the Eocene, the Nordkapp

Basin was surrounded by exposed highs, but still experienced a shallow marine setting (Figure 2.5b).
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The basin experienced more uplift during the Oligocene, and by the end of the period the northeastern part
of the basin became an area of non-deposition (Figure 2.5c). Erosion of the adjacent highs continued during
the Oligocene and into Miocene, with an increase in erosion of the northwestern margin (Vorren et al., 1991;
Lasabuda et al., 2018a). Lasabuda et al. (2018b) found the erosion rate in the northwestern Barents Sea to
be two times higher than in the southwestern region, implying a more tectonically active northwestern
margin, with more extensive erosion. Therefore, a general northwards increase of pre-glacial erosion is
inferred (Lasabuda et al., 2018Db).

The Neogene erosion of the shelf is assumed to have been focused within the same areas as during the
Oligocene (Figure 2.5d) (Lasabuda et al., 2018a). The study area experienced significant erosion, including
the Loppa High and the Bjarmeland Platform. The northeastern Nordkapp Basin was also an exposed area
of non-deposition, while the southwestern part was a fluvial or coastal plain that experienced some sediment
accumulation (Figure 2.5d). Paleogene sediments have been found within the Nordkapp Basin, but are

eroded across the adjacent platforms (Henriksen et al., 2011a).

Vorren et al. (1991) suggested an average of 600-1200 meters of pre-glacial erosion in the southwestern
Barents Sea during Eocene-Miocene, which was later also concluded in a study by Richardsen et al. (1993).
Recent studies by Lasabuda et al. (2018a) found the average pre-glacial erosion to be between 858-1362

meters.
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Figure 2.5: Paleoenvironmental reconstruction of the southwestern Barents Sea during the Cenozoic. Please note that maximum
size of the source area corresponds to the minimum estimate of average erosion, and vice versa. Study area outlined by the black
rectangle. Figure modified from Lasabuda et al. (2018a). BP = Bjarmeland Platform, FP = Finnmark Platform, GH =
Gardarbanken High, SH = Stappen High, LH = Loppa High.
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2.3.2 Glacial history
Plio-Pleistocene glaciations

The erosion of the shelf during the Plio-Pleistocene was predominantly from glacial activity, where ice
sheets repeatedly reached the shelf edge in the Barents Sea (Vorren et al., 1989; Laberg & Vorren, 1996;
Dowdeswell & Cofaigh, 2002). Three major glacial phases have been identified in the Barents Sea during

the Pliocene-Pleistocene period (Knies et al., 2009; Smelror et al., 2009).

The first phase lasted from 3.5-2.4 Ma, during which the glacial cover was restricted to Svalbard and Novaya
Zemlya, and only reaching the coastline and shelf edge in the northern Barents Sea (Figure 2.6a) (Knies et
al., 2009; Smelror et al., 2009). The second phase occurred between 2.4-1 Ma, and during this period the
ice sheets repeatedly expanded on the Barents Sea shelf (Figure 2.6b) (Knies et al., 2009).

During the third and last phase, glaciations were more extensive and the ice sheet covered the entire shelf
(Figure 2.6¢). The glaciations had a 100.000 year frequency during the last 1 Ma and it is suggested that the
Barents Sea experienced at least five to six shelf edge glaciations the last 800 Ka (Smelror et al., 2009,
Knies et al., 2009).

Phase 1: 3.5-2.4 Ma Phase 2: 2.4-1.0 Ma Phase 3: < 1.0 Ma

Figure 2.6: Reconstruction of timing and extent of ice sheets during the Late Cenozoic. Three phases of glaciations with various
extent are illustrated: a) 3.5-2.4 Ma, b) 2.4-1.0 Ma, c¢) < 1.0 Ma. The study area is outlined in red. Modified from Knies et al.
(2009).
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The last Ice age — Weichselian

The last ice age in the Barents Sea region has been divided into three major phases of glaciation (Mangerud
et al., 1998; Svendsen et al., 2004a; Svendsen et al., 2004b) during the early, middle and late Weichselian.
There are however some discrepancies regarding the timing and extent of glacial activity. Larsen et al.,
(2006) suggested four major glaciations, dividing the mid-Weichselian in two phases.

The early Weichselian phase occurred from approximately 100-90 Ka (Larsen et al., 2006). During this
phase, there was an extensive ice coverage above Svalbard, Novaya Zemlya and the Kara Sea in the east,
while Scandinavian Ice Sheet was mostly land-based (Figure 2.7a). The two ice sheets were separated by a
passage of open water, leaving the central Barents Sea relatively ice free. The second glacial phase lasted
from approximately 70-65 Ka, and during this time both ice sheets experienced growth, resulting in one
large ice sheet covering the entire Barents Sea (Figure 2.7b) (Larsen et al., 2006). A third glaciation is
suggested to have occurred from 55-45 Ka, where the shelf was again ice free while Scandinavia and the
Kara Sea was covered by ice sheets (Figure 2.7c). The last phase in the late Weichselian lasted from 25-10
Ka and was the most extensive glaciation in the region during the last ice age. The ice sheet covered
Svalbard, Scandinavia, the entire Barents Sea shelf and extended across parts of the British Isles (Figure
2.7d) (Larsen et al., 2006). The ice is estimated to have reached the shelf edge on at least two occasions
during this time (Laberg and Vorren, 1995; Laberg and Vorren, 1996) and ice sheet modelling suggests a
maximum thickness of anywhere between 1000 (Siegert and Dowdeswell, 2002) and 2000 meters on the
Barents sea shelf (Landvik et al., 1998).
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c. 70-65 kyr BP

c. 55-45 kyr BP c. 20 kyr BP

Figure 2.7: Reconstruction of ice sheet extent during Weichsel. a) 100-90 ka BP, b) 70-65 ka BP, c) 55-45 ka BP, d) ca. 20 ka BP.
Study area is marked by the red square. Modified from Larsen et al. (2006).

Glacial erosion

Extensive glacial erosion of the Barents Sea shelf during the late Cenozoic is evidenced by trough mouth
fans on the continental slope along the western shelf margin (Lasabuda et al., 2018a), which comprise large
volumes of glacigenic sediments (VVorren and Laberg, 1997; Laberg et al., 2010). The sediments were mainly
eroded by fast-flowing ice streams, which drained the ice sheet that periodically covered the shelf (Laberg
et al., 2010). Deep erosion occurred beneath the ice streams, forming cross-shelf troughs on the seafloor
that characterize the present bathymetry of the Barents Sea shelf (Laberg et al., 2010). The ice streams were
separated by areas of more stagnant ice, where the erosion was less efficient, forming shallow banks between
the deeper troughs (Andreassen et al., 2007; Ottesen et al., 2008). The largest of the Weichselian ice streams
was the Bear Island Ice stream (Figure 2.8), which eroded a deep cross-shelf trough on the seafloor.

There are multiple studies presenting estimates of the total net glacial erosion in the Barents Sea (e.g. VVorren
et al., 1991; Laberg et al., 2010; Laberg et al., 2012; Henriksen et al., 2011b). Glacial erosion of the shelf
during the Pleistocene can be divided in three phases with different erosional processes as the main influence
on the shelf. In the early Pleistocene, the Scandinavian continent and the Svalbard archipelago were the
areas most subjected to erosion (Vorren et al., 1991), and the main process on the shelf from 2.7-1.5 Ma
was glaciofluvial erosion (Laberg et al., 2012). It was concentrated in the southwestern part of the shelf
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(Figure 2.9a) and resulted in 170.230 m erosion (Laberg et al., 2012). From 1.5-0.7 Ma subglacial erosion
beneath paleo ice streams dominated and affected and area of ~575,000 km? (Laberg et al., 2012). Erosion

was highest beneath ice streams, but also affected the banks, as ice flow was not strictly restricted to troughs
on the shelf. An estimate of 330-420 m of erosion occurred on the southwestern shelf during this time

(Figure 2.9b). During the last 0.7 Ma, erosion was concentrated in glacial troughs (Figure 2.9¢c and d) and

resulted in the removal of 440-530 m of strata.
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Figure 2.8: Illustration showing the late Weichselian Ice sheet flow-regime in the Barents Sea, with several ice
streams separated by areas of stagnant ice dominated the shelf. The red square outlines the study area. Figure
modified from Ottesen et al. (2005).

21



2 Geological background

1{"/ S

1 / AR
| ‘m‘bﬁ* -
. 5 10
Water depth (m)
=4000=2000 0 2000 4000
I
last glacial
78° ..u‘ .',
2ade
76° {JL‘
4 )f
74° .
e W
e e, l

72 N
70° 1 4 ~

h’P, 1

VA
68 Ve y’
66" L ‘: p% ¢ R L S
0 5 10 15 20 257 30 a5 40

7%

7%

74

72

70°

78

76

747

72

70

LEGEND

ca.1.5-0.7 Ma

Lk VY =

7

I 7777777

Sz
LEGEND: e,
{/AHigh erosion S Ve 3‘
Medium erosion | / " 38e. ;
—]Low erosion 7 < gy N

15 20 25’ 30 35 40° 45

ca.<0.7M

Foy
'y

—
"—_f’ J
-
b———
————
[————
LY 17 .
LEGEND: (-. =
" A
High erosion g ‘Q"‘_'b'_‘
Medium erosion AT =
Low erosion T A

15 20 25° 30 35 40 45

Figure 2.9: Model showing a) the areas affected by glaciofluvial erosion from 2.7-1.5 Ma, b) areas affected by
subglacial erosion from 1.5-0.7 Ma, ¢) isopach map (from Laberg and Vorren, 1996) showing the amount of glacigenic
deposition during the latest two glacial maximums and d) the areas of glacial erosion during the last 0.7 Ma, when
erosion was confined to fast-flowing ice streams. The study are is outlined by the red square. Figure modified from

Laberg et al. (2012).
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2.3.3 Late Cenozoic seismic stratigraphy

Upper Regional Unconformity (URU)

The Upper Regional Unconformity (URU) separates the Quaternary sediments from underlying strata in the
Barents Sea (Vorren et al., 1986; Andreassen et al., 2007). The unconformity is a result of the uplift and
extensive erosion of the entire Barents Sea, when sediments were re-deposited to the west (Vorren et al.,
1991; Henriksen et al., 2011b). The unconformity represents the lowermost erosional surface for the
glaciations on the Barents Sea shelf and cuts underlying strata, thus it is a pronounced reflector across most
of the shelf on seismic data due to the contrast in acoustic impedance between the glacigenic sediments and
underlying bedrock. Mesozoic strata sub-crops the unconformity from the eastern Hammerfest basin to the
Pechora Sea in the east and are truncated on major structural highs across large areas on the shelf (Henriksen
et al. 2011b). A detailed study of the unconformity by Lebesbye and Vorren (2000) found that the URU
comprises three main morphological elements: troughs and depressions, large low-relief plains, and terrace-
like landforms of glacial origin. The unconformity is diachronous, varying in age laterally, as it represents
the lowermost erosion of the glaciations.

Glacigenic sediments

Above the Upper Regional Unconformity, glacigenic sediments were deposited underneath and in front of
the Quaternary ice sheets. The glacial sequence varies in thickness, ranging from 0-300 meters on the shelf,
up to 1000 meters at the shelf edge (Vorren et al., 1991). On the continental slope, the glacial deposits can
be several kilometers in thickness, reaching up to 4.5 km thickness in the Storfjorden Fan (Hjelstuen et al.,
1996). The spatial distribution and internal structures also varies, depending on what glacial-related process
deposited the sediments. Glacigenic sediments are usually poorly sorted and deposited in a chaotic matter.
Some internal horizons may be recognized, representing erosional truncations within the sequence, but

glacial deposits are generally seismically transparent due to a lack of significant structures.
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2.4 Structural setting
2.4.1 Nordkapp Basin

The Nordkapp Basin is a deep, narrow salt basin located in the southwestern Barents Sea (Figure 2.10). It
is divided into a southwestern and northeastern sub-basin, respectively. The basin is inferred to have formed
during Early-Middle Carboniferous following the Caledonian orogeny, based on observed graben-and half-
graben structures in the basement (Stemmerik and Worsley, 1989; Dengo and Rgssland, 1992; Gabrielsen
etal., 1992; Smelror et al., 2009).

The basin was a depocenter during the Carboniferous and Permian, and evaporite and carbonate successions
were deposited in large quantities during this time. The thickness of the evaporite successions is estimated
to vary from 2.0-2.5 km in the southwestern sub-basin to 4.0-5.0 km in the northeastern one, where the
basement subsidence was greater (Bergendhal, 1989; Jensen and Sgrensen, 1992). Late Permian carbonates
and Triassic siliciclastic deposits buried the evaporites (Gabrielsen et al., 1992; Jensen and Sgrensen, 1992).

The added load on the salt caused it to start migrating and form salt diapirs (NPD, 2013).

The timing of active diapir rising in the basin has been discussed in several studies (Gabrielsen et al., 1990;
Koyi et al., 1995; Nilsen et al., 1995; Bugge et al., 2002; Grimstad, 2016) and is probably related to regional
tectonics. Koyi et al. (1995) suggest that the diapirs extruded as salt overhang during the Jurassic, and that
they were subsequently buried during the Cretaceous, before being reactivated during the Cenozoic.
Grimstad (2016) presents an opposing view, with no salt movement occurring in the basin during the
Jurassic and Early Cretaceous, but rather that the sedimentary successions were affected by reactivation of
the diapirs during Late Cretaceous-Cenozoic. The exact timing of active diapir rise in the Cenozoic is
especially difficult to identify due to the extensive glacial erosion in the Quaternary, when approximately
2000 meters of sediments are estimated to have been removed from the Nordkapp Basin and adjacent areas
(Worsley, 2008; Smelror et al., 2009).

24



2 Geological background

2.4.2 Bjarmeland Platform

The Bjarmeland Platform is located north of the Nordkapp and Hammerfest basins (Figure 2.10) and
bordered to the north by the Sentralbanken and Gardarbanken highs. The Loppa High and the Fingerdjupet
Sub-basin define the western border of the platform (Gabrielsen et al., 1990). The platform has been
tectonically stable since the Late Paleozoic, and was formed during the Late Carboniferous and Permian.
The exception is during the Paleogene tectonism that tilted Paleozoic and Mesozoic sequences, causing
southwards dipping of the strata (NPD CO2 Storage Atlas, 2014). The Bjarmeland Platform is generally
characterized by having relatively few structures. It does however comprise some structural elements such
as minor highs and sub-basins influenced by salt tectonics (Gabrielsen et al., 1990; NPD CO2 Storage Atlas,

2014) as the Samson and Norvarg domes.

2.4.3 Samson Dome

The Samson Dome is a structural high within the loosely defined Ottar Basin, located in the southwestern
part of the Bjarmeland Platform (Figure 2.10) (Breivik et al., 1995). It formed due to Middle to Late Triassic
halokinesis, after the basin acted as a Carboniferous and Permian evaporite and carbonate depocenter
(Gabrielsen et al., 1990). It is one of two domes in the basin, the other one being the Norvarg Dome. Seismic
data shows a lenticular body of salt at the base of the dome (Gabrielsen et al., 1990; Breivik et al., 1995) at
approximately 8.5 km depth. The reason for the halokinesis is assumed to be an added sediment load, as a
thick Late Paleozoic overburden is identified above the Upper Paleozoic evaporites (Breivik et al., 1995).
Mattos et al. (2016) suggest that the main stage of halokinesis and anticline development occurred during
the Late Cretaceous and early Cenozoic, causing radial faulting around the dome and uplift of the strata.
However, the diapir did not reach the surface. At a later stage, salt dissolution caused subsidence of the
diapir roof, as the overburden caused the structure to collapse. Extensive Cenozoic erosion later removed

much of the overburden.

2.4.4 Norvarg Dome

Situated on the southwestern Bjarmeland Platform near the northeastern margin of the Swaen Graben
(Figure 2.10), the Norvarg Dome is a structural high with a salt core (Gabrielsen et al., 1990). The evaporites
at the core of the dome are estimated to be of late Carboniferous to early Permian age, similar to the ones
of the Samson Dome (Gabrielsen et al., 1990). Periods of pre-Cretaceous doming are identified in the
Mesozoic sediment sequences. The Cretaceous sequence is also domed and truncated by the Cenozoic Upper
Regional Unconformity. Therefore, a reactivational doming of Late Cretaceous or early Cenozoic age is
assumed (Gabrielsen et al., 1990; Breivik et al., 1995).
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2.4.5 Svalis Dome

Located in the southwestern Maud Basin, the Svalis Dome is a diapiric structure forming a positive relief
on the seafloor relative to surrounding areas (Gabrielsen et al., 1990; NPD, 2013). The dome is bounded by
the Loppa High to the south and west (Figure 2.10). Around the dome, Upper Paleozoic and Mesozoic rocks
outcrop at the seafloor or beneath a cover of Quaternary sediments (Bugge and Fanavoll, 1995; Mark and
Elvebakk, 1999). The dome was rising actively in the Late Mesozoic, forming an anticline above the salt
body. The present day positive relief is suggested to be due to a cap of Paleozoic silicified shales and
carbonates, protecting the salt body from erosion, as they are more resistant than the surrounding softer
Mesozoic siliciclastic rock (Nilsson et al., 1996; NPD, 2013). It is suggested that a continuous rise of active

salt may contribute to the positive seafloor relief (NPD, 2013).
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Figure 2.10: Illustration showing the structural elements of the Barents Sea shelf. The main structural elements of the study area
are highlighted in red. Map from NPD (2019).
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3 Data and methodology

3.1 Data

The seismic interpretation of this study is based on 2D and 3D seismic data. The 2D seismic data was
acquired in the period from 2006-2014 by Fugro Seacore on behalf of the Norwegian Petroleum Directorate
(NPD). The data sets cover most of the southern Barents Sea within Norwegian territory (Figure 3.1). In the
western part of the study area, the line density of the overlapping data sets is relatively high (Figure 3.2),
while there is slightly more distance between lines in the east, especially in the central Nordkapp Basin.

General information about the 2D surveys is listed in table 3.1.

The 3D seismic data was acquired during the period from 1994-2010 by Equinor and are located in the
Nordkapp Basin. ST0811 and ST0624 are located in central parts of the basin, while ST0309, ST9403R01
and ST10011 are located in the southwestern sub-basin. The ST0820 dataset covers the transition from the
Nordkapp Basin to the Bjarmeland Platform towards the northwest (Figure 3.3). General information about
the 3D surveys is listed in table 3.2.
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Figure 3.1: Map showing the structural elements of the Barents Sea shelf. The outline of 2D survey line coverage is shown in

blue, while the location of 3D data sets is shown in red. The general study area is outlined as by the dotted purple line. Structural
element base map provided by NPD.

27



3 Data and methodology

Table 3.1: General information about the 2D surveys used in this study. Note that the numbers behind “NBR” represent the year
the seismic acquisition was completed. Example: NBRO6 acquired in 2006. Average line spacing calculated from measured distance

between the closest and most distant lines of each data set.
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Figure 3.2: Map showing the location and line spacing of the respective 2D data sets used in the study. The black dashed rectangle delineates

the study area. Note the relatively poor coverage within the central Nordkapp Basin relative to the more dense line spacing across the

Bjarmeland Platform and the more dense coverage across the Svalis and Norvarg domes compared to the Samson Dome.
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Table 3.2: General information of the 3D seismic cubes used in this study. Note that the first two numbers after “ST” represent

the year the seismic acquisition was completed. Example: ST0309 acquired 2003.

Survey name | Area Inline Inline Data quality | Orientation
(km?) number interval
ST0309 930 909 25.02 Good SW-NE
ST0624 620 1186 18.77 Good SSW-NNE
ST0811 938 961 25.03 Good SSW-NNE
ST0828 959 816 25.0 Medium SW-NE
ST10011 1350 969 25.02 Good SW-NE
ST9403R01 | 876 959 25.02 Good SW-NE

|

Figure 3.3: Map showing the location of respective 3D data sets used in the study. Four data sets are located
in the southwestern Nordkapp Basin, while two are located in the central northeastern part.
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3.2 Seismic reflection theory

The main principle of all seismic methods is the generation of elastic waves by a controlled seismic
source, utilized to acquire an image of the subsurface (Kearey et al. 2002). The generated seismic pulses
are sent from the source downwards into the subsurface and partially reflected at the seafloor and at
deeper interfaces (reflectors) with a sufficient contrast in acoustic impedance (Badley, 1985). The acoustic
impedance (Z) of a material is a product of its density (p (kg/m®)) and sound velocity (v (m/s)):

Z=p*v

The amplitude of the reflected seismic wave at an interface is dependent on the contrast in acoustic
impedance, which is determined by the properties of the rock above and below the interface. The

amplitude is described by the reflection coefficient (R) (Reynolds, 2011):

_(Z2-21)  (p2v2 —plvl)
C(Z2+71)  (p2v2+ plvl)

The Reflection coefficient has a value between 1 and -1, depending on whether the acoustic impedance is
higher or lower below the interface where the seismic wave is reflected. If the acoustic impedance above
and below an interface are equal (Z2=21), no energy will be reflected and the reflection coefficient will be
zero (Kearey et al., 2002). The seismic reflection method is utilized to visualize structural and
stratigraphic features in the subsurface and is predominantly applied for hydrocarbon exploration or

academic purposes (Kearey et al. 2002; Reynolds 2011).

3.2.1 Seismic resolution

Seismic resolution is defined as the ability to distinguish between two closely spaced objects, both
laterally and vertically, so they appear as separate (Kearey et al., 2002). The resolution describes how
large an objects or unit needs to be in order to be resolved in the seismic section. It is determined by the
relationship between the seismic wave's frequency (f), velocity (v) and wavelength (1) and also influenced
by how the data is collected and processed (Brown, 1999; Kearey, 2002). The relationship between
frequency (), velocity (v) and wavelength () is given by:

=7
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3 Data and methodology

Seismic resolution tends to decrease with depth, as the frequency of the seismic wave decreases, and the
velocity and wavelength of the wave increases (Kearey et al., 2002) (Figure 3.4). As the wave travels
downwards energy is attenuated due to absorption and the higher frequencies are lost in the recorder data.
The resolution at which the impedance contrasts of the subsurface interfaces can be imaged, applies to both

vertical and horizontal conditions.

Depth

v f v 2

Figure 3.4: Graph showing the relationship between frequency, velocity and wavelength with increasing depth. As the seismic
wave travels downwards, the wavelength increases, while the frequency decreases. Figure modified from Brown (1999).

Vertical resolution

Vertical resolution (Vr) is given in meters, and is a measure of how closely separate reflectors can be spaced
in the subsurface and still be detected in the seismic section (Kearey et al., 2002). It is given by:

A

Vr (m) = 2

Where,
Vr = vertical resolution

A = wavelength

The vertical resolution is given in the spatial domain as the quarter of the wavelength of the seismic wave,
but corresponds directly to half a period in the time domain. In physical terms, the resolution is tied to

how thickness in the subsurface is related to the seismic section.
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Seismic tuning effect

The top- and bottom interfaces of a layer in the subsurface will appear as separate as long as the layers
thickness is equal to or exceeds the half the wavelength of the seismic wave. If the thickness of the layer is
between half and a quarter of the wavelength, the signals will begin to overlap (Figure 3.5). If the thickness
of the subsurface layer is less than what corresponds to a quarter of the wavelength of the seismic wave, the

wavelets will fully overlap, resulting in constructive or destructive interference (Figure 3.5).

2

Yi Y5

Figure 3.5: Illustration of how the vertical resolution varies with layer thickness. Note how there is signal overlap and
constructive interference when the layer thins, resulting in the top-and bottom layer interfaces not being properly resolved.
Figure modified from Kearey et al. (2002).

Horizontal resolution

When a seismic wave is generated, it travels in all directions from the shot point. The wave front
propagates spherically, expanding with increasing distance. Due to this spreading, the seismic energy does
not reflect from a single point on an interface, but from a circular zone on its surface. The extent of the
zone where the energy is reflected determines the horizontal resolution of unmigrated seismic sections,
and is termed the Fresnel zone (Figure 3.6) (Brown, 1999; Kearey et al., 2002). Migrated seismic data,
especially 3D data, will have a smaller Fresnel zone, providing a better resolution (Figure 3.7). Objects
smaller than the zone will not be resolved and will not be visible on the seismic section. The radius of the
Fresnel zone for unmigrated seismic data (Rf) is given by:

v [t
Rf(m)=§\/;

v = Average propagating speed on the incident wave (m/s)

Where,
Rf = Radius of the Fresnel zone (m)
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t = Two-way travel time (s)

f = Frequency (Hz)

Low Frequency High Frequency
A

\
4

Figure 3.6: Illustration of the Fresnel zone for high and low frequencies. The Fresnel zone is larger for low frequencies than for
higher. Thus, objects are resolved more poorly by low frequencies. Figure modified from Sheriff (1985).

Pre-migration Fresnel zone

Y

Seismic line

Post-migration
3D Fresnel zone

¢-—P
Post-migration 2D Fresnel zone

Figure 3.7: Illustration of the Fresnel zone before and after migration for 2D and 3D seismic data. Figure modified from Brown
(1999).
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The vertical and horizontal resolution of the 2D and 3D surveys were calculated, to determine how well
sequences are resolved in the data. The 3D cubes were cropped in the Z-direction, to make the frequency
spectrum representative of only the shallow stratigraphy. Velocity is generally not recorded in wells at the
depth of the stratigraphy in focus. The velocity of 2000 m/s used for resolution-calculation is defined in
Andreassen et al. (2007) where characteristics of the glacigenic sediments above the URU in the Barents
Sea were presented. Note that the velocity is an average value that will vary with the degree of consolidation
of the sediments. Also note that the equation used for the horizontal resolution is for unmigrated seismic
data. The data of this study is migrated, and will ideally have a horizontal resolution similar to the vertical
one, at a quarter of the wavelength of the data (Sheriff, 1977). The respective resolutions of 2D and 3D
surveys are listed in tables 3.3 and 3.4. The vertical resolution of the 2D data sets is found to be between
12.3-20 meters and between 12.5-26.3 meters for the 3D data sets, meaning subsurface features must exceed

this thickness to be properly resolved.

Table 3.3: Below are the calculated vertical and horizontal resolutions of the 2D data sets. Note that the average depth of 400 ms

to the seafloor was used to calculate horizontal resolution.

Survey name | Average Peak frequency | Wavelength | Vertical resolution (m) | Horizontal resolution (m)
velocity (m/s) | (Hz) (m) (v/f) (unmigrated)

NBRO6 2000 40 50 12.5 100
NBR0O7_REQ9 | - 29 69 17.3 117.4
NBR08 - 41 49 12.3 98.8

NBRO9 - 37 54 13.5 104

NBR10 - 25 80 20 126.5
NBR11 - 30 65 16.3 115.5
NBR12 - 32 62.5 15.6 111.8
NBR14 - 25 80 20 126.5
BSSE14RE - 34 59 14.8 108.5

Table 3.4: The vertical and horizontal resolution of the 3D data sets are shown below. Note that the average depth of 400 ms to

the seafloor was used to calculate horizontal resolution.

Survey name | Average Peak frequency | Wavelength | Vertical resolution (m) | Horizontal resolution (m)
velocity (m/s) | (Hz) (m) (v/f) (unmigrated)

ST0309 2000 40 50 12.5 100

ST0624 - 19 105 26.3 145.1

ST0811 - 20 100 25 141.4

ST0828 - 25 80 20 126.5

ST10011 - 22 91 22.8 134.8

ST9403R01 | - 38 53 13.3 102.6
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The resolution of the 2D and 3D surveys is relatively similar, but there is a slight trend of better resolution
in the 2D data. More reflections of thinner layers are therefore visible in the subsurface on 2D lines (Figure
3.8). Additionally, the 3D data generally displays higher amplitude reflections, especially by the top of salt

diapirs.
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Figure 3.8: Side by side comparison of a seismic profile through the same salt diapir on 3D and 2D seismic data. Note the higher
amplitude reflections on the 3D data set, and the better resolution of the dipping reflections to the left of the salt on the 2D data.

3.2.2 Phase and polarity

The phase and polarity of the surveys was determined according to the SEG polarity standard set by Sheriff
(2002). All surveys display a zero phase signal, showing a trough-peak-trough shape along the seafloor
reflection on the seismic lines, where the traces also show a normal polarity (Figure 3.9) and positive

reflection coefficient.
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Figure 3.9: Seismic inline from 3D data set ST10011. The seafloor reflection displays a zero phase shape and a normal polarity
according to the Sheriff (2002) convention.

3.2.3 Artefacts and noise

Any observable features in the seismic section not originating from the geology in the subsurface is referred
to as an artifact. Noise is a term describing any recorded seismic signal other than primary reflections, such
as multiples and diffractions (Badley, 1985). While noise may obscure the features in a seismic image,
artefacts appear to be features but are not. They are a result of acquisition technique or processing, and need
to be noted when working with seismic data, as they may be misinterpreted to represent real structures in
the subsurface. Due to the uplift and extensive erosion of the Barents Sea shelf, high velocity rocks are
present below the glacigenic deposits and URU. The sharp transition in acoustic impedance in the strata
makes acquisition and processing more difficult, which may result in noise and artefacts on the data. In this
study, acquisition footprint artefacts are observed on some of the surfaces generated from interpretation of
3D surveys, appearing as lines parallel to the inline direction (Figure 3.10).
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Figure 3.10: Seafloor horizon from 3D data set ST0828 with acquisition footprint artefacts visible as linear features parallel to

the inline direction.

3.3 Interpretation methodology

3.3.1 Seismic Interpretation

Petrel E&P Software Platform (2016 version) was used for seismic interpretation. The software was
developed by Schlumberger, and serves as a tool for seismic interpretation and visualization for
geoscientists. The seafloor and upper regional unconformity were identified, and interpreted as horizons on
the 2D and 3D data. The seafloor horizon, identified as the uppermost reflection, was tracked using the
manual, seeded and automatic tracking tool. The URU was identified on the seismic data by its truncational
relationship with underlying reflections, due to its erosional origin (Figure 3.11). The reflection is also
distinguishable by its relatively high amplitude, due to the contrast in acoustic impedance between the
glacial sediments and consolidated strata below. The polarity of the unconformity reflection varies
according to the acoustic properties of the strata below relative to the sediments above, and may be both

positive and negative compared to the seafloor reflection after the Sheriff (2002) convention.
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In 3D seismic data sets ST0624 and ST0811, URU was interpreted on a peak reflection. In data sets ST0309,
ST0828, ST10011 and ST9403R01 it was interpreted on a trough reflection, due to better continuity. From
the horizons tracked in the 2D and 3D surveys, surfaces were produced in Petrel. Additionally, seismic time
slices visualizing lateral differences in amplitude at certain depths (ms (TWT)) were used to determine the
depth and shape of salt bodies.
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Figure 3.11: Example of the appearance of the seafloor and URU in seismic data. Note how the reflections below the URU
terminate abruptly against the reflection.

3.3.2 Seismic stratigraphy

Seismic stratigraphy is used to group and correlate a series of seismic reflections in units corresponding to
distinctive chronostratigraphic depositional intervals (Mitchum et al, 1977; Vail, 1987). Studies of seismic
stratigraphy and depositional facies interpreted from seismic data is utilized to reconstruct paleo-

environments.

Seismic sequence analysis

Seismic sequence analysis is an important tool when interpreting the depositional environment from seismic
sequences. It is based on reflection terminations (Mitchum et al., 1977; Vail, 1987), and describing the
geometric relationship between reflections and the stratigraphic surface they terminate against (Catuneanu,
2006). There are four main defined reflection terminations used for identifying stratigraphic surfaces,

respectively named onlap, toplap, downlap and truncation (Figure 3.12).

Onlap is recognized by the termination of reflections against a steeper stratigraphic surface, resulting in the
younger strata progressively overstepping underlying deposits (Veeken, 2007). Toplap is the termination of

inclined strata with a clinoform geometry against an overlying surface. The overlying truncating surface
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generally has a lower angle than the reflections terminating against it. The sequence boundary is a result of
sedimentary bypass with a minor erosional influence (Catuneanu, 2006). Downlap refers to a downwards
termination of inclined strata against an underlying stratigraphic surface. Similar to toplap, the surface
generally has a lower angle than the reflections that terminate against it (Catuneanu, 2006). Truncation
describes the termination of reflections against an overlying truncational surface, generally an unconformity,

representing an erosional surface (Catuneanu, 2006).

In this study, sequence analysis is important for interpreting and describing the URU and any internal
horizons found within the glacigenic sediments above. The sequence analysis is used to describe various
terminations of internal horizons in the glacial deposits against the unconformity, especially around the salt

domes within the study area, and to describe the relationship between the URU and underlying stratigraphy.

SEQUENCE
TOPLAP / BOUNDARY

«—ONLAP —

—

TRUNCATION”

SEQUENCE :
BOUNDARY DOWNLAP

/ APPARENT
DOWNLAP SURFACE TRUNCATION

Figure 3.12: Schematic illustration of an idealized seismic sequence with the main reflection terminations used in sequence
stratigraphy analysis. Figure modified from Vail (1987).

Seismic facies

Seismic facies are determined by a multitude of parameters concerning the appearance of reflections on the
seismic section and was defined by Mitchum et al. (1977) as the description and geological interpretation
of these. Among the parameters used are reflection configuration, continuity and amplitude. Seismic facies
provide information about the subsurface geology and reflect parameters surrounding the depositional
environment. Figure 3.13 shows examples of how different reflection configurations may appear on seismic

data.
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Figure 3.13: Table showing the appearance of some common seismic facies from Veeken (2007) and from this study.

3.3.3 Seismic attributes
Attributes are measurable properties of seismic data that may give complementary information to the

interpretation and may be used to increase the understanding of the geological features in the subsurface. In
this study, attributes were applied to the surfaces to better understand the properties of the shallow strata in

the study area.

Root mean square (RMS)

This attribute calculates the square root of the sum of squared amplitudes divided by the number of samples
(Koson et al., 2014). It shows areas within a volume or across a surface with high amplitude anomalies, and
is useful for visualization of lateral amplitude variations in a seismic volume. In this study, RMS maps were
produced from surfaces and volumes in Petrel to illustrate the lateral variation in amplitude along the

seafloor- and URU surfaces, and internally in the glacigenic sediments.

Time-thickness map (Isochore map)

The vertical thickness in two-way-travel time between surfaces was calculated in Petrel to produce isochore
maps. The maps show the lateral variation in time thickness between two surfaces, and were used to estimate
the thickness of the glacigenic sediment sequence between the seafloor and the Upper Regional

Unconformity.
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4 Results

In this chapter, the results of the seismic interpretation are presented in chronological order, beginning with
an overview of the regional trends of the interpreted surfaces in the study area. Following this, the late
Cenozoic stratigraphy in the study area is presented, with a focus on the Svalis, Samson and Norvarg domes

as well as the Nordkapp Basin and the relationship between the salt diapirs and the overlying stratigraphy.

4.1 Regional overview

The upper regional unconformity (URU) and the seafloor are regional horizons and have been mapped
across the entire study area. In addition, above and adjacent to some salt diapirs the Quaternary sediment
package is locally thick enough to enable seismic stratigraphic mapping of the interval. Intra Quaternary
horizons are distinguishable on the Loppa High adjacent to the Svalis Dome. In addition, they are interpreted
within an arcuate sediment ridge found in the southwestern Nordkapp Basin, and in a sediment accumulation
in the northeastern Nordkapp Basin. The horizons are not correlated between the three areas due to lacking

data coverage and resolution. An overview of the interpreted reflections is given in figure 4.1.

Seafloor [
Intra Quaternary horizons
Loppa High Nordkapp Basin SW Nordkapp Basin NE
AZ I B2 [ C2
A1 1N B1 I C1

Upper Regional Unconformity (URU) [ ]

Figure 4.1: Schematic overview of the horizons interpreted in the study area.

4.1.1 Upper Regional Unconformity (URU)

The URU is the lowest stratigraphic horizon interpreted in this study. The horizon is represented by a
medium to high amplitude reflection, which is overall continuous, though there are differences in the quality
between the seismic surveys. On 2D seismic data sets, URU is mainly visible as a positive reflection that
truncates underlying strata. In the 3D seismic data sets ST0624 and ST0811, URU is interpreted on a peak
reflection, while it was interpreted on a trough in ST0309, ST0828, ST10011 and ST9403R01. In further

descriptions, the depth is given in ms two-way travel time (TWT).
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Regionally in the SW Barents Sea, the URU surface mirrors the seabed bathymetry. The unconformity
reaches up to 800 ms (TWT) depth within the Bear Island Trough (Figure 4.2) and more than 1000 ms
towards the western margin. The unconformity is shallowest above the northeastern Nordkapp Basin, where
it is mapped at 350 ms (TWT) depth (Figure 4.2).

The depth of the URU is relatively uniform across the southern Bjarmeland Platform. It is relatively flat
above both the Samson and Norvarg domes, and the depth increases towards more central parts of the
platform (Figure 4.2 and 4.6). Across the central and southwestern Nordkapp Basin, the depth is also fairly
uniform, with an average depth of 425 ms (TWT). The unconformity is cut by a local elongated seafloor
depression in the central basin (Figure 4.2). Some local depressions and highs associated with deeper located

salt occur (Figure 4.4 and 4.5). Some of these are described in more detail in chapter 4.5.2.

The unconformity is elevated around the flanks of the Svalis Dome, relative to above the adjacent Maud
Basin and Bjarmeland Platform (Figure 4.2). There is a significant difference in depth of the unconformity
between the western and eastern side of the dome: in the east the URU has a depth of around 600 ms and
west of the dome the depth increases to up to 800 ms (TWT) (Figure 4.2 and 4.5). It is truncated by the
seafloor near the crest of the dome, at a depth of 500 ms (TWT) (Figure 4.2 and 4.4). Thus, the URU displays
a positive relief of 300 ms (TWT) by the dome.
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1-300 500 -700 -900

Figure 4.2: Regional surface showing the depth in ms (TWT) of the URU on the SW Barents Sea. The positions and orientations of
profiles in fig. 4.4-4.6 are given by the black lines. The dashed square outlines fig. 4.19-4.21 which provide a more detailed look of
the unconformity in the Nordkapp Basin. Note how the URU is not present above the Svalis Dome and locally in the central
Nordkapp Basin. The presence of the unconformity is also uncertain in the northeastern Nordkapp Basin. LH = Loppa High, HB =
Harstad Basin, SD = Svalis Dome, ND = Norvarg Dome, MB = Maud Basin, SaD = Samson Dome, BP = Bjarmeland Platform,
NB = Nordkapp Basin, FP = Finnmark Platform. Structural element base map provided by NPD.
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4.1.2 Seafloor

In the seismic data the seafloor is represented by a continuous and high amplitude peak reflection (Figure
4.4b). The main bathymetrical features on the seafloor in the study area are the Bear Island Trough to the
northwest and the Nordkapp Bank to the southeast. The trough reaches 600 ms (TWT) depth in the study
area, and increases in depth towards the western shelf-margin (Figure 4.3). The Svalis Dome is a local high
within the trough, and is elevated with up to 200 ms (TWT) relative to the adjacent seabed (Figure 4.12).
The Nordkapp Bank is a shallower feature, with depths of down to 250 ms (TWT) (Figure 4.3). The bank
covers the central and southeastern part of the study area (Figure 4.3). An elongated arcuate ridge is a
dominant feature on the southern part of the bank, across the southwestern Nordkapp Basin. The arcuate
ridge is approximately 120 km long and 30 km wide and is located at the distal end of the Djuprenna trough
(Figure 4.3). The ridge is located in one of the shallowest parts of the study area, with a depth of 250 ms
(TWT) across the top.

Above the rest of the Nordkapp Basin, the average seabed depth is approximately 400 ms (TWT). It
decreases to less than 250 ms (TWT) above some of the salt diapirs in the northeastern part of the basin
(Figure 4.3). Several smaller local depressions are found along the northern central margin of the basin, and
in between some of the salt diapirs. The relationship between the seafloor and the underlying salt diapirs in

the basin is described in more detail in chapter 4.5.2.
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Figure 4.3: Regional surface showing the depth in ms (TWT) of the seafloor in the study area. The positions and orientations of
profiles in fig. 4.4-4.6 are given by the black lines. The dashed square outlines fig. 4.19-4.21 which provide a more detailed look
of the seafloor in the Nordkapp Basin. SD = Svalis Dome, MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP =
Bjarmeland Platform, NB = Nordkapp Basin, FP = Finnmark Platform.
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Figure 4.4: Composite 2D line showing a) the depth of the URU in the study area and an uninterpreted (b)) and interpreted (c)) seismic profile with the URU and seafloor surfaces
marked, as well as intra quaternary horizon A2. The black vertical line on the profiles marks the intersection of the 2D lines where the profile changes direction. LH = Loppa High,
SD = Svalis Dome, MB = Maud Basin, SaD = Samson Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin, FP = Finnmark Platform.
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Figure 4.5: Composite line showing a) the depth of the URU, b) an uninterpreted and c) an interpreted seismic profile with the URU and seafloor surfaces. The vertical line on the
profile marks the intersection of the two 2D lines. Note that compression of the line exaggerates changes in depth (TWT). BIT = Bear Island Trough, NoB = Nordkapp Bank, SD =
Svalis Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin.
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Figure 4.6: Composite line through the Samson and Norvarg domes showing a) the depth of the URU, b) an uninterpreted and c) an interpreted seismic profile with the URU and
seafloor surfaces. Note the truncation of underlying strata by the URU above the Norvarg Dome. The vertical lines on the profile marks the intersection where the lines change
direction.. BIT = Bear Island Trough, NoB = Nordkapp Bank, SD = Svalis Dome, MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB

= Nordkapp Basin.
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4.1.3 Quaternary sediments

The thickness of the Quaternary sediments is mainly between 150-50 ms , and there is a general thickening
westwards (Figure 4.7). Above the eastern part of the Nordkapp Basin, the sediment package is less than 50
ms thick, and the sediment package thickens towards the northwestern margin of the bank (Figure 4.7),
where it locally reaches up to 200 ms thickness (Figure 4.8 and 4.9). In the Bear Island Trough in the
northwest, the sediment package thickness averages between 50-100 ms. The sediment thickness is more
than 250 ms west of the Svalis Dome, where there is a significant difference in thickness relative to the
eastern side (Figure 4.7 and 4.9). Northeast of the dome the average thickness is 50-100 ms. The thickness
increases locally to more than 250 ms southwest of the dome. Above the Samson Dome the glacigenic
sediments are relatively uniform in thickness (Figure 4.10) at 150 ms (Figure 4.7), while there is an increase
in thickness towards the northwest above the Norvarg Dome. There is a pronounced sediment accumulation
above the southwestern part of the Nordkapp Basin, reaching up to 200 ms time-thickness locally (Figure
4.7 and 4.8Db).

Intra Quaternary horizons were interpreted within three separate sediment accumulations; Al and A2
southwest of the Svalis Dome, B1 and B2 within the arcuate ridge in the southwestern Nordkapp Basin, and
C1land C2 in an accumulation of sediments along the northern central margin of the basin (Figure 4.7). The
configuration of the horizons is described further in chapters 4.2.2 (Al and A2) and 4.5.2 (B1 and B2, C1
and C2), respectively.
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Figure 4.7: Isochore map showing the vertical time-thickness of the Quaternary deposits in the study area. Note the three areas
where intra Quaternary horizons have been interpreted within the glacigenic sediments. LH = Loppa High, SD = Svalis Dome,
MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin, FP =
Finnmark Platform.
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Figure 4.8: a) Isochore map and b) composite 2D line across the study area showing the variations in time-thickness of the Quaternary sediments between the URU and the seafloor. LH = Loppa High, SD =
Svalis Dome, MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin, FP = Finnmark Platform. The red stars on the profiles correspond to the

locations marked with stars on the map.
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Seafloor
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Figure 4.9: a) Isochore map and b) composite 2D line across the study area showing the variations in thickness of the Quaternary sediments. LH = Loppa High, SD = Svalis
Dome, MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin. The red stars on the profiles correspond to the
locations marked with stars on the map.
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Figure 4.10: a) Isochore map and b) composite 2D line across the Samson and Norvarg domes and the Bjarmeland Platform showing the variations in time-thickness of the
Quaternary sediments. LH = Loppa High, SD = Svalis Dome, MB = Maud Basin, SaD = Samson Dome, ND = Norvarg Dome, BP = Bjarmeland Platform, NB = Nordkapp Basin.
The red stars on the profiles correspond to the locations marked with stars on the map.
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4.2 Svalis Dome

4.2.1 Horizons

Adjacent to the Svalis Dome, the URU is distinguishable as a continuous high amplitude reflection with
normal polarity. The strata below the URU is uplifted and steeply dipping reflections subcrop the
unconformity with a high angle around the flank of the dome. The URU reflection is also uplifted on the
flanks of the dome, and subcrops the seafloor reflection around the domes peak. The URU has a gentler dip
on the eastern flank than on the western flank of the dome, where the depth of the unconformity increases
abruptly, forming a depression filled with Quaternary sediments.

The seafloor is represented by a high amplitude peak reflection above and around the dome. It is elevated
above the dome, as an anomalous high relative to the surrounding seafloor in the Bear Island Trough. The
seafloor is elevated in several smaller peaks above the central part of the dome, with otherwise flat seafloor

in between them.

4.2.2 Quaternary sediments

The thickness of the Quaternary sediments varies around the Svalis Dome, i.e. they are thicker (more than
200 ms) and thinner (less than 100 ms) SW and NE of the dome, respectively (Figure 4.11). The average
time thickness (TVT) in the deepest part of the “mini-basin” SW of the dome is 200 ms. Using the average
velocity of 2000 m/s for glacigenic sediments inferred from Andreassen et al. (2007), the thickness is
calculated to approximately 200 meters. Assuming a relatively even thickness in this area, the volume of
glacigenic sediments in this part of the mini-basin would be approximately 90.7 km?®. The sediment sequence
comprises horizontal, subparallel reflections with low to medium amplitudes. The continuity of the

reflections varies in the different 2D datasets.

Intra Quaternary horizon Al is distinguishable as a low amplitude peak reflection above the URU. The
reflection is slightly undulating but relatively even. The interpreted horizon onlaps the uplifted URU on the
southwestern flank of the dome (Figure 4.12 and 4.14) and downlaps onto the unconformity along towards

the western margin of the depression the sediments are accumulated in (Figure 4.14).

Horizon A2 is represented by an intra Quaternary low amplitude peak reflection that is continuous and
slightly undulating. The depth of the horizon increases towards the northwest, where it downlaps onto the
URU at approximately 680 ms (TWT) depth. It onlaps the uplifted URU along the flanks of the dome and
downlaps onto the unconformity in the east (Figure 4.12, 4.13 and 4.15).
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The sequence between Al and A2 southwest of the dome comprises low to medium amplitude reflections
with varying continuity. The reflections display a hummocky and undulating pattern with some local high
amplitudes. East of the dome there are less visible reflections, as the sequence is thinner and as the resolution
varies in the different data sets. These reflections are less continuous and have an undulating form.
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Figure 4.11: Isochore map showing the increase in time thickness of the Quaternary sediments southwest of the Svalis Dome. The
black lines mark the position and orientation of the seismic profiles in figures 4.12 and 4.13. The white dotted line outlines the
area where the volume of sediments was calculated. FSB = Fingerdjupet Sub-Basin, LH = Loppa High, SD = Svalis Dome, BP
= Bjarmeland Platform, MB = Maud Basin.
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Figure 4.12: a) uninterpreted and b) interpreted seismic profiles showing the variations in depth of the URU and thickness of the Quaternary sediments by the Svalis Dome.
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Figure 4.13: a) uninterpreted and b) interpreted seismic profiles through the Svalis Dome. Note how the URU is uplifted on the flanks of the dome and terminates against the
seafloor near the top.

56



4 Results

Figure 4.14: Extent (red polygon) and depth of Intra quaternary horizon Al. Contour line increment = 25 ms. LH = Loppa High,
SD = Svalis Dome, MB = Maud Basin. The orange dotted line delineates where the horizon downlaps onto the URU and the
purple dotted line marks where it onlaps the Svalis Dome.

Figure 4.15: Extent (red polygon) and depth of Intra quaternary horizon A2. Contour line increment = 20 ms. LH = Loppa High,
SD = Svalis Dome, MB = Maud Basin. The orange dotted line delineates where the horizon downlaps onto the URU and the
purple dotted line marks where it onlaps the Svalis Dome.
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4.3 Samson Dome

Above the Samson Dome, the URU reflection is represented by a medium amplitude peak reflection with
high continuity. The unconformity is even above the dome and truncates the strata below that has been
uplifted by the dome (Figure 4.16). Towards the southwest, the reflections underlying the URU subcrop it
at a relatively steep angle, relative to the northern side. Towards the north and east it is difficult to distinguish
where the underlying reflections subcrop the unconformity, as they have a more gentle angle. The URU
reflection displays a prominent lateral increase in amplitude above the Samson Dome (Figure 4.16 and 4.17).
The area of increased amplitude is located above the central and southern part of the dome, and extends

approximately 10 km towards the south in a sub-circular shape (Figure 4.17a).

The quaternary sediment package is even in thickness above and adjacent to the dome and comprises low
to medium amplitude subparallel reflections (Figure 4.17b and c). There is a local increase in amplitude of
one of the intra quaternary reflections, displaying a peak signature above the unconformity in central parts
of the dome (Figure 4.17). The dome is located below the Nordkapp Bank, and the seafloor is even above
and adjacent to the dome with an average depth of 350 ms (TWT).
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Figure 4.16: Seafloor surface and interpreted profile through the strata above the Samson Dome. BP = Bjarmeland Platform,
SaD = Samson Dome, NoB = Nordkapp Bank.
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Figure 4.17: a) URU surface above the Samson Dome with the extent of the high amplitude zones along the URU and intra
Quaternary horizon marked and two profiles showing the appearance of the zones on seismic data (b) and c)).
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4.4 Norvarg Dome

Above and adjacent to the Norvarg Dome, the URU is relatively flat and has an even depth of approximately
600 ms (TWT). The unconformity is represented by a medium amplitude peak reflection. Directly above
the dome, the URU reflection is slightly undulating and shows local variations in amplitude. The URU
truncates the uplifted strata below, and the doming reflections above the dome subcrop the horizon at a

relatively steep angle around the margin of the structure (Figure 4.18).

Below the unconformity, faulting of the strata is visible. The doming reflections of the uplifted strata above
the deeper salt is vertically displaced by steep faults. Some of the faults reach the unconformity, and

terminate against it (Figure 4.18).

The dome is located by the margin of the Bear Island Trough, and there is a decrease in water depth towards
the southeast when moving from the trough up onto the Nordkapp bank. The depth decreases from almost

600 ms at the margin of the trough, to less than 500 ms towards the bank.

Above the dome, there is a southwards increase in sediment thickness towards the Nordkapp Bank. The
sequence displays some low amplitude reflections with medium to poor continuity and a hummocky,

undulating pattern (Figure 4.18).
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Figure 4.18: Seafloor surface and interpreted seismic profile through the strata above the Norvarg Dome. BIT = Bear Island
Trough, ND = Norvarg Dome, NoB = Nordkapp Bank.
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4.5 Nordkapp Basin

4.5.1 Horizons and sediments

Within the Nordkapp Basin, the depth of both the seafloor and URU varies locally in between the many salt
bodies located within the basin. The unconformity has an average depth of 425 ms, and is shallowest towards
the northeast at less than 300 ms, and deepest in the northern central part of the basin, at 575 ms (Figure
4.19). The presence of the URU is uncertain above the northeastern part of the basin. The seafloor displays
a similar trend, and is at less than 250 ms depth in the northeastern part of the basin, where it is elevated
above salt diapirs (Figure 4.20).

ms (TWT)

-425

Figure 4.19: Map showing the depth in ms TWT of the URU horizon within the Nordkapp Basin. ND = Norvarg Dome, BP =
Bjarmeland Platform, FP = Finnmark Platform.
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Figure 4.20: Map showing the depth in ms TWT of the seafloor horizon within the Nordkapp Basin. The Nordkapp arcuate ridge
is outlined by the dashed black polygon. ND = Norvarg Dome, BP = Bjarmeland Platform, FP = Finnmark Platform.
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The quaternary sediment cover is relatively thin across large parts of the basin, with an average thickness
of 40 ms (Figure 4.21). The sediment package is thinnest above central eastern and northeastern parts of the
basin. Here the thickness is close to 0 ms across large areas, where the sediment package is either absent or
too thin to be resolvable on the seismic data. The thickness increases towards the central northwestern
margin of the basin, where it reaches more than 180 ms thickness (Figure 4.21). Here, the URU shows a
depression while the seafloor is relatively flat or elevated (Figure 4.19 and 4.20). In the southwest, the
sediment package thickness increases significantly where the previously described arcuate ridge located,
and the shape of the ridge is distinguishable on the isochore map.

Several intra quaternary horizons have been interpreted within some of the sediment accumulations. Within
the arcuate ridge in the southwest, reflection B1 and B2 were mapped (Figure 4.21) and are visible as a
medium amplitude peak reflections with good continuity. They downlap onto the URU towards the

northeast, near the margin of the ridge.

In the central northeast part of the basin, intra quaternary reflections C1 and C2 are mapped within the
sediment sequence (Figure 4.21). Both reflections display a medium amplitude and are continuous. The
horizons onlap the URU towards the southwest, where the URU is elevated above salt diapirs. Towards the
northeast these intra quaternary horizons downlap towards the unconformity.

Internally, the sediment package is characterized by sub-parallel medium amplitude reflections. The
continuity of the reflections varies greatly, and is also dependent on the quality of the seismic surveys. In
the areas where the sediment thickness is low, it is not possible to distinguish the internal horizons. Thus,
they have only been interpreted within large sediment accumulations. The seismic stratigraphy of the intra
guaternary horizons in relation to some of the salt diapirs in the basin is described further in the next sub-

chapter.
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Figure 4.21: Isochore map showing the time-thickness (TVT- True Vertical Thickness) of the sediments above URU within the
Nordkapp Basin. The dashed polygons outline the areas of sediment accumulation where intra Quaternary horizons were
mapped. ND = Norvarg Dome, BP = Bjarmeland Platform, FP = Finnmark Platform.
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4.5.2 Salt diapirs in the Nordkapp Basin

Forty-four salt diapirs in the Nordkapp Basin have been studied on 2D and 3D seismic data. The diapirs
have been categorized based on the stratigraphic relationship between the salt bodies and the interpreted
URU and seafloor surfaces overlying them. The numbering and positions of the different diapirs are shown
in figure 4.22. The morphology and orientation of the diapirs and the interpreted depth to the top of the salt
bodies are summarized in table 4.1. For systematic purposes, the basin is divided into a southwestern and
northeastern sub-basin when describing the positions of the salt diapirs. Due to time constraints, not all
diapirs could be studied and shown in detail. In the following chapter, some select diapirs representing
different stratigraphic relationships are described, starting in the southwest and moving consequently toward

the northeast.
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Figure 4.22: Overview of the numbering and positions of the salt diapirs studied within the Nordkapp Basin. The red polygons
delineate the coverage of the 3D data sets and the dotted arrows indicate how the basin is divided into sub-basins for systematic
and descriptive purposes.
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Table 4.1: General information about the salt diapirs in the Nordkapp Basin.

Diapir Top salt Shallow Orientation
Number  TWT (ms) morphology

Nordkapp Basin

1 480 Elongated SW-NE

2 460 Sub-circular Undefined
3 460 Circular Undefined
4 450 Elongated SSW-NNE
5 470 Circular Undefined
6 700 Sub-circular Undefined
7 500 Sub-circular E-W

8 440 Elongated SW-NE

9 420 Sub-circular Undefined
10 420 Elongated SW-NE
11 420 Elongated SW-NE
12 500 Elongated SW-NE
13 440 Elongated SSW-NNE
14 430 Sub-circular Undefined
15 430 Circular Undefined
16 420 Sub-circular NW-SE
17 410 Elongated N-S

18 400 Sub-circular Undefined
19 400 Sub-circular Undefined
20 440 Elongated NW-SE
21 430 Circular Undefined
22 420 Elongated E-W

23 700 Sub-circular Undefined
24 400 Elongated WSW-ENE
25 400 Elongated SW-NE
26 420 Elongated SW-NE
27 450 Elongated W-E

28 390 Sub-circular Undefined
29 400 Cicrular Undefined
30 550 Elongated SW-NE
31 400 Elongated SW-NE
32 410 Elongated W-E

33 400 Partly elongated Undefined
34 380 Sub-circular W-E

35 370 Partly elongated SW-NE
36 400 Circular Undefined
37 370 Elongated SW-NE
38 360 Elongated W-E

39 350 Large elongated salt ~ Oriented
40 380 wall system of SW-NE
41 350 multiple diapirs with

42 340 a common stem

43 300

44 320 Elongated SW-NE
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Southwestern sub-basin

The relationship between the URU, seafloor and salt bodies of some selected diapirs have been studied in
the southwestern Nordkapp sub-basin. The positions and orientations of the seismic profiles through the
studied diapirs are shown in figure 4.23 below.
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Figure 4.23: a) URU surface in the SW Nordkapp sub-basin. b) Seafloor in the SW Nordkapp sub-basin. The black lines mark the
position and orientation of featured seismic profiles.

Diapir 1-4

The top of the salt bodies is identified by local high amplitude peak reflections (Figure 4.24), in response to
the increase in acoustic impedance. The salt body has a higher velocity than the overlying glacial sediments,
with halite reaching a velocity of 4500 m/s (see table. 1.1) (Jones and Davidson, 2014). This causes a
contrast in acoustic impedance and a positive reflection coefficient, giving the peak reflection. The top of
the salt bodies is located between 480 and 450 ms (TWT) depth.

All diapirs are truncated by the URU, which overlies the diapirs represented by a continuous medium
amplitude trough reflection (Figure 4.24). The unconformity is locally slightly elevated above the diapirs
(Figure 4.24 and 4.25). The Seafloor horizon is uniform in depth above the diapirs and remains relatively
flat (Figure 4.24). The sediment package above the URU displays some low amplitude reflections with poor

continuity and has a uniform thickness of approximately 80 ms (TWT).
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Figure 4.24: Seismic profiles through the top of diapirs 1-4. From 3D data set ST10011.

Diapir 7-9

The tops of the salt bodies are distinguishable as local high amplitude peak reflections. They are found
between 500 and 420 ms (TWT) depth. All the diapirs are truncated by the URU (Figure 4.25 and 4.26).
The unconformity reflection is slightly elevated above the diapirs, and shows local depressions adjacent to
diapir 7. The center of diapir 8 is partly collapsed, shown by the depression in the top salt reflection (Figure
4.26).

The sediment package above diapir 7 and 9 is uniform in thickness at approximately 100 ms (TWT), while
the sediment cover above diapir 8 is thinner, at approximately 70 ms. The sediment package thins across
diapir 8, but becomes thicker above the collapsed part of the diapir (Figure 4.26). Intra quaternary horizon
B1 above diapir 7 and 9 was interpreted along a continuous medium amplitude peak reflection. The horizon
is relatively even across the diapirs and decreases slightly in depth towards the southwest (Figure 4.25).
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Figure 4.25: Seismic profiles through diapirs 4, 7 and 9. From 3D data set ST10011. Note the positive relief of the unconformity
above diapir 4 and 7, and the local depressions adjacent to the diapirs.
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Figure 4.26: Seismic profiles through diapir 8. From 3D data set ST10011. The URU shows a slight depression above central
parts of the diapir.
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Diapir 12-15

The top of the salt bodies in diapirs 13-15 are at an even depth, between 440 and 430 ms (TWT), and are all
truncated by the URU (Figure 4.28 and 4.29). The unconformity is slightly elevated above diapir 13 and 14,
indicating upwards movement of the salt after the erosion of the ice sheet. The URU cuts the top of diapir
15 as well, but here the surface is not elevated. Compared to the adjacent diapirs, the salt body of diapir 12
is located much deeper. The top salt reflection is uneven and varies in depth, but the top of the salt is located
at approximately 500 ms (TWT), supported by an increase in amplitude at this depth (Figure 4.27). The
URU truncates the reflections overlying the top salt reflection, but does not cut into the salt body.

Diapir 12 and 13 is located below the arcuate ridge on the Nordkapp Bank. Thus, there is an increase in
sediment thickness towards the southwest above the diapirs. The sediment package displays several medium
amplitude peak reflections with relatively good continuity, representing intra quaternary interfaces. Two
horizons have been interpreted within the ridge. Horizon B1 is relatively even through the ridge, dipping
slightly towards northeast. The horizon downlaps the URU in some and subcrops the seafloor in others
(Figure 4.28 and 4.29). Horizon B2 is also relatively even and downlaps onto horizon B1 in some locations
(Figure 4.29).

Diapir 17 and 18

The top of the salt bodies of diapir 17 and 18 are located at a slightly shallower depth than in diapir 13-15.
The top of the salt is distinguishable as a local high amplitude anomaly at between 400 and 410 ms (TWT)
depth for the two diapirs. Both diapirs are truncated by the URU. The unconformity is relatively flat above
diapir 17, but has been elevated above diapir 18 (Figure 4.29 and 4.30). In addition, the seafloor is uplifted
above diapir 18, indicating late salt activity. The sediment cover above both diapirs is thin, at less than 40

ms (TWT) and there are no distinguishable internal reflections within the sediment package.
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Figure 4.27: a) Time slice and b) RMS amplitude time slice through diapir 12 and 15, showing the difference in amplitude within the diapirs at depth z=-508 ms.
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Figure 4.28: Figure 4.28: Seismic profiles through diapir 12 and 15. From 3D data set ST9403R01. The dashed black line indicates the depth of the time slice in figure 4.27.
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Figure 4.29: Seismic profiles through diapir 13, 14 and 17. From 3D seismic data set ST0309.
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Figure 4.30: Seismic profiles through diapir 18. Arrows indicate uplift of the seafloor and URU above the diapir.

Northeastern sub-basin

Several diapirs have been studied in the northeastern sub-basin as well. The positions and orientations of
seismic profiles through the diapirs is given in figure 4.31. The relationship between the interpreted horizons
and the salt bodies of the diapirs is summarized at the end of this chapter.
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a) URU

b) Seafloor

Figure 4.31: a) URU and b) Seafloor in the northeastern Nordkapp sub-basin. The position and orientation of seismic profiles through some of the diapirs is indicating by the black
lines. Note the uncertainty of the presence of the URU in the NE, and the depression of the unconformity in the northern central part of the basin, where the seafloor is slightly
elevated.
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Diapir 24-26

The top of the salt bodies of diapirs 24-26 are located at relatively similar depths. The URU truncates all
the diapir crests and is represented by a medium amplitude peak reflection on the 2D line (Figure 4.32 and
4.33). The unconformity increases in depth towards the northwest, but is slightly elevated above the diapirs.
The seafloor reflection is very undulating and less continuous above diapir 24, where is it slightly uplifted
as well. A depression in the seafloor northwest of diapir 25 truncates the URU reflection (Figure 4.33). The
unconformity reflection is not distinguishable below the depression.

There is an increase in sediment thickness of the Quaternary northwest of diapir 25, where intra quaternary
horizon C2 is distinguishable within the sediment package as a medium amplitude peak reflection. The
horizon onlaps diapir 25 to the east and is cut by the depression in the seafloor (Figure 4.33). Horizon C1
has a similar configuration as the overlying C2, and onlaps the elevated URU towards diapir 25, and
downlaps the unconformity towards the northeast where the sediment package thins out (Figure 4.32). The
sediment package between the URU and C2 thins towards diapir 26 in the northwest (Figure 4.33), where
C2 is draped across diapir 26 and laps out towards the seafloor horizons towards the northwest (Figure 4.33).

Diapir 28 and 29

The salt bodies of diapirs 28 and 29 are both truncated by the URU at 390 and 400 ms (TWT) depth,
respectively. The unconformity is represented by a medium to high amplitude reflection with high
continuity. The exception is above the diapirs, where the URU reflection is elevated and merges with the
seafloor reflection (Figure 4.34). The unconformity truncates the steeply dipping reflections along the flanks
of the diapirs. These dipping reflections are also visible on time slices through the structures (Figure 4.36
and 4.37). North of diapir 28, the depth of the URU increases. The quaternary sediment package is thin
across the diapirs and increases in thickness to the north of diapir 28 (Figure 4.34). Here, intra Quaternary
horizon C2 onlaps diapir 28 towards the south, and laps out towards the seafloor reflection towards the
north.
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Diapir 30 and 31

There is a large difference in depth of the top of the salt bodies of diapirs 30 and 31. The top of the salt in
diapir 30 is located relatively deep, at 500 ms (TWT) while the salt in diapir 31 is shallow and near the
seafloor, at 400 ms (TWT). The doming strata above diapir 30 is cut and truncated by the flat URU
reflection, but the salt is located far below the unconformity (Figure 4.33-4.35). Both the seafloor and the
URU remain flat above diapir 30, but are elevated above diapir 31 (Figure 4.33 and 4.35). Here, high
amplitudes near the seafloor indicate the top of the salt body being at a shallow depth (Figure 4.35, 4.38 and
4.39). The southern flank of diapir 31 is less elevated (Figure 4.35), and the top of the salt is located lower
here compared to the rest of the structure.

The sediment cover above both diapirs is uniform and relatively thin, with an average thickness of 30-40
ms. The uplifted URU horizon intersects with the seafloor above the diapir 31, and is either truncated by
the seafloor or not resolvable due to the low sediment thickness. On the seafloor, several plough marks are
observed and occur with increasing frequency towards the elevation above the top of the diapir (Figure
4.40).

The difference in depth of the salt bodies of diapir 30 relative to adjacent diapirs such as 28, 29 and 31 is
especially visible on timeslices (Figure 4.36 and 4.37). Here, the salt bodies of diapirs 28, 29 and 31 are
present at all depths, distinguishable as relatively acoustically transparent features (Figure 4.36). The top of
the salt bodies is visible as high amplitude anomalies and are located beneath the seafloor reflection. The
salt body of diapir 30 is distinguishable at 600 and 500 ms (TWT) depth, but is not visible near the seafloor
at 400 ms (TWT) depth (Figure 4.37).
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Figure 4.32: An uninterpreted and interpreted seismic profile through diapir 24 and 25 showing the depression of the URU in the northern central Nordkapp Basin. Intra
Quaternary horizons C1 and C2 are found within the sediments accumulated in the depression.

78



4 Results

: Seism

ic 2D line NBR12-3534

Reflection amplitude

Figure 4.33: An uninterpreted and interpreted seismic profile through diapirs 24-26 and 30-31 showing the local variations in depth of the salt bodies of the diapirs. The URU is
present above diapir 25, 26 and 30, but is truncated by the seafloor above diapir 24 and 31. Additionally, a seafloor depression between diapir 25 and 26 truncates the
unconformity and cuts into the sediments between the diapirs. Note that the URU is not distinguishable above diapir 24.
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Figure 4.34: Seismic profile through diapirs 28, 29 and 30. The black dashed lines indicate the depths of the time slices shown in figures 4.36 and 4.37. Note the local variation in
depth of the salt bodies of diapir 30 relative to diapir 28 and 29.
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Figure 4.35: Seismic profile through diapirs 30 and 31. The black vertical line marks where the profile changes orientation. The dashed black lines indicate the depth of the time
slices shown in figures 4.36 and 4.37.
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Figure 4.36: Uninterpreted time slices from 3D data sets ST0811 and ST0624 at depths (Z) of 600-, 500- and 400 ms (TWT). Note the high amplitudes of diapir 28, 29, 31 and 33 at 400 ms depth.
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Figure 4.37: Interpreted time slices from 3D data sets ST0811 and ST0624 at depths (Z) of 600-, 500- and 400 ms (TWT). The salt within diapir 30 is assumed to not reach the
seafloor, while the bright amplitudes of diapir 28, 29, 31 and 33 are interpreted to represent salt present by the seafloor. Note that intra Quaternary horizon C2 is visible just
below the seafloor at 400 ms as an even reflection.
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Figure 4.38: Seismic profile through diapir 31. Note the slight depression of the top salt reflection in the southwest and the
elevation of the seafloor reflection above the salt. The black dotted line marks the depth of the time slice in fig. 4.39.
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Figure 4.39: RMS amplitude time slice through diapir 31 showing the high amplitude near the seafloor, where the top of the salt
is assumed to be very shallow.
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Figure 4.40: Seafloor surface from 3D data set ST0624 above diapir 31, showing an increase in plough mark frequency closer to
the elevation above the diapir, from iceberg activity. Note the depression along the southeastern flank of the elevated seafloor.

85



4 Results

Diapir 32 and 33

Both of the diapir crests are truncated by the URU in central parts, and the top of the salt bodies are located
relatively shallow, between 400 and 410 ms (TWT) depth. The URU reflection is represented by a medium
amplitude peak reflection. The continuity of the reflection is good west of diapir 33, but decreases towards
the east. The unconformity is uplifted above both of the diapirs, but is relatively flat adjacent to the diapirs.
Above diapir 33, the unconformity may not be present, as the reflection of the top of the salt body and the
seafloor obscures that of the URU (Figure 4.41). Towards the eastern part of diapir 32, the top of the salt
body is located deeper (Figure 4.41). Here, the top salt reflection starts at approximately 500 ms (TWT),
and the salt body does not reach or uplift the URU reflection.

Intra quaternary horizon C2 is represented by a medium amplitude peak reflection within the overlying
sediment package. The reflection is continuous except for above diapir 33, where is onlaps the flank of the
diapir on both sides with a gentle angle (Figure 4.41). The sediment cover is relatively even in thickness,

averaging at approximately 40 ms (TWT).
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Figure 4.41: Seismic profile through diapirs 32 and 33. Note that the top of the salt in diapir 32 is at -410 ms (TWT) (Table 4.1),
but the profile cuts the eastern flank of it, where the salt is lower.
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Diapir 42-44

The top of the salt bodies of diapirs 42-44 are all located relatively shallow, right beneath the seafloor
(Figure 4.42). Diapirs 42 and 43 are part of a larger salt system (see table 4.1) and are visible as a single salt
wall on the profile. Northwest of the diapir system, the URU is distinguishable as a high amplitude peak
reflection with high continuity. The unconformity horizon forms a depression northwest of diapir 42, and
onlaps the diapir towards the southeast. Above the diapir system, the URU is not distinguishable, as the salt
body reaches the seafloor. Thus, it is assumed that the unconformity coincides with the seafloor. This is also
the case westwards of the diapirs, where the URU is not distinguishable between the seafloor reflection and
the dipping reflections of the Cretaceous strata below that appear to subcrop near the seabed (Figure 4.42).

The unconformity is located at a shallow depth and close to the seafloor in general in the northeastern part
of the basin (Figure 4.31a). Thus, it raises the question of if the URU is present at all in this area, or if it

coincides with the seafloor, that is elevated above this salt system (Figure 4.31b).
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Figure 4.42: Seismic profile through diapirs 42, 43 and 44. Note how the URU is not distinguishable below the seafloor east of
diapir 42 and 43.
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From the observations of the diapirs and the relationship between the salt bodies and the overlying URU
and seafloor horizons, the salt diapirs and domes in the study area can be systemized. The diapirs are
categorized according to if the URU surface remains flat or has been elevated above the salt. The same
applies in relation to the seafloor. A summary of the observations and categorization of the diapirs is
displayed in table 4.2.

The observations listed may be used as indicators for the relative timing of salt movement of different
diapirs. It is however important to note that differences in quality of 2D and 3D data sets, as well as the data
coverage of the diapirs vary. Thus, the interpretations of depths of the salt bodies as well as the URU and

seafloor may change if data with better resolution is acquired in the future.

Table 4.2: Overview of the different salt domes and diapirs according to the relationship between salt bodies and the overlying
reflections, amplitudes and other seismic stratigraphic characters. Note that “- “indicates the value is the same as the above, and

“X” indicates a lack of observation.

Diapirs

O~NO O WN PP

11

12

13
14
15
16

17
18
19
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21

URU
elevated

No

Yes
Yes
No

Yes

No
Yes

Seafloor
elevated

Yes
Yes
No

URU
visible
above
diapir
Yes

No
Yes

URU

configuration above

salt

Rugged
Rugged
Rugged
Rugged

Even

Even and concave
Uneven
Uneven and
discontinuous
Relatively even
Rugged
Relatively even

Uneven, difficult to
distinguish
Undulating
Relatively even
Even, but obscure
Rugged, close to the
seafloor

Rugged

Relatively even

X

Uneven

Even
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along URU

Medium
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Medium
Medium
Medium
Medium to high

Medium
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Medium, local
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Medium to high
Medium

X
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22
23
24
25
26
27

28
29
30
31
32
33
34
35

36

37

38

39

40

41

42

43

44
Domes
Svalis
Dome
Samson
Dome
Norvarg
Dome

An overview map of the diapirs with the observations from table 4.2 is given in figure 4.43. The URU
remains flat above the Samson and Norvarg domes, and some diapirs within the Nordkapp Basin such as
the aforementioned diapirs 12 and 30, where the salt bodies are found relatively deep below the
unconformity. The majority of the diapirs in the basin have uplifted the URU. There is a trend of higher

elevation of the salt diapirs towards the northeast in the basin, where more and more if the diapirs have

No
No
Yes
No

Yes

Yes

No

No

Yes
No
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No
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No
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Uncertain
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X
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X

X
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X
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X

X
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XXX X X XX
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Even
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X

X

Medium to high
Medium

X

X

Medium

X
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X

X
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Medium
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XXX X X X X

Medium
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uplifted the seafloor. In addition, the seafloor is also uplifted above the Svalis Dome.
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Figure 4.43: Map with an overview of the characteristics of the different salt bodies in the study area and their relationship with

overlying surfaces.
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5 Discussion

In the following chapter a discussion of the Cenozoic development of the study area in the SW Barents Sea
will be given, with emphasis on the interplay between salt movement and erosion of the Svalis, Samson and
Norvarg domes, as well as selected diapirs in the Nordkapp Basin. It is important to note that all structural
elements have experienced one or several phases of Mesozoic salt-related uplift (see chapter 2.4). The focus

of this discussion however, is on the Cenozoic development of the study area.

First, the development of the individual structures is discussed with respect to the observations made during
the seismic interpretation, with focus on the relative timing of salt movement and glacial erosion. Secondly,
factors such as original salt thickness, overburden strength and pre-glacial erosion that may influence salt
movement in the study area are discussed. Finally, the interplay between late Cenozoic glacial erosion and

deposition and salt movement is discussed.

5.1 Salt movement

5.1.1 Svalis Dome

Uplift and truncation of Cretaceous strata in the Maud Basin adjacent to the dome (Figure 4.2, 4.12 and
4.13) indicates salt movement during the late Cretaceous — early Cenozoic, after deposition of the
Cretaceous strata and before the onset of glacial erosion. The adjacent Loppa High experienced several
phases of early Cenozoic erosion (Figure 2.5) (Lasabuda et al., 2018a). As it is in close proximity to the
eroded Loppa High, the Svalis Dome was likely influenced by erosion as well (Figure 5.1a). Evidence of
this phase, such as erosional truncations or accumulations of eroded sediments were likely removed during

later glacial erosion (Figure 5.1b).

The significant difference in depth of the URU in the SW relative to the NE (Figure 4.5 and 4.12) indicates
a deeper glacial erosion on this side of the dome. This may be related to the lithological differences between
the Maud Basin in the NE and the Loppa High in the SW, where the unconformity truncates Cretaceous and
Early Mesozoic rocks, respectively. The URU is elevated above the dome, indicating late salt movement
after the formation of the unconformity. A combination of continuous or stepwise salt movement occurring
contemporaneously with repeated glacial erosion and deposition has likely been the main processes

affecting the dome in the late Cenozoic (Figure 5.1b-i).
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Above the rising salt, elevated strata were more exposed to erosion during glacials, evidenced by the lack
of Quaternary sediments directly above the dome. During ice sheet advances, previously deposited
glacigenic sediments and the underlying Paleozoic strata above the rising salt was eroded by the Bear Island
Ice Stream (see chapter 2.3.2) (Figure 5.1b, e and h). Intra Quaternary horizons Al and A2 (Figure 4.14 and
4.15) are interpreted to represent preserved erosional surfaces formed during repeated ice sheet advances.
The rise of the salt left the strata above the Svalis Dome more exposed to erosion, while it may have lessened
the exposure of the sediments in the adjacent depression. Thus, a thicker sequence of Quaternary sediments
was accumulated here (Figure 5.1 e and h), as the depression in the URU provided more accommodation
space for the sediments. The sediments may be derived from the eroded strata above the rising dome. They

may also have a more distal provenance area and longer transport distance beneath the ice stream.

The elevated seafloor above the dome (Figure 4.12) indicates late salt movement, after the deglaciation
(Figure 5.1j). In contrast to what is observed in the Nordkapp Basin, there is no top salt high amplitude
reflection observed, indicating that the salt body is located relatively deep. However, the acoustically
transparent appearance of the dome on seismic profiles may indicate the presence of salt relatively near the
surface. It is speculated that there may be a small diapir present near the seafloor, but the structure is mainly
described as cored by Paleozoic rocks (Gabrielsen et al., 1990). The rocks consist of silicified shales and
carbonates and are suggested to act as a resistant cap, protecting the salt body from erosion (NPD, 2013),
while the adjacent Mesozoic strata consist of softer siliciclastic rocks (Nilsson et al., 1996). This concurs
with the assumption that the elevated dome may to some degree have protected the adjacent SW sediment
accumulation from erosion. A continuous rise of salt during the late Cenozoic is suggested as a potential
reason for the current positive relief of the dome (NPD, 2013), which is supported by the local elevation of

the seafloor above the dome.

The development of the Svalis Dome, particularly during the Cenozoic is complex and still relatively poorly
understood, mainly due to the extensive erosion of the structure. It experienced active salt rise during the
Jurassic and Cretaceous (Gabrielsen et al., 1990), but the main doming period is assumed to be the early
Cenozoic, evidenced by the doming Mesozoic strata adjacent to the dome (Mgark and Elvebakk, 1999).
Phases of active salt rise are assumed to be closely related to the repeated uplift of the adjacent Loppa High
(Gabrielsen et al., 1990) and extension of the Hoop Fault Complex to the north (Bugge and Fanavoll, 1995).

During the Cenozoic however, salt movement is likely related to erosion of the shelf.
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Figure 5.1: Conceptual model showing the Cenozoic development of the Svalis Dome with a) early Cenozoic erosion, b) — i) repeated
glacial erosion and deposition interchanging with salt movement of the dome and j) late Cenozoic salt movement after the last
deglaciation.

93



5 Discussion

5.1.2 Samson Dome

The convex form of the Cretaceous strata above the dome (Figure 4.16) indicates uplift after the deposition
of the Mesozoic sequences (Figure 5.2a-c). Additionally, the truncational relationship between the strata
and the URU indicates that the uplift occurred prior to the latest phase of the erosion that formed the
unconformity. Pre-glacial erosion during the early Cenozoic has also influenced the area, removing large
amounts of strata above the dome, but evidence of this was later removed by glacial erosion (Figure 5.2d
and e). The dome has likely not experienced local uplift or subsidence, salt-related or otherwise, during the
late Cenozoic, inferred from the even surface of the URU above the dome. Thus, repeated glacial erosion

and deposition has been the main process affecting the area during this time (Figure 5.2¢).

High amplitudes, like the ones observed along the URU and within the Quaternary sediments directly above
the dome (Figure 4.17), may indicate the presence of shallow gas. The uplift and subsequent erosion of the
dome during the Cenozoic may have enabled hydrocarbons to migrate upflank along the anticline structure
and accumulate where the strata subcrop the URU (Figure 5.2f and g).

The main stage of halokinetic activity of the Samson Dome is assumed to be pre-Cretaceous, but a
reactivation occurred during the Late Cretaceous-early Cenozoic (Gabrielsen et al., 1990; Mattos et al.,
2016), which concurs with the observed doming of the Mesozoic strata, cut by the URU. The Samson Dome
and Bjarmeland Platform experienced pre-glacial erosion during the early Cenozoic, though not to the same
extent as the Svalis Dome by the elevated Loppa High according to the model by Lasabuda et al. (2018)
(Figure 2.5). Thus, large parts of Mesozoic strata were likely removed before the onset of glacial erosion.
However, due to the inferred quiescence of the dome during the Cenozoic, both pre-glacial and glacial
erosion was likely unaffected by the deeper salt. It did however likely influence fluid flow from the dome
during this time, enabling the assumed accumulation of shallow hydrocarbons within the glacigenic
sediments above the dome. According to Martinuk (2017), hydrocarbon leakage from the dome was likely
triggered by a reduction of overpressure. This was related to both the removal of overburden through uplift

and erosion, and to a loss of pressure during periods of ice sheet retreat during the late Cenozoic.
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Figure 5.2: Conceptual model showing the development of the Samson Dome. a)-d) modified after Mattos et al. (2016). See text
for further discussion.
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5.1.3 Norvarg Dome

The dome shares some characteristics with the Samson Dome, in terms of the relationship between the strata
below the URU and the configuration of the unconformity. The Mesozoic strata is uplifted above the dome,
indicating salt movement during the Late Cretaceous and early Cenozoic before the onset of glacial erosion
(Figure 5.3a). This is supported by how the uplifted strata subcrops the URU above the dome (Figure 4.18).
The termination of faults above the dome against the URU also suggests that both the uplift and subsequent
faulting of the strata occurred before the unconformity was formed and that the faults have not been
reactivated in the late Cenozoic, most likely indicating that the salt has been stable. The uniform depth of
the URU above the dome also supports this, signifying that no local uplift or subsidence, salt-related or
otherwise, has occurred after its formation. Pre-glacial erosion during the early Cenozoic likely removed
large amounts of sediments before the onset of glacial erosion (Figure 5.3b), as the area did experience early
Cenozoic erosion according to the model from Lasabuda et al. (2018a) (Figure 2.5). Evidence of this was
likely not preserved as a result of later glacial erosion, as the Quaternary sediments above the URU directly
overlie Mesozoic strata above the dome. Thus, repeated glacial erosion is only the latest episode of erosion

on the shelf (Figure 5.3c), and the URU represents an extensive and prolonged hiatus in deposition.

The undulating surface of the URU and the local variations in amplitude along this horizon above the dome
indicate an uneven interface between the glacigenic sediments and underlying rocks, as well as lateral
variations in acoustic properties (Figure 4.18). This is likely related due to spatial variations in lithology
causing changes in erosion of the strata below the Quaternary sediments. Faulting of the uplifted strata
below URU and subsequent vertical displacement may have exposed rocks with different properties to
erosion. Depressions or channels may form where rocks are more easily eroded or prone to glacial scouring.
More resistant rocks may form crags or ridges, giving an uneven and rugged surface (Figure 5.3d), that was
later covered by glacigenic sediments during repeated ice sheet advances and retreats during the Pleistocene,

resulting in the present stratigraphy (Figure 5.3e).

The Norvarg Dome is suggested to have a similar geological evolution to the Samson Dome (Gabrielsen et
al., 1990), where the main period of doming is estimated to be pre-Cretaceous followed by a reactivation
during late Cretaceous — early Cenozoic times. This concurs with the observed relationship between the
URU and underlying uplifted Mesozoic strata. The classification of both the Samson and Norvarg domes as
salt-related structures is uncertain (Gabrielsen et al., 1990). It is speculated that both structures may be
classified simply as doming anticlines above bodies of salt, and that they have mainly been affected by
compressional tectonics. Nevertheless, the late Cenozoic development of both domes remains unaffected

by uplift, as evidenced by the configuration of the URU.
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Figure 5.3: Conceptual model of the Cenozoic development of the Norvarg Dome. Note that the Mesozoic development of the
dome is assumed as generally similar to that of the Samson Dome (Figure 5.2). See text for further discussion.
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5.1.4 Nordkapp Basin

The salt diapirs within the Nordkapp Basin display local variations in the relationship between the salt
bodies and the adjacent and overlying strata, as evidenced by the observations summarized in Figure 4.42
(see chapter 4.5.2). The differences in depth of the salt bodies as well as the configuration of the URU and
seafloor above the diapirs can be attributed to a difference in timing of when the diapirs have experienced
active halokinesis. Consequently, the diapirs in the basin can be categorized according to when and if they
have been active during the late Cenozoic (Figure 5.4). The different Cenozoic evolutions of the individual

diapirs are summarized in the conceptual model in figure 5.9.
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Figure 5.4: Overview of if and when during the Cenozoic the salt structures within the study area experienced activity, based on
observations listed in chapter 4.5.2. FP = Finnmark Platform, BP = Bjarmeland Platform, BIT = Bear Island Trough, DR =
Djuprenna. The areas of purple shade represent glacially eroded troughs, while areas in yellow represent sediment accumulations.
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5.1.4.1 Quiescent or collapsed diapirs — no late Cenozoic uplift of overlying strata

Some of the diapirs within the basin (e.g. diapir 12 and 30) have an even URU surface above (Figure 4.28
and 4.33), indicating that no local uplift or subsidence related to the salt has occurred after glacial erosion
formed the unconformity (Figure 5.9i). The top of both salt bodies are located deeper in the stratigraphy
relative to adjacent diapirs and the salt bodies are not truncated by the URU, but the uplifted Cretaceous
strata adjacent to both diapirs is (Figure 4.28 and 4.33). This indicates Late Cretaceous — Early Cenozoic
salt activity that has uplifted previously deposited strata (Figure 5.9a and b), and that the salt bodies were
once located higher in the stratigraphy, before subsiding or collapsing (Figure 5.9c). Salt collapse may be
related to dissolution near the seafloor, which was described by Grimstad (2016) as a factor influencing the
diapirs in the Nordkapp Basin. Percolating seawater or subglacial fluids with low salinity may contribute to

the dissolution and subsequent collapse of the salt and overlying strata.

Above diapir 12, there is some uncertainty to where the URU is located (Figure 5.5). A medium amplitude
reflection between the here assumed URU and the top of the salt body is found locally above the diapir
within the area that has subsided. The reflection may represent an older surface within Cenozoic sediments
preserved from glacial erosion within the subsided area. On the other hand, if the lower reflection represents
the URU, it would indicate local subsidence of the unconformity above the diapir after it formed. The
Quaternary sediments of the arcuate ridge above the diapir are accumulated in a mound and the internal
reflections (B1 and B2) in the sequence are relatively horizontal (Figure 5.5), suggesting there has not been
subsidence after the deposition of the sediments. Since the unconformity is relatively even across adjacent
diapirs, it is more likely that the lowermost reflection represents an intra Cenozoic horizon preserved due to
local collapse of the diapir (Figure 5.9c). According to Henriksen et al. (2011a), Paleogene strata is
preserved in the Nordkapp Basin, but eroded on adjacent platforms. This is supported by Rojo (2015) and
indicates that Cenozoic sediments were preserved above the salt body when it subsided before the onset of

glacial erosion, before becoming stable.
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Figure 5.5: Seismic profile trough the top of diapir 12, showing the area of uncertainty where the age of the sediments above the
salt body are assumed to be of early Cenozoic age. Salt is in pink. Location and orientation is equal to that of figure 4.28

5.1.4.2 Diapirs active after glacial erosion

Elevated URU - salt activity after onset of glacial erosion

The majority of the diapirs within the Nordkapp Basin are truncated by the URU. High amplitudes along
the URU above the diapirs suggest that the salt bodies are located directly below the unconformity, meaning
it either cuts or drapes across the diapirs (Figure 4.26 and 4.32). The unconformity is elevated above many
of the diapirs (i.e. diapir 4 and 7 in the SW and diapirs 24-26 further NE) (Figure 4.25 and 4.33), indicating

they have been active following the formation of the URU.

Above diapir 4 and 7, the URU forms a depression around the flanks, and has a dome shape above more
central parts (Figure 4.25), indicating salt activity after it was formed. The salt body of the diapirs is softer
than the surrounding consolidated strata and more easily eroded. Evaporites reach a maximum of 4 on Mohs
hardness scale, with dolomite (Table 1.1). Halite, the most common evaporite mineral has a hardness of 2.5
(Jones and Davidson, 2014). Quartz, a common mineral in siliciclastic rocks, has a hardness of 7, making
such rocks more resistant to erosion. The URU truncates the top of the salt, or drapes across it. The
unconformity might have been deeper, as the glacial erosion was likely more efficient above the diapirs
(Figure 5.6a), due to the relative contrast in hardness compared to adjacent rocks. The unconformity surface
was likely then elevated due to late salt activity (Figure 5.6b and 5.8ii). Additionally, the flat configuration
of horizon B1 above, indicates that the uplift occurred before the formation of this surface. The horizon is
found within the arcuate ridge in front of the Djuprenna trough, and is interpreted to represent an erosional
surface from an advance of ice (Figure 5.6c¢), preserved beneath younger glacigenic sediments (Figure 5.6d)

deposited during a later advance of the ice stream.
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Figure 5.6: Conceptual model of the late Cenozoic development of diapir 4 and 7 in the SW Nordkapp Basin. a) Glacial erosion of
the diapirs and adjacent strata, b) Uplift of the URU due to salt activity, c) Later glacial erosion, formation of horizon B1 and d)
The present stratigraphy.

Late salt movement is also inferred for diapir 24-26, where the URU is uplifted (Figure 5.9ii). North of the
diapirs the unconformity forms a depression (Figure 4.32) while the isochore map shows an increased time-
thickness here (Figure 4.21) indicating an accumulation of glacigenic sediments above. Grimstad (2016)
defined two rim syncline sub-basins in the deeper stratigraphy in the northern central Nordkapp Basin. The
reflections of the strata below the URU form a synclinal shape that terminates against the diapir (Figure

4.32), likely representing one of the rim synclines formed due to salt withdrawal.

The depression of the URU may thus be linked to activity of this sub-basin in relation to late activity of the
adjacent diapirs. Removal of strata or sediments from above the salt during periods of glacial erosion (Figure
5.7a) might trigger salt rise in response, where the rim syncline and overlying URU experienced subsidence
(Figure 5.7b). The subsidence of the URU provides increased accommodation space for sediments to
accumulate, and during repeated periods of glacial erosion (Figure 5.9d) sediments would be less exposed
to erosion than those overlying the rising diapir (Figure 5.7¢), resulting in the sediment accumulation
preserved today (Figure 5.7d). The depression of the URU may also be linked to a local increase of glacial
erosion, or a combination of both. Nevertheless, the area appears to have been a depocenter for glacigenic

sediments.
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Figure 5.7: Conceptual model showing the evolution of the salt-withdrawal rim syncline north of diapir 25. a) Strata and salt of
diapir 25 was eroded by ice during glaciations, b) the removal of strata caused the diapir to rise in response, resulting in subsidence
of a pre-Cenozoic rim-syncline and overlying URU. c) This provided more accommodation space for sediments to be preserved
after d) more subsidence in response to salt rise due to repeated glacial erosion. The approximate position and orientation of the
3D model is given by the red polygon. Proportions are not to scale.

Elevated Seafloor — salt activity after deglaciation
Some diapirs within the basin, especially in the central and northeastern parts (i.e. diapir 31 and 39-44),
have uplifted the seafloor, indicating salt activity after deglaciation and formation of the present seafloor

(Figure 5.9iv).

Both the URU and seafloor are uplifted above diapir 31 (Figure 4.38), with the unconformity subcropping
the seafloor above central parts of the salt body, which is just beneath the seafloor. Opposite to the adjacent
diapir 30, this diapir has experienced late salt activity. Along the southwestern margin, the top of the salt is
slightly lower in the stratigraphy, as is the seafloor. This may indicate a late subsidence or collapse of the
salt (Figure 5.9iii), perhaps related to percolating sea water or low salinity subglacial water (Grimstad,

2016). The increased plough mark frequency on the seafloor near the diapir implies that there was a local
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high above the diapir at the time of the last deglaciation. The shallower water depth meant keels of icebergs
from the retreating ice sheet could plough the seafloor more easily above diapir 31 (Figure 5.8). The seafloor
was more exposed to ice berg ploughing above diapir 31, than the adjacent diapir 30 and 32, where the
seafloor has not been elevated by late salt movement (Figure 5.9i and ii).
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Salt diapir

Figure 5.8: Conceptual model illustrating the elevation of the URU and/or seafloor above diapir 30-32 during the retreat of the
Barents Sea Ice sheet during the last deglaciation. The elevated seafloor above diaper 31 likely caused ice berg to become more
easily grounded, resulting in a local increase in plough marks. Proportions are not to scale.

The presence of the URU is uncertain in the northeastern part of the basin, above the diapir system
comprising diapir 39-44 (Figure 4.31.a). The unconformity surface onlaps the northwestern flank of the
diapir system and is not visible above it or towards diapir 44 further east (Figure 4.42). This may be due to
a thin sediment package above the URU, making it difficult to resolve in seismic data. The vertical resolution
of the 2D data sets covering the northeastern part of the Nordkapp Basin (Table 3.3) (Figure 3.2) is estimated
to be between 15-20 meters. If the sediment sequence above the URU is thinner than this, the unconformity
will be difficult to resolve. The unconformity might also not be present above this part of the basin. This is
the shallowest part of the study area (Figure 4.3) and all diapirs have experienced late salt activity that
uplifted the seafloor above (Figure 5.9iv). The diapirs may have had a similar evolution to the Svalis Dome,

where the URU is also not present above the most uplifted part of the structure.
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Figure 5.9: Conceptual model of the different developments of the salt diapirs in the Nordkapp Basin. The generic development is
a) late Mesozoic quiescence and deposition, b) early Cenozoic reactivation and active diapirism, ¢) uplift and erosion, d) and e)
repeated erosion and deposition during ice sheet advance and retreat. The individual diapirs have had different developments
during these processes: i) Quiescent salt, ii) Salt activity causing uplift of the URU, iii) Collapse or subsidence of the diapir or iv)
Salt activity causing uplift of both the URU and seafloor. Note that the developments of the individual diapirs summarized in i)-iv)
had spatial and temporal variations. Step a) — d) modified after Rojo (2015).

5.2 Pre-Cenozoic factors influencing salt movement and erosion
Before discussing the interplay between Cenozoic salt movement and erosion, it is important to note there
are other pre-existing factors influencing the late development of the salt structures during glaciations. Some

main components affecting the Cenozoic evolution of the study area are discussed below.

5.2.1 Original salt thickness

There is an observed difference in timing and extent of salt movement when comparing the Norvarg and
Samson domes to the Svalis Dome and Nordkapp Basin. The Norvarg and Samson domes have not
experienced late Cenozoic salt movement, and the strata above the salt bodies have not experienced uplift
and erosion to the same extent as that above the Svalis Dome and Nordkapp Basin. Additionally, there is a
trend of more late salt activity towards the northeast in the Nordkapp Basin, evidenced by the increase in
uplift of the seafloor (Figure 5.4). One factor causing this could be the difference in thickness of the Late

Carboniferous and Permian evaporite sequence deposited in the areas.

A study of a salt-complex in Germany by Trusheim (1960) suggests that original thickness of salt deposits
largely influences the size and shape of salt structures. Thus, the difference in activity may partly be a result
of a relatively smaller evaporite accumulation below the Norvarg and Samson domes compared to the
Nordkapp and Maud basins (Gernigon et al., 2018). The larger the thickness, the more salt is available to
mobilize and move upwards. The original thickness of evaporites is estimated to be 2-2.5 km in the
southwestern Nordkapp Basin (Bergendhal, 1989; Jensen and Sgrensen, 1992), increasing towards 4-5 km
in the northeast. Below the Norvarg and Samson domes, evaporite sequences up to 2-2.7 km thick have been
found (Breivik et al., 1995; Mattos et al., 2016).

5.2.2 Overburden weight and strength

The study by Trusheim (1960) also concluded that weight and properties of the overburden above the salt
is a significant influence on later development of salt structures. This is likely a significant reason for the
lack of late salt movement of the Samson and Norvarg domes, along with the aforementioned difference in
salt thickness. The domes both experienced less tectonic activity during the Mesozoic compared to the
adjacent Maud and Nordkapp basins (Breivik et al., 1995; Gernigon et al., 2018). The more stable platform

environment likely resulted in a thicker and more compacted overburden, restricting salt movement and
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haltering diapir-evolution (Breivik et al., 1995). Additionally, faulting or fracturing of the overburden due
to tectonic activity will weaken mechanical strength, benefitting salt movement (Vendeville and Jackson,
1992). Thus, the lack of tectonic activity and thick overburden is likely a main reason for why the Norvarg
and Samson domes have not experienced any late Cenozoic salt activity.

5.2.3 Early Cenozoic erosion

The pre-glacial erosion (see chapter 2.3.1) of the shelf during the early Cenozoic is also a component that
likely influenced the circumstances of salt movement during and after glacial erosion occurred, and was
estimated to be between 858-1362 meters (Lasabuda et al., 2018a). From the paleo-environmental
reconstruction of Lasabuda et al. (2018a), the Bjarmeland Platform and Loppa High where the Norvarg,
Samson and Svalis domes are located or adjacent, are among the structures in the study area exposed to
more significant erosion during the Paleogene-Neogene. The Nordkapp Basin received sediments from the
adjacent highs through the Paleocene and Eocene (Figure 2.5a and b). The northeastern basin was later
uplifted and more exposed to erosion, while the southwestern part remained a minor zone of sediment

accumulation (Figure 2.5c and d).

From observations made from seismic interpretation, the URU truncates Mesozoic strata around or above
the Norvarg, Samson and Svalis domes, implying a large hiatus in deposition in these locations. In the
southwestern Nordkapp Basin however, above i.e. diapir 12, Cenozoic sediments are assumed to have been
preserved below the unconformity (Figure 5.5), indicating that this area likely received the sediments eroded
from adjacent highs and platforms. Sediments were locally preserved from erosion above the diapir due to

subsidence of the salt body, providing accommaodation space for sediments.

5.3 Interplay between salt movement and late Cenozoic erosion

5.3.1 Ice sheet dynamics above the salt structures

The structural elements within the study area experienced different subglacial conditions and ice sheet
dynamics during the glaciations of the Barents Sea shelf. The Svalis Dome, in the northwestern study area,
was beneath the Bear Island Ice Stream. During the latest phase of glaciations, the last 0.7 Ma, glacial
erosion was concentrated below the fast flowing ice in cross shelf troughs (Laberg et al., 2012) (See chapter
2.3.2) (Figure 2.9d). Thus, the Svalis Domes likely experienced the most severe glacial erosion out of the
structural elements during this time. The area was also exposed to significant glaciofluvial erosion prior to
this, from 2.7-1.5 Ma (Laberg et al., 2012).

The Norvarg and Samson domes, located on the southwestern Bjarmeland Platform, were less subjected to

glacial erosion during the last 0.7 Ma when the erosion was concentrated below ice streams (Laberg et al.,
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2012). The platform did however experience erosion during 1.5-0.7 Ma when glacial erosion was not
topographically restricted to the same degree. The Norvarg and Samson domes were therefore not exposed
to glacial erosion to the same extent that the Svalis Dome was. However, glacial erosion was still the main
process on the shelf during this time and resulted in removal of large amounts of strata from above the

domes.

The Nordkapp Basin, located below the bathymetric Nordkapp Bank, also experienced limited erosion
during the last 0.7 Ma, when ice flow was more constricted within cross shelf troughs. Like the Norvarg-
and Samson domes erosion here was likely more significant during 1.5-0.7 ma, when ice flow was less
restricted (Laberg et al., 2012). In the southwestern basin, fast flowing ice drained through the Djuprenna
trough during the last glacial (Winsborrow et al., 2010), eroding the subsurface and later depositing the

arcuate ridge observed above some diapirs.

5.3.2 Response of salt structures to erosion

Generally, the removal of strata above a salt body will affect the potential for more salt activity. The loss of
overburden directly above the salt would likely promote upwards movement. In contrast, sediment loading
has been identified as a factor likely to trigger halokinesis, so the loss of strata adjacent to the salt may also

reduce the potential for later activity.

The Samson and Norvarg domes did not experience late Cenozoic salt movement, and were thus not
activated in response to the removal of overburden. This may be linked to factors such as salt thickness and
overburden strength, which gave the two domes different preconditions for late Cenozoic salt movement
compared to the Svalis Dome. Here, the removal of significant amounts of strata was likely a trigger that

caused the salt to move upwards in response.

Within the Nordkapp Basin, the timing of salt activity varies laterally between the diapirs, making it difficult
to determine what triggered the movement of the individual diapirs. This area did not experience glacial
erosion to the same degree as the Svalis Dome, but large amounts of overburden was still removed and
likely triggered the late salt activity of some of the diapirs. The additional removal of strata in Djuprenna
and later loss of pressure due to glacial retreat may have been a triggering factor for the late salt activity that
uplifted the URU above some of the diapirs in the SW basin.
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5.3.3 Influence of salt movement on erosion and sediment dispersal

The relationship between salt movement and erosion is mutually influential. Elevation of strata due to salt
movement will promote erosion, which in turn might trigger further uplift. Local highs above the diapirs
within the Nordkapp Basin controlled sediment pathways during Cretaceous deposition (Brennhaugen,
2018). While salt-related highs act as areas of sediment bypass (Matthews et al., 2007), they have likely
influenced the spatial variation in glaciofluvial erosion and deposition when these processes dominated the
shelf during 2.7-1.5 Ma (Laberg et al., 2012).

While elevated strata above diapirs is more exposed to erosion, the local highs may also give protection
from erosion to some degree to adjacent sediment accumulations (i.e. the mini basin SW of the Svalis Dome
(Figure 4.11-4.13)). Sediment depocenters are known to develop in salt-withdrawal related rim synclines
(Matthews et al., 2007). The sediment accumulation north of the central Nordkapp Basin likely represents
a depocenter like this, where the late salt-withdrawal caused the URU surface to subside and create
accommodation space for glacigenic sediments. The loading of sediments above the rim syncline may also

have contributed to further salt movement.
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6 Conclusions

The late Cenozoic evolution of the southwestern Barents Sea has been studied with emphasis on the
relationship between uplift, erosion, glaciations and salt movement. The study has been conducted in order
to understand how these processes have affected the development of the Svalis, Samson and Norvarg domes
and the Nordkapp Basin. The interplay between salt diapirism and developments during glacial activity is
found to be complex, with many influential factors. The salt structures within the study area have had
different pre-Cenozoic evolutions and experienced varying degrees of Cenozoic erosion, which have
influenced if and how later salt movement occurred. This is evidenced by the differences between the Svalis,
Samson and Norvarg domes and the relatively significant local variations between the salt diapirs in the
Nordkapp Basin. The main findings of the study are listed below:

e The salt domes within the study area have experienced activity at different times: the Svalis Dome
was active during the late Cenozoic, the Samson and Norvarg domes were inactive, and the
Nordkapp Basin had both active and inactive areas.

o Different preconditions before the onset of Cenozoic uplift and erosion, such as a Mesozoic stable
platform environment and a relatively small original salt thickness, are assumed to be the main
reason for the lack of salt movement of the Norvarg- and Samson domes.

e The Svalis Dome is likely still experiencing active salt growth. Extensive glacial erosion in the
Bear Island Trough is an important influence on the salt movement, as the late activity of the dome
was likely a response to the removal of strata above it. A mini-basin filled with Quaternary
glacigenic sediments formed SW of the Svalis Dome, due to a combination of deeper glacial
erosion of less resistant Mesozoic rocks on the Loppa High, and the rising dome protecting the
sediment accumulation from further erosion to some extent.

e Removal of overburden due to uplift and erosion, and a loss of overpressure related to ice sheet
retreat has likely triggered fluid migration from deeper within the Samson Dome, resulting in
accumulation of shallow gas along the URU or within the glacigenic sediments above.

e The salt diapirs within the Nordkapp Basin have been active at different times during the Cenozoic.
These can be categorized as follows according to the relationship between the salt bodies, URU
and seafloor: i) early Cenozoic reactivation, ii) active after the formation of the URU, iii) collapsing
or subsiding after early Cenozoic movement or after the onset of glacial erosion, iv) active after
the last deglaciation.

e There is a trend of NE increase in late salt movement of the diapirs within the Nordkapp Basin,

likely closely related to the original thickness of the evaporite sequence deposited in the basin.
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e Late salt movement of some diapirs in the Nordkapp Basin caused iceberg grounding and plough
mark formation during the last deglaciation of the Barents Sea.

o Salt dissolution near the seafloor has likely contributed to the collapse of some of the salt diapirs
within the Nordkapp Basin.

e An accumulation of glacigenic sediments north of the central Nordkapp Basin is likely a result of
a salt-withdrawal mini-basin forming adjacent to some of the diapirs rising in response to the

removal of sediments during Quaternary glaciations.
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7 Further work

This study reveals that the interplay and feedback between salt diapirism and uplift and erosion in the

Barents Sea is complex, with many factors influencing one another. This is a regional study which gives a

general overview, so in order to further investigate how these processes have influenced the evolution of

individual structural elements more detailed work is required. Below are recommendations for further work

that will improve our understanding of the evolution of the structures within the study area during the late

Cenozoic.

The majority of the categorization of the diapirs within the Nordkapp Basin is based on 2D seismic
data. While the line spacing is quite dense in some areas, a more detailed study of the shallow
stratigraphy around the diapirs using 3D seismic data with better spatial resolution could give a
more accurate classification. It could also change the estimation of timing of salt movement in some
of the diapirs made in this study, as the seismic stratigraphic relationship between the salt and
overlying horizons may appear different.

3D seismic data would also be beneficial to further understand the late Cenozoic development of
the Svalis Dome. Further seismic stratigraphic analysis of the assumed glacigenic sediments in the
mini-basin adjacent to the dome could provide more information about the timing and nature of the
erosion that is assumed to be the reason for their accumulation.

Some of the observed salt bodies in the Nordkapp Basin are estimated to be very close to the seabed,
close to outcropping at the seafloor. Collecting cores above these could prove the presence of
shallow salt bodies. This would also be beneficial to determine if there is a diapir present near the
top of the Svalis Dome, as suggested by some studies.

A more detailed study of the URU above the Norvarg- and Samson domes using 3D seismic data
and a correlation with the faults in the strata below could help in understanding how pre-Cenozoic

doming and faulting of the strata affected later erosion.
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