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Abstract

The Leirdjupet Fault Complex is located in the southwestern Barents Sea and trends
N - S from the Loppa High towards the Stappen High between 73° - 73°55’N at 21°E. The
fault complex divides the Bjorngya Basin into a deep western part and a shallow eastern
part, the latter formally known as the Fingerdjupet Subbasin. A set of 2D seismic lines
have been interpreted in order to constrain timing of faulting and study the subsequent
structuring the area has been subjected to. The fault complex has been divided up into
three segments, each representing different structural settings. The study addresses the
possibility of fault segmentation and linkage by examining variations in the fault throw
along the Leirdjupet Fault Complex. The Leirdjupet Fault Complex has been affected
by at least three tectonic extensional events and subordinate phases of contraction. The
extension which occurred during Late Paleozoic may have comprised two discrete phases
of tectonic movement, implying that the initial phase of fault movement rapidly was
succeeded by renewed activity. The Leirdjupet Fault Complex is a deep seated structure
and is assumed to represent a class 1 fault, separating areas of different tectonic outline.
The fault complexes, including the Leirdjupet Fault Complex, present in the southwestern
Barents Sea are likely to have developed due to deep-seated zones of weakness inherited
from earlier periods of tectonic activity. Observations relating the study area to the
regional development of the southwestern Barents Sea indicate that the Leirdjupet Fault
Complex might bound a northern continuation of the relict structural high, the Selis

Ridge, situated below the present day Loppa High.
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1 Introduction

The Barents Sea is located at the northwestern corner (Fig. 1.1) of the Eurasian conti-
nental shelf (Faleide et al., 2010). The Barents shelf covers a total area of approximately
1.2-1.3 million km? (Worsley, 2008; Ritzmann and Faleide, 2007) of which 245.000 km?
constitutes the Norwegian Barents Sea, covering an area roughly twice the size of the
Norwegian North Sea (Ohm et al., 2008).

The Barents Sea is a shallow epicontinental sea, not exceeding 500 m. The present
day surficial features such as the Bjgrngya Trench, Finnmark Trench and Inggy Deep
are believed to represent Cenozoic drainage systems and/or the result of glacial erosion
(Rgnnevik, 1981). Studies of the huge fans observed in the western Barents Sea support
the notion of glacial moulding, erosion and other related processes (Dimakis et al., 1998;
Eidvin et al., 1993). Several mega failures associated with these structures have been
documented (Hjelstuen et al., 2007).

The Leirdjupet Fault Complex is located in the southwestern Barents Sea and trends
N - S from the Loppa High towards the Stappen High between 73° - 73°55'N at 21°E (Fig.
2.3). The fault complex divides the Bjgrngya Basin into a deep western part and a shallow
eastern part, the latter formally known as the Fingerdjupet Subbasin (Gabrielsen et al.,
1990b). The purpose of this study is to perform a structural analysis on the Leirdjupet
Fault Complex, with an emphasis on timing of tectonic movement, fault segmentation
and geometry. The main focus is given to what in this study is defined as the central

segment of the Leirdjupet Fault Complex.

1.1 Historical review

The Barents Sea has been subject to scientific studies for more than 120 years. 2011 was a
special year related to the Norwegian history of polar exploration. 150 years have passed
since Fridtjof Nansen was born and 100 years since Roald Amundsen reached the South
Pole as the first in history. It is truly amazing to see what they accomplished with, what
today, would be regarded as primitive and outdated scientific equipment. The Norwegian

explorer and scientist Fridtjof Nansen was a pioneer in this respect, commencing his



Fig. 1.1 Regional map of the area. Dashed square outlines the location of the study area. See

Fig. 2.3 for detailed map of the southwestern Barents Sea. Bathymetry based on the
General Bathymetric Chart of the Oceans (GEBCO).



research in the 1890s. In July 1893 Nansen and Otto Sverdrup embarked the “Fram”
intending to do a series of scientific measurements in the high polar areas. This resulted
in one of the first bathymetric maps of the Barents Sea which ultimately would change
our view and understanding of the polar areas (Gjelsvik, 1976). The striking similarities
with bathymetric maps created today with the help of top modern techniques, truly gives
awe for the work they did. Nansen was the first to recognize and model the apparent
uplift the area has undergone and his hypothesis was based on the bathymetric data that
were collected and geological information from surrounding areas. Today there is a broad
consensus of uplift being an important factor in this area (Dimakis et al., 1998; Ohm
et al., 2008). Roald Amundsen is best known for his expedition to the South Pole. He
was, however, also heavily involved in expeditions in the northern areas, e.g. his attempt

to measure the magnetic field (Egeland and Deehr, 2011).

From the 1920s to 1960s Soviet scientists dominated in the field of scientific studies
and research in the Barents Sea. Since the 1970s the area has been of interest to several
institutions from many nations. The Svalbard archipelago has played an important role
throughout these years - and still does - serving as a launch pad for expeditions due to
its proximity to the northern areas (Arlov, 2003).

In 1972 the Norwegian government decided to establish the Norwegian Petroleum Di-
rectorate (NPD), an institution being the authorities extended arm to administer and
manage petroleum resources present on the Norwegian continental shelf. NPD started to
systematically map the Barents Sea in 1973 (Rgnnevik, 1981), and today the database
includes large amounts of data; gravimetric, magnetometric, reflection- and refraction

seismic measurements and well data (Smelror et al., 2009).

1.2 Petroleum exploration in the Barents Sea

Exploration for hydrocarbons has been carried out in the North Sea since the 1960s. The
first commercial discovery, Ekofisk, was made in 1969 and since then numerous large fields

(e.g. Sleipner, Statfjord and Gullfaks etc.) have been discovered (Faleide et al., 2010).

Ever since the North Sea was recognized as being a prolific petroleum system (Magoon



and Dow, 1994) — often termed the Kimmeridgian “Hot Shale”-Brent petroleum system
(Klemme, 1994) — the area has been extensively studied and is today very well understood.
Especially the Viking Graben, a major Mesozoic rift basin (Fjeldskaar et al., 2004) in the
northern North Sea has been subject for thorough exploration (Christiansson et al., 2000;
Gabrielsen et al., 1990a; Ngttvedt et al., 1995; Odinsen et al., 2000; Evans et al., 2002)
and models that have been developed are capable of reconstructing the basin history with

high degree of accuracy (Riipke et al., 2008).

Exploration for hydrocarbons in the Barents Sea started in the late 1970s/early 1980s
(Stewart et al., 1995; Knutsen et al., 2000) and has lead to several discoveries. The early
exploration started in the Hammerfest Basin, focusing on reservoirs of Lower- Middle
Jurassic age capped by Upper Jurassic and Cretaceous shale. The Hekkingen Formation
deposited in Late Jurassic time (Fig. 2.1) is probably the most important source rock in
the region. Cored sections from the Nordkapp Basin show that the total organic carbon
(TOC) in this formation varies from of 4-21 weight percent (Bugge et al., 2002), i.e. it

has substantial potential for generating hydrocarbons.

Although the principal reservoir rock in this area has a large extent, it contained mainly
gas and the reservoir quality was poorer than expected, i.e. severe diagenesis (Bjorlykke
and Egeberg, 1993; Bjerlykke and Jahren, 2010; Bjerlykke, 2006). Initially this was
thought to have been caused by anomalous geothermal gradients in the area. Later
studies have shown that these rocks originally were buried to greater depths, but was
uplifted to present depth during the Cenozoic (Stewart et al., 1995; Green and Duddy,
2010). The integrated time-temperature is known to be crucial for thermal cracking of
kerogen (Tissot et al., 1987; Waples, 1994) and for subsequent expulsion and migration
(England, 1994) to take place, and thus would to a high degree have affected the petroleum
potential. Gaining more experience and knowledge throughout the years, other plays have
become important and interesting (Knutsen et al., 2000; Ostvedt et al., 2005).

It is a common misconception that the the success rate regarding petroleum exploration
is low in the Barents Sea. Compared to the Norwegian North Sea where 32 dry wells
were drilled before the major discovery of Ekofisk, the success rate is high - about one

of three wells resulting in a discovery. Despite of this, the commercial implications have



been rather limited, as the findings mainly represent gas (Ohm et al., 2008; Stewart et al.,
1995). The most significant discoveries in the area up until recently included the Snghvit
and Goliat fields, representing a gas field and an oil field, respectively. To this date, the
Shtokman discovery in the Russian sector represents the largest natural gas field in the
world.

The recent giant discoveries of the Skrugard prospect (well 7220/8-1) and the Havis
prospect (7220/7-1) indicates that significant volumes are still to be found in less explored
areas. These findings and the decreasing production in the North Sea makes the Barents

Sea an interesting and important area in the future.






2 Geological framework

The Norwegian continental shelf is divided into three provinces; i)the North Sea, ii)the
mid-Norwegian continental shelf and iii)the western Barents Sea. Prior to the break up
of the Norwegian-Greenland Sea all these provinces were part of a major epicontinental
sea. This is readily recognized by the similar stratigraphy and geological evolution of the

different provinces (Gabrielsen et al., 1990b; Faleide et al., 2010).

2.1 The Barents Sea

The Barents Sea is an epicontinental sea overlying an intracratonic basin (Rgnnevik and
Jacobsen, 1984) located approximately between 70°and 80°N in the northern part of the
post-Caledonian North Atlantic rift system (Breivik et al., 1998). It is bordered in the
west by the Norwegian-Greenland Sea, the Svalbard archipelago in the northwest and
Franz Josef Land and Novaya Zemlya in the northeast and east, respectively (Fig. 1.1).

On basis of sediment thickness, the Barents Sea may be divided into two regions; a
western and an eastern. These two regions are separated by a north-south trending
monoclinal structure (Worsley, 2008). The eastern region is dominated by very deep
sedimentary basins, reaching depths of > 20 km (Smelror et al., 2009) in some places (i.e.
South Barents Basin). The western part comprises shallower basins, and the structural
trends are more complex, hence the same division can be made on basis of structural
evolution. The Norwegian part of the Barents Sea has traditionally been divided into
three major provinces; the Barents Sea east of 25°E, the area between 20°E and 25°E and
the area west of 20°E (Rgnnevik, 1981). The area towards the west displays increasing
tectonic complexity. These contrasts have their offspring in the different type and degree

of tectonics that have acted in the various regions.

The study area is located in the southwestern Barents Sea, and the main focus will be

on this area.



2.2 Structural and stratigraphic evolution

The western Barents Sea area is in general dominated by thick sequences of sediment
deposited during the Late Paleozoic through Cenozoic. Structurally the area has been
divided into three distinct regions. 1)The Svalbard Platform - an area comprising rel-
atively flat-lying Paleozoic to Mesozoic, predominantly Triassic sediments. 2)A basin
province between the Svalbard Platform and the Norwegian coast. This area is charac-
terized by several basins and structural highs. 3)The continental margin, subdivided into
i)a southern sheared margin following the Senja Fracture Zone ii)a central rifted complex
southwest of Bjgrngya and iii)a northern sheared and later rifted margin following the
Hornsund Fault Zone (Faleide et al., 2010). The area shows large variation in terms of
potential field and magnetic anomalies. This is in large parts related to the processes
and geologic evolution during the orogenies the area has been exposed to (Barrére et al.,

2009).

The regional geologic history of the south western Barents Sea, both in terms of struc-
tural configuration and stratigraphy, has been subject to many studies (Rgnnevik, 1981;
Rgnnevik and Jacobsen, 1984; Worsley, 2008; Gudlaugsson et al., 1998; Faleide et al.,
1984, 1996, 2008, 1993b; Smelror et al., 2009; Glgrstad-Clark et al., 2011, 2010) and is

generally well understood.

The present day western Barents Sea shelf has been formed through several post-
Caledonian tectonic phases. These tectonic events are responsible for the gross structur-
ing observed today. Superimposed on these are subordinate events which caused local
depositional variations (Smelror et al., 2009). The major features and structural elements
were properly described and formalized by Gabrielsen et al. (1990b). The structural evo-
lution since Late Paleozoic times has been suggested to be closely connected to weaknesses
in the basement. These weakened areas have been thought to be caused by three major
compressional orogens; Baikalian, Caledonian and Innuitian (Gudlaugsson et al., 1998).
It is plausible that the later structuring has been affected and biased by deep seated
zones of weakness inherited from these tectonic events, and they have been shown to be

traceable and correlate with detachment zones in the south western Barents Sea basins



(Gabrielsen, 1984).

The main post-Caledonian events include three major rift phases; Late Devonian(?)-
Carboniferous, Middle Jurassic-Early Cretaceous and early Cenozoic. Each of these
events comprised several pulses of movement. The rifting in Late Paleozoic affected
the whole Barents Sea, whereas the later rifting tended to migrate westwards. This cre-
ated rift and pull-apart basins in the southwest, and several strike-slip faults in the north
(Faleide et al., 1993b). Hence, the eastern Barents Sea has been relatively stable since
Late Paleozoic times which is readily recognized in regional geological profiles (Smelror
et al., 2009).

The lithostratigraphy of the western Barents Sea is shown in Fig. 2.1.

The sediments deposited in Paleozoic mainly comprise mixed carbonates, evaporites
and clastic material. The Mesozoic and Cenozoic deposits primarily consist of clastic
material. A brief review of the regional geological history of the Barents Sea from Upper
Paleozoic through Cenozoic based on Gudlaugsson et al. (1998) and Faleide et al. (2010)

is given below.

Upper Paleozoic The 300 km wide and at least 600 km long rift zone covering the
western Barents Sea was established mainly in mid-Carboniferous time. This zone com-
prises several rift basins and intrabasinal highs. The extensional basins are characterized
by half-graben geometries and several of them are interconnected. Syn-rift deposits are
present, separated by the fault bounding highs. Basins formed at this time include the
Tromsg, Bjgrngya, Nordkapp, Fingerdjupet, Maud and Ottar Basins. By the end of
Carboniferous the faulting ceased.

The structural relief was later infilled and covered by successions of platform forming
strata. The lower part of these deposits comprise dolomite and evaporites underlying
massive limestone. The evaporites deposited during this period (late Carboniferous -
early Permian) have a widespread extent, covering large parts of the southwestern Barents
Sea. In the Nordkapp Basin the thickness is inferred to reach up to 4-5 km. This has
been interpreted as being related to depressions created by faulting, either in place,

or developing by early Late Carboniferous and subsequent (but subordinate) thermal
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subsidence.

Carbonate and evaporite deposition is thought to have been dominating the sedimen-
tation from mid-Carboniferous until Early Permian, when input of clastic material in-
creased. In Permian - Early Triassic the western part of the fault system experienced
renewed faulting, uplift and erosion. This rift phase is associated with erosional surfaces
extending from Loppa High to Stappen High, as well as fault movements as far north
as the Fingerdjupet Subbasin. The magnitude of this event must therefore have been

significant, affecting a narrow zone along the entire present western margin.

Mesozoic At Early Triassic times a large part of the Barents Sea was covered with a
regional deep water basin. During the Triassic, clastic sediment input was high. Sources
included the Uralian highlands, the Baltic shield and other local source areas. The strata
deposited during this time were dominated by shales and sandstones. Marine conditions
prevailed from Late Permian to Early Triassic time. Up until Middle Triassic shallowing
and exposure of some areas caused continental conditions. By this time prograding deltaic
systems continued to fill in the regional basin.

The northern and central areas still had marine conditions and source rocks from this
time are recognized from Svalbard. This source rock is thought to be present in most
parts of the western Barents Sea. By the end of Triassic, regression and erosion took
place.

In Lower-Middle Jurassic, sandstones were deposited in the whole Barents Sea region.
These sandstones act as the main reservoir rock in the southwestern Barents Sea, e.g.
Snghvit field in the Hammerfest Basin (Fig. 2.3). These sandstones are believed to have
covered the Loppa High and Finnmark Platform as well, but were later eroded due to
tectonic activity. The Middle Jurassic marks the initiation of rifting and Late Jurassic
- earliest Cretaceous is characterized by extension along with strike-slip displacement
along the old zones of weakness (i.e. old structural elements). The extension caused the
Bjorngya, Tromsg and Harstad basins to develop and become prominent rift basins.

This phase of rifting continued in Early Cretaceous. The period is dominated by

deposition of shales and claystones, and some silt limestone and dolomite. These deposits

11



are typical infill of the deep basins in the southwestern part of the Barents Sea.

During Early Cretaceous the northern Barents Sea was subjected to magmatism, and
associated extrusives and intrusives have been identified both on- and offshore. This mag-
matism caused regional uplift and is thought to be associated with a rift event affecting
the Amerasia Basin and the subsequent formation of the Alpha Ridge. During Upper
Cretaceous the southwestern part of the region continued to subside due to pull-apart
related faulting. This area is the only part subjected to deposition in this time period.
The deposits vary in thickness, but in e.g. the Tromsg Basin sequences of shale up to 2-3

km are inferred from seismic data (Faleide et al., 2010).

Cenozoic This period was dominated by the opening of the Norwegian-Greenland Sea
which occurred after a period of rapid subsidence taking place in late Paleocene. Fig. 2.2
shows a simplified tectonic map illustrating how the Norwegian-Greenland sea developed
during Cenozoic.

The western Barents Sea-Svalbard margin is thought to have originated from a mega
shear zone which connected the Norwegian-Greenland Sea and the Eurasia Basin. It
is believed that the evolution of this margin has been controlled by three parameters.
These include the 1)pre-break up structure, 2)the orientation and geometry and 3)the
plate boundaries by the onset of the opening and the relative movement of the plate. The
interplay of these various parameters caused several structural styles of the different mar-
gin segments. During break-up in Paleocene - Eocene, and later in Oligocene, the central
rifted margin near Bjgrngya experienced magmatism (Vestbakken Volcanic Province).
East of Svalbard as well as further north, between Svalbard and Greenland, strike-slip
movement occurred. This caused compressional deformation that occurred within the
Spitsbergen Fold and Thrust Belt. This is thought to have created the domal structures
in the eastern part of the Barents Sea.

The late Cenozoic development is characterized by further subsidence with increasing
input of sediments causing burial of the margins by a thick clastic wedge. The sediment
input originated from the uplifted Barents Sea area. Due to the uplifting, large amounts

of the Cenozoic and older deposits have been eroded away. As much as 3000 m of

12
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strata has been eroded in the western Barents Sea, most notable in the northwestern
part including Svalbard, whereas the southwestern part only experienced 1000-1500 m of

erosion (Faleide et al., 2010).

2.3 The Bjgrngya Basin

The Bjgrngya Basin is a complex basin located between 32°30’N - 74°N in N-S direction
and 18°E - 22°E in W-E direction. It trends north-northeast and increases both in depth
and width westwards (Faleide et al., 1984). The basin is divided into a deep western part
and a shallow eastern part by the Leirdjupet Fault Complex (see section 2.4) (Gabrielsen
et al., 1990b). The Bjorngya Basin together with the Hammerfest, Sorvestsnaget Basins
and the Samson Dome are all associated with negative gravimetric anomalies, around -10
mGal (Gabrielsen et al., 1990b; Barrere et al., 2009). It borders against the Stappen High
to the north, Sgrvestsnaget Basin to the west and Loppa High and Veslegy High to the
southwest and south, respectively (Fig. 2.3). The basin is characterized by particularly
deep Cretaceous and Cenozoic sediment infill (Faleide et al., 1993b; Ryseth et al., 2003),
as the other basins in the province (i.e. Harstad, Tromsgand Sgrvestsnaget Basins). How-
ever, the basins and highs between 20 - 25 °E do not exhibit the same subsidence pattern.
This is clearly seen in the case of Fingerdjupet Subbasin (Fig. 2.5). The genesis of the
Bjgrngya Basin is believed to have started during Late Jurassic-Early Cretaceous. This
was a period of rifting which is assumed to have caused the NE-SW trending structures,
such as the Bjgrngya Basin. The subsequent subsidence included a large area, which was
covered with thick Cretaceous strata.

In the adjacent Tromsg Basin the top of the crystalline basement has been suggested
to be located at a depth of 18 - 20 km. A similar depth has been inferred for the Bjorngya
Basin as well (Gabrielsen et al., 1997).

Other Late Paleozoic rift basins such as the Ottar (Breivik et al., 1995) and Nordkapp
basins (Bugge et al., 2002) both comprise accumulations of Paleozoic deposits. These
basins include large amounts of salt deposited during Carboniferous-Permian (see section

2.2), reaching thicknesses of several km in the Nordkapp Basin. This has been shown
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to to be very important in the later structural development. The Nordkapp Basin ex-
perienced uplift due to salt diapirism in the Early/Middle Triassic, Late Jurassic, Late
Cretaceous and Cenozoic. This halokinesis combined with Late Pliocene/Pleistocene
glaciation caused some 1200 m of Mesozoic and Cenozoic strata to be eroded, tilted and

truncated.

2.4 The Leirdjupet Fault Complex

The Leirdjupet Fault Complex (also called Leirdjupet Fault Zone or simply Leirdjupet
Fault) was first referred to by Regnnevik and Jacobsen (1984). They recognized that
the area marks a transition zone that divides the Bjgrngya Basin into a deep western
part and a shallow eastern part, the latter formally known as the Fingerdjupet Subbasin
(Gabrielsen et al., 1990b). The fault complex trends N-S from the Loppa High towards the
Stappen High between 73° - 73°55’N at 21°E. The name originates from the bathymetrical
trough at the northern end of the complex. The individual faults constituting the fault
complex have been active through several time periods, the main movement taking place
in the Carboniferous, Mid Jurassic and Early Cretaceous (Gabrielsen et al., 1990b). The
Leirdjupet Fault Complex, together with the adjacent Ringvassgy - Loppa Fault Complex
and the Bjgrngyrenna Fault complex are thought to be closely linked to the mega shear
zone that developed during Late Mesozoic and Cenozoic. Though many different names
exist for this zone, the term de Geer Zone is widely recognized. This zone created a
link between the North Atlantic and Arctic before continental breakup (Breivik et al.,
1998). In pre-drift reconstructions these fault complexes bounded the de Geer Zone
(Faleide et al., 1993b). The fault complexes represent the first order boundary between
the eastern province, dominated by platforms and terraces, and the basin province in
the west (Ritzmann and Faleide, 2007). Although the Leirdjupet Fault Complex sensu
stricto is an extensional fault dividing the Bjgrngya Basin, the zone displays several

characteristics of a linked fault system.

Three of the seismic lines used in this thesis were interpreted by Gabrielsen et al.

(1990b) and Faleide et al. (1993b), in a regional study of the area, as shown in Figs.
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Fig. 2.4 Interpreted seismic lines going through Bjgrngya Basin, Leirdjupet Fault Complex
and Fingerdjupet Subbasin. Upper image shows NPD-7345-84 and lower image shows
NPD-7325-84. From Faleide et al. (1993b). Apt. - Aptian (mid-Cretaceous), BC -

Base Cretaceous, BTr - Base Triassic and BP - Base Permian.

2.5 and 2.4, respectively. Identification of reflections, especially in the hanging wall (i.e.
Bjorngya Basin), that are deeper than well penetration is primarily based on these studies.
A composite seismic profile going through the Sgrvestsnaget Basin, Bjgrngya Basin

and Fingerdjupet Subbasin is shown in Fig. 2.5.

2.5 Loppa High

The Loppa High and the Polheim Platform, which it incorporates, is a large diamond
shaped structural feature located southeast of the Bjorngya Basin (Fig. 2.3) between
71°50°N, 20°E and 71°55’N, 22°40’E, and 72°55’N, 24°10’E and 73°20’N, 23°E (Gabrielsen
et al., 1990b). The western crest of the Loppa High represents an area which has acted

as a high at least four times since Devonian times (Gabrielsen et al., 1990b), illustrating
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vertical exaggeration. The black rectangle indicate the area discussed in this study. Modified from Gabrielsen et al. (1990b).
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the dynamic and complex geological history of the area which have involved alternating
phases of uplift and subsidence (Glgrstad-Clark, 2011). It is bounded by the Asterias
Fault complex in the south and the Ringvassgy-Loppa and Bjgrngyrenna Fault complexes
to the west (Gabrielsen et al., 1990b).

The current day Loppa High overlies an older relict structural high which was initiated
during Late Carboniferous, but major uplift of the ridge did not occur until Late Permian.
This Late Paleozoic high, often referred to as the paleo-Loppa High, but defined as the
Selis Ridge by Glorstad-Clark (2011), is characterized by a distinct, narrow ridge trending
north-south beneath the western part of the area. It is bounded to the west by the Jason
Fault Complex (Fig. 4.23).

19



20



3 Seismic interpretation

3.1 Data and methods

This study is based on a set of regional 2D reflection seismic lines (Fig. 3.1).

Wells and associated well tops have been used to identify and constrain selected seismic
horizons (Table 3.1). All wells are located in the Fingerdjupet Subbasin (see Fig. 2.3 for
map and Fig. 3.1 for seismic lines and wells). 7321/7-1 and 7321/9-1 were drilled in 1988
and 7321/8-1 was drilled in 1987. The wells are exploration wells and wellbore contents
contained shows. They were all plugged and abandoned.

Well 7321/8-1 is the deepest well and is the only one encountering Paleozoic rocks of
Upper Permian age. This well does not line up with any of the seismic lines, though it is
reasonably close and has been used as a control well only. No wells used in the study are
located on the western side of the fault complex, i.e. the hangingwall (Bjorngya Basin),
making horizon interpretation to a large degree tentative. A map of the seismic lines
and wells used in the study is shown in Fig. 3.1. Note that the regional 2D lines have
a large extent, and thus covering regions outside of the main core area of this study.
The interpretation will focus on the area proximal to the Leirdjupet master fault. This
includes the eastern margin of Bjgrngya Basin and the western margin of the Fingerdjupet
Subbasin along the master fault segment.

The 2D seismic lines used in this study come from multiple surveys, and display con-
siderable variation in quality, both in terms of lateral and vertical resolution, phase and
polarity. Fig. 3.2 demonstrates these differences.

Two things are important to keep in mind while interpreting seismic reflection data;
seismic phase and polarity. The seismic phase defines the shape of the wave, which usually
is minimum phase or zero phase. The polarity describes the nature of the positive and
negative portions of the seismic wavelet. Fig. 3.3 shows the typical seismic phases and
polarities encountered in seismic reflection surveys. By looking at the seismic response
at the seafloor one can usually determine these seismic properties. Given the increase in
acoustic impedance going from water to (unconsolidated) sediments, the seismic phase

and polarity for line IV is interpreted as being zero-phase and normal, respectively. Line
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Fig. 3.1 Map of the seismic 2D lines and the location of wells
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Table 3.1 Wells used in the study. Lithostratigraphy and associated time periods based on
Glgrstad-Clark et al. (2010) as shown in Fig. 2.1 (source: NPD).

Age Lithostratigraphic unit Well
Epoch Period Gr. Fm. 7321/7-1  7321/8-1 7321/9-1
Cenozoic Neogene Nordland 499 491 483
Kolmule 526 546 558
Cretaceous Kolje 1145 852 892
Adventdalen Knurr 1892 1352 986
Hekkingen 1918 1383 1317
Fuglen 1965 1427 1367
Mesozoic Jurassic
Sto 1999 1437 1379
Nordmela 2022 1455 1417
Kapp Toscana

Fruholmen 2039 1467 1424
Triassic Snadd 2207 1626 1572

Sassendalen Undifferentiated - 3362 -

Paleozoic Permian Tempelfjorden Rgye - 3398 -

Fig. 3.2 Composite display of line II (left) and line IV (right) demonstrating varying quality

between the different surveys.
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Fig. 3.3 The principal phases and polarities encountered in reflection seismic data. Compare
with Fig. 3.2 and the differences between the two surveys. Line II is interpreted as
being minimum-phase, while line IV is interpreted as being zero-phase. The added
orange lines mark where the interface is situated for a minimum-phase and zero-phase

wavelet, respectively. Modified from Brown (2004).

IT line is interpreted as being minimum-phase and normal polarity.

The differences between the two surveys displayed in Fig. 3.2 will be briefly pointed

out and discussed in the paragraph below.

Between ca. -600 og -700 TWT the seismic response of the seabed is seen. In the left
image (Line II) there is a distinct bright blue, i.e. negative reflection above an equally
bright red (positive) reflection. The corresponding seismic response to the seabed in
the right part (line IV) shows a bright red reflection situated between two less bright
blue reflections. While the seabed reflection for line II is received at about -620 ms, it is
delayed by ca. 30 ms. in the IV line (i.e. the point of symmetry of the seismic wavelet, see
Fig. 3.3), and received at ca. -650 ms. This may be due to different datums used in the
two seismic surveys. It is also important to keep in mind the variations in the response of
different seismic phase related to the interface between two layers of contrasting acoustic
properties. In the case of minimum-phase, the seismic response to the interface between

two layers of different acoustic impedance will be placed above the initial downkick (in
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a normal polarity case). In the case of a zero-phase seismic response, the interface is
represented by the reflection which is placed at the central point of symmetry (Fig. 3.3).
At ca. -790 ms in line II a negative reflection is seen, with a duration of about 20 ms.
The corresponding response for line IV is a positive reflection with a duration of about 30
ms. Hence, the vertical resolution in the latter is generally lower compared to the other
survey. The seismic reflection patterns in deeper parts of the image show that line IV in
general shows higher amplitude values compared to the other survey. These differences
may be related to the signal processing, i.e. use of different filters, deconvolution etc.,
and the parameters used in the processing stage.

The seismic lines can roughly be divided into three groups based on orientation; 1)SW-
NE, ii)NNW-SSE and iii)E-W.

The E-W lines represent lines that are (sub) perpendicular to the master fault segment
(F1), and thus gives the best geometrical representation of the fault zone.

Key horizons have been identified across the study area in order to constrain timing
of structural deformation and tectonic movement. These include the intra Cretaceous
(Aptian), Early Cretaceous and Jurassic. Its respective formations include the Kolje
Formation, Knurr Formation and Fuglen Formation (Fig. 2.1). Deeper horizons are based
on Faleide et al. (1993b) and Gabrielsen et al. (1990b), shown in Fig. 2.4 and Fig. 2.5.

It should be noted that the Base Permian reflections are difficult to track in many of
the seismic sections. To further complicate interpretation, the Base Permian reflections

in some of the seismic lines are deeper than seismic recording length.

3.1.1 General outline of the stratigraphy

A brief description of the formations encountered in the three different wells (Table 3.1)

is given below and based on Dalland et al. (1988).

Kolmule Formation. Part of the Adventdalen Group. Consists of claystone and shale,
with some siltstone interbeds, limestone and dolomite stringers. Age is suggested to be
mid Cretaceous (Aptian to mid-Cenomanian). Depositional environment is thought to

be open marine.
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Kolje Formation Part of the Adventdalen Group. and consists mainly of shale and clay-
stone with minor interbeds of limestone and evaporites. Depositional environment was
distal open marine, with good water circulation An age of Lower Cretaceous (Barremian

to late Barremian/early Aptian) is suggested.

Knurr Formation Part of the Adventdalen Group. Claystones with thin limestone and

dolomite interbeds. Age is suggested to be Ryazanian/Valanginian to early Barremian.

Hekkingen Formation Part of the Adventdalen Group. Mainly consists of shale and
claystone with occasional limestone, dolomite, siltstone and sandstone interbeds. Age is

suggested to be late Oxfordian/early Kimmeridgian to Ryazanian.

Fuglen Formation Part of the Adventdalen Group. Mudstones with interbedded thin

limestones. Age is suggested to be late Callovian to Oxfordian.

Stg Formation Part of the Kapp Toscana Group. Sandstones dominate. In some wells

phosphatic conglomerate occur. Age is suggested to be late Pliensbachian to Bajocian.

Nordmela Formation Part of the Kapp Toscana Group. Interbedded siltstones, sand-
stones, shales and claystones. Sandstones tend to dominate towards the top of the for-

mation. Age is suggested to be Sinemurian to the late Pliensbachian.

Fruholmen Formation Part of the Kapp Toscana Group. Shales which gradually pass
upwards into interbedded sandstones, shales and coals. Age of the base of the formation is
suggested to be early Norian. The upper parts of the formation is thought to correspond

to the Triassic/Jurassic transition.

Snadd Formation Part of the Kapp Toscana Group. Mainly shale which coarsens
upwards with interbeds of siltstones and sandstones. In the the lower and middle parts
of the formation, limestones and calcareous interbeds are common. The formation varies

both laterally and vertically. Age is suggested to be Ladinian to early Norian
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Sassendalen Group. Shale and siltstone dominate with subordinate sandstones and

minor amounts of carbonate rocks. Age is suggested to be Early and Middle Triassic.

Rgye Formation Part of the Tempelfjorden Group. The lower parts of the formation
(towards the Loppa High) are characterised by marls, silty carbonate mudstones and
claystone with some thin beds of chert. The upper part contains interbedded chert,
limestone, carbonate mudstone, marl and calcareous claystone. Age is suggested to be
Kungurian to Kazanian - (Tatarian) age.

The whole study area shows a similar preservation of the lithostratigraphy and no sig-
nificant or major changes occour along the transect of the master fault. A brief description
of the lithostratigraphy of the two subareas is given below.

The deepest reflector in the study area is interpreted to be of Permian age and is
denoted base Permian. This reflector is very difficult to interpret on several of the seismic
lines, as the data becomes progressively noisier with increasing depth. Triassic sediments
underlie a thin package of Jurassic deposits. The very thick succession of Cretaceous
sediments is by far the dominating stratigraphic feature and constitutes the gross basin
fill all up to base Quaternary (see Fig. 2.5) which defines the regional unconformity
(Gabrielsen et al., 1990b).

Subarea 1 contains the same sequences as subarea 2, but are in general not as thick.
This is especially the case for the Jurassic strata. This is probably related to the erosion or
hiatus that is recognized in the area during Late Jurassic (Fig. 2.1). As subarea 1 has not
undergone the same amount of subsidence as subarea 2, the Cretaceous infill is naturally
much thinner. However, similar to subarea 2 the dominating infill is of Cretaceous age.
The Jurassic succession is very thin and is difficult to map where well tie is available due
to the interference between the reflectors (Fig. 3.4). An interval of Triassic sediments
rests below.

Fig. 3.7 shows an uninterpreted version of line II. Note the location of well 7321/7-
1 which is closest to the master fault (ca. 5 km). The other two wells, 7321/8-1 and
7321/9-1, are located ca. 10 km and 15 km from the master fault, respectively.

Checkshots and survey data for all wells have been retrieved and formed the basis for
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Age

Lithostratigraphic unit

Epoch Period Gr. Fm.
Cenozoic Neogene Nordland
Kolmule
Cretaceous Kolje
Adventdalen Knurr
Hekkingen
Fuglen
Mesozoic Jurassic
Ste
Nordmela
Kapp Toscana
Fruholmen
Triassic Snadd
Sassendalen Undiff
Paleozoic Permian Tempelfjorden Rove

Fig. 3.4 Well 7321/7-1 and well 7321/9-1 with its associated well tops and seismic tie. Notice how vertically close the Knurr Formation

through Fruholmen Formation are situated in 7321/7-1, possibly causing interference

(Fig. 3.8). See Fig. 3.5 and Fig. 3.6 for

uninterpreted versions of well 7321/7-1 and 7321/9-1, respectively. Table 3.1 shows the depth down to each formation. Note

the color codes used for the different reflections mapped.
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Fig. 3.5 Seismic line IT with well 7321/7-1 uninterpreted

the well ties and depth conversion. Fig. 3.4 shows well 7321/7-1 and well 7321/9-1 with
their associated well tops. Note the color codes used for the different reflections mapped,
which are used throughout this study and in the seismic sections presented. Fig. 3.5
and Fig. 3.6 show the same wells uninterpreted. Note that the two uppermost well tops
(Nordland Group and Kolmule Formation) in 7321/7-1 are erroneous. This is due to

lacking checkshot data in this shallow interval.

Note that the Knurr Formation through Fruholmen Formation are vertically very close
to each other in well 7321/7-1. This may have caused misinterpretation. It is highly
plausible that the thickness of one or more of these intervals are below the limit of
separability or even visibility (Brown, 2004). This is a function of wavelength where the
limit of separability is given as %, also called the tuning thickness (Fig. 3.8). This is
important to take into consideration while interpreting, especially when dealing with 2D

seismic reflection data, as this is likely to have lower resolution compared to 3D seismic

reflection data.
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Fig. 3.6 Seismic line with well 7321/9-1 uninterpreted

Even though only 2D seismic reflection data is used, it allows generation of valuable
types of maps, e.g. time-structure maps and time-thickness maps. Time-structure maps
give information related to the structure of the subsurface. Time-thickness are in gen-
eral contour maps that displays the difference in time between two seismic events, e.g.
between two seismic horizons. This may yield valuable information regarding basin infill,
depositional patterns etc. It should be noted that the fault maps have been created on
basis of hard data (i.e. the seismic lines), rather than the generated time-structure maps.
The relatively wide spacing between the seismic lines does not allow for confident map-
ping of faults due to the contour algorithm which tends to smooth out abrupt changes
- which typically indicate faulting or other important structures; thus the faults in the

fault maps have been manually made.

Both these types of maps, including fault maps have been made in order to obtain a

better understanding of the Leirdjupet Fault Complex.

It is important to keep in mind that the data are shown in TWT (two way time). This
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Fig. 3.8 The vertical resolution of seismic data is highly dependent on the wavelength of the
seismic wavelet. Beds thinner than the tuning thickness will cause uncertainty with
respect to position and interference. The frequency typically decreases with depth,
hence increasing the wavelength. These two wave properties are related and given by

the formula A = %. From Brown (2004).

does not reveal the true geometry of structures, e.g. faults and fault planes. Faults which
appear to be of listric nature may indeed be more or less planar when depth converted.
This is related to the general velocity increase, which typically is a function of depth
due to higher degree of sediment compaction and consolidation. The velocity changes
are however related and dependant on several other rock properties such as grain size,
sorting, shape and mineralogy (e.g. smectite vs. kaolinite content) (Mondol et al., 2007,
Fawad et al., 2011).

In many of the seismic 2D lines it is difficult to properly map the fault plane to the
point where it dies out. This may be related to several factors; i)With increasing depth
the resolution drastically decreases (Fig. 3.8), and the fault plane may not manifest itself
in a consistant way. ii) The fault may have a listric nature and may not necessarily
juxtapose lithologies of very different acoustic impedance. As a consequence, the fault

trace may be obscured and not readily visible.

All interpretation was done in Schlumbergers’s Petrel, post-processed and plotted with

GMT (Wessel and Smith, 1998).
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Fig. 3.9 Depth (m) versus TWT (ms) curve for all three wells based on checkshot data for the

respective wells. They all show a similar velocity trend with increasing depth.

The seismic data are, naturally, placed along track lines, i.e. along the 2D seismic lines.
Given the differences in seismic resolution and seismic phase mentioned above, when
gridded - though subtle - these differences may cause short-scale features or artifacts.
The scale of the artifacts are very short compared to the typical distance between survey
track lines. In order to remove these artifacts a filter in space-domain was applied on the

2D grids, involving convolution of a boxcar function.

3.1.2 Depth conversion

In order to obtain a more realistic presentation of the geometry of the structural elements,
depth conversion was done on two of the key seismic lines. The velocity model is based
on well 7321/7-1 (Fig. 3.1) and its respective checkshot data. All three wells display a
very similar velocity trend (Fig. 3.9), but due to the location of 7321/7-1 - being closest
to the depth converted lines - only this well was used. An obvious shortcoming of this
conversion scheme is the lack of data in the Bjgrngya Basin and in the deeper parts of

the seismic lines (i.e. > —2500 ms TWT).
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In order to go from time domain to depth domain a velocity model was created. This
typically involves making a velocity - time relation which is used to yield a a correct
velocity for a given TWT. The velocity model which was used is given by the linear

equation

v=1+ kz

where vy is the initial velocity, & is a factor (coefficient) which gives the velocity increase
with increasing TW'T depth and z is the time. This calculates the velocity which is used
for the depth conversion.

The P-velocity in water typically ranges between 1.4-1.5 km/s (Mussett and Khan,
2000). Well 7321/7-1 falls on one of the lines which has been depth converted (Line II,
Fig. 3.15) and the P-wave velocity in the water column has been derived by solving the
equation x = v X t, where z, v and ¢ denote distance, velocity and time, respectively.
The water depth at the well location is 475 m (source: NPD) and the reflection from
the seabed is received at ca. -630 ms TWT. Inserting these values into the equation and

solving for v yields

L, AT
~0.630/2

Checkshot data from well 7321 /7-1 has formed the basis for determining the parameters

~ 1508 m/s

(vo and k) in the intervals below the seabed. Due to the limited well data at depth, the
velocity model was divided into three effective intervals; I)water column, II) seabed -
Aptian, III)Aptian - base Perm. See Table 3.2 for the vy and k values employed in the

three different interals.

Table 3.2 The values of vy and k for the intervals used in the velocity model.

Interval v

I ~ 1508 =0
II ~ 2169 =~ —0.0088
11T ~ 3097 ~ —0.3349

A quick way of assessing the validity of the velocity model employed is to see if the
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well tops falls on the same reflection patterns in depth domain as they do in time domain

(Fig. 3.10).

1:8580

Fig. 3.10 Line II in depth domain. The well tops fall close to the same reflection patterns
as they do in time domain (Fig. 3.5) - indicating that the velocity model is a good

approximation.

3.2 Geometry and structuring of the Leirdjupet Fault Complex

In the following sections key seismic lines, time-structure maps and time-thickness maps
which represents the geometry of the individual segments of the area will be presented.
Each seismic line is presented individually and annotations related to structural features

are valid only for its respective line.
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3.2.1 Segmentation of the fault complex

The study area has been divided into segments based on geometry and structuring (Fig.
3.11).

The Leirdjupet Fault Complex was early recognized as a major feature dividing the
Bjorngya Basin from the shallow Fingerdjupet Subbasin by Rgnnevik and Jacobsen
(1984). This divides the study area into two naturally separated areas; the Fingerdjupet
Subbasin and the downthrown Bjgrngya Basin, which during the rest of this chapter will
be referred to as subarea A and subarea B, respectively (Fig. 3.11). Gabrielsen et al.
(1990b) recognized that the fault complex changes structural style along the strike. The
central area (segment 2) is characterized by a single fault with a large throw towards
the Bjgrngya Basin. The northern area (segment 1) is dominated by a horst and graben
topography. The southern area (segment 3) splits up into several smaller normal faults
which have been rotated. Based on this and the interpretation presented in this study,
the area has been further divided up into a total of three segments, as shown in Fig.
3.11. Based on seismic coverage, the main emphasis is given on the northern and central

segment.

3.2.2 2D seismic interpretation

Line | Line I (Fig. 3.12) displays a northeast-southwest-oriented section through the
northern segment, i.e. segment 1 (Fig. 3.11), of the Leirdjupet Fault Complex. The
line is parallel to line II and line III. The line comprises several characteristic geometries
found in extensional regimes; the downfaulted subarea B to the southwest defining a half-
graben, a central feature defining a horst and a half-graben to the northeast representing
subarea A, i.e. the master fault splits up and makes a horst- and graben topography as
pointed out by Grunnaleite (2002).

The seismic reflections in the horst structure are very disturbed and noisy. Except for
the shallow part (down to ca. 1500 ms TWT) no continous reflections are observed.

The most evident structural features of this line are the well developed half-graben

patterns present in both subarea A and subarea B.
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Half-graben

Half-graben

Fig. 3.12 Interpretation of line I. See Fig. 3.11 for location of line and Fig. 3.4 for color codes. See Fig. 3.13 and Fig. 3.14 for detailed
images of F1 and F2, respectively.
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Subarea B is in general affected by very few small scale features (e.g. faults), and the
master fault (F1) is the structural element which is dictating the overall geometry. The
strata is seen to thicken towards the fault between some of the seismic reflections mapped.

As opposed to line II, the master fault (F1) displays a simpler geometry; the fault
only consist of one major fault branch. The fault appears to be fairly planar, though
it is difficult to accurately position the fault plane due to incoherent seismic data. The
reflections in subarea B close to the fault from ca. -1000 ms TWT down to -3500 ms
TWT are seen to be affected to folding (see fault map, Fig. 3.31). The folding with
its sub-horizontal limb which is extending westwards, show some characteristics of a
monocline. Analogous to line II (Fig. 3.15 and Fig. 3.19) the lower part of the section
shows a considerable thickening of the strata towards the fault (Fig. 3.13).

The eastern major fault (F2) defining subarea A has a listric nature, causing a very
pronounced half-graben geometry. Similar to subarea B, several intervals of sediment

thickening towards the fault plane are observed (Fig. 3.14).

Line Il This line (Fig. 3.15) displays a northeast-southwest-oriented section through the
central segment, i.e. segment 2 (Fig. 3.11), of the Leirdjupet Fault Complex. The line is
paralell to line I and line III. The major structural features comprise a folded and slightly
faulted footwall (subarea A) to the northeast and a folded hanging wall (i.e. subarea B)
to the southwest. These are separated by a normal fault (F1) consisting of two fault
branches (Fla and F1b) which are the main controlling structural features.

In subarea A, a set of normal faults (Fal-Fal0, see Fig. 3.16) are seen to define several
minor rotated fault blocks and small scale horst-and-graben and half-graben structures,
i.e. synthetic and antithetic faults, which involve the base Cretaceous and Jurassic reflec-
tions. They all have planar geometry. A set of faults affecting the Aptian reflections are
seen above (Fal5-Fal7). In the far northeast part of the section, another set of normal
faults (Fall-Fal3) are seen to affect the Jurassic and base Cretaceous reflections. To the
far northeast a normal fault (F14) affecting the base Cretaceous and Jurassic is seen (Fig.
3.15).

Folds affecting the Aptian, base Cretaceous, Jurassic and Triassic reflections are clearly
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Fig. 3.13 Close-up of the area southwest of F1 in line I. Note sediment thickening towards the
fault.
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Fig

. 3.14 Close-up of the area northeast of F'2 in line I. Note half-graben geometry and sedi-

ment thickening towards the fault.
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Fig. 3.15 Interpretation of line II. See Fig. 3.11 for location. Fig. 3.16 shows a close-up of the faults in subarea A. See Fig. 3.4 for color

codes.
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Fig. 3.16 Close-up of faults in subarea A.

defined in subarea A; immediately east of the master fault the reflections dip to the east,
and in the central part then change polarity and gradually begin to dip towards west.
This may also be the case for the Permian reflection, but this is hard to determine due to
very noisy seismic data. The base Permian reflection does none the less display steeply

dipping reflections towards the east and the apparent apex of the fold.

A clinoform can be seen in the lower parts of subarea A within the Triassic interval
(Fig. 3.17).

Subarea B is dominated by an antiform with an apparent apex in the central part of
the basin. The Aptian reflection is very difficult to interpret in this area, and the seismic
reflections from the top of the antiform (ca. -3500 ms TWT) up to ca. -1000 ms TWT
are very noisy and obscured. The shallow reflections at ca. -1000 ms TW'T, display open
folds. Whether this is associated with the deeper antiform is difficult to determine. The
base Cretaceous through Permian reflections are all affected by the antiform. The base
Cretaceous is offset by ca. 400 ms TWT, though the offset varies along the structure. A
set of normal faults are seen in the central part of the antiform (Fb1-Fb4). The faulting

changes polarity approximately at the apex of the structure; on the western side the
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Triassic cinoform

1:122070

Fig. 3.17 Subarea A and mapped reflections. Note the clinoform indicating Triassic sediment

infilling and progradation.
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faults dip toward the northeast, whereas the faults on the eastern side dip towards the
southwest (see fault map in Fig. 3.29). No drag is apparent along the faults and the
internal structure in the downfaulted segments appears to be little affected.

Fig. 3.18 shows a close-up of the sedimentary infill in subarea B. The Aptian reflection

is seen to form the base of a wedge which increases in thickness towards Fla.

1:122070

Fig. 3.18 Interval in Subarea B with wedge geometry. Sediment thickening is indicated by the
red arrows. The height of the arrow to the left is 557 ms TWT, the arrow in the
middle is 696 ms TWT and the arrow to the right is 822 ms TWT, i.e. a substantial

thickening.

A more complex pattern of seismic facies and boundaries is observed between the
Permian through Jurassic reflections. The seismic data are clearly affected by the great
depth, but the gross internal structure within this interval is recognizable (Fig. 3.19).

The concept of onlap and downlap has been used to define sequences within this interval.
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Fig. 3.19 Detailed interpretation of the interval between the Permian through Jurassic reflec-
tions displaying wedge geometries. The Permian reflection marks the lower boundary
of the first sequence, whereas the red dotted line represents the lower boundary of

46 the second sequence.



The master fault system is the main controlling structural feature as it separates the
two subareas. It strikes roughly north-south (Fig. 3.11), i.e. the line does not depict
the true geometry of the fault given its northeast-southwest direction. The master fault
dips towards west and displaces the base Cretaceous reflection by ca. 2330 ms TWT.
The line is very proximal to line V and naturally displays a similar structuring. The
master fault is segmented into two branches (Fla and F1b). Both of the segments are
interpreted as being planar to sub-planar. The area situated between the two segments is
very disturbed, and possibly relates to the fault zone and the complex internal structure
that it may have developed (Gabrielsen, 2010). The Triassic and Permian reflections in
the footwall are seen to dip steeply between the two fault branches. This may be related
to drag. It is difficult to pinpoint the lower termination of both fault branches as they
are very deep. They may extend beyond -7000 ms TWT. All of the reflections between
-5500 ms TWT and -3000 ms TWT onlapping the western fault branch (Fla) display

signs of normal drag.

Line Il This line (Fig. 3.20) displays a northeast-southwest-oriented section through
the southern segment, i.e. segment 3, of the Leirdjupet Fault Complex (Fig. 3.11). The
line is parallel to lines I and II. This segment of the Leirdjupet Fault Complex displays a
rather different geometry compared to the other segments; while the central and northern
segments are characterized by a single fault with large displacement, the southern region
is dominated by smaller rotated normal faults. Hence, the displacement that is observed
to occur over a narrow zone in lines I and II, is now distributed over a larger area. The
faults (F1-F4) are all synthetic to the master fault observed in seismic lines in the other
segments of the fault complex. The line is included mainly to demonstrate the change in
style of faulting; all of the southern seismic lines are very incoherent, and present very few
distinct features other than this. As demonstrated by Barrere (2009) and emphasized by
Glgrstad-Clark (2011) in their regional studies of the western Barents Sea, it is difficult
to distinguish the crystalline basement from the deeply buried and compacted sediments
in the Bjorngya Basin.

The different subareas are not as clearly delineated on this line compared to the other
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lines. The major features involving deepening towards the central part of subarea B and
the shallower platform constituting subarea A are, however, evident.

The central part of the section is very obscured and none of the reflections can be
mapped with confidence. All the mapped reflections are offset by 1000 to 2300 ms TW'T
during this 5 km interval, inferring the presence of one or more faults (F47), although no
clear definitions of faulting are, however, apparent and no distinct reflection discontinu-

ities can be seen.

Line IV Line IV (Fig. 3.21) displays a northwest-southeast-oriented section through the
central and southern segments, i.e. segment 2 and 3 (Fig. 3.11) of the Leirdjupet Fault
Complex. The line displays a considerable thickening of the strata towards the master
fault between the Aptian reflections and the reflection mapped above (black), as seen in
line I (Fig. 3.12 and Fig. 3.13) and line II (Fig. 3.15 and Fig. 3.18). The height of the red
arrow to the northwest is approximately 250 ms TW'T, while the arrow to the southeast
(i.e. closest to the fault) is about 475 ms TWT in height; i.e. there is a considerable
thickening of the strata towards the fault. Similar sediment thickening is seen between
base Cretaceous - Aptian and Permian - Triassic. A thin sequence between the Jurassic
and Triassic reflections is also present.

The general fault geometry is very similar to that of line II. The major fault consists
of two fault branches, Fla and F1b, which both appear to be planar.

Very proximal to the fault plane, some intervals show signs of folds (Fig. 3.22). These
structures are recurring throughout segment 1 and 2 (Fig. 3.11) of the study area (e.g.

Fig. 3.12 and Fig. 3.17 for a similar structure in segment 1).

Line V This line (Fig. 3.23) displays a west-east-oriented section through the central
segment, i.e. segment 2 (Fig. 3.11), of the Leirdjupet Fault Complex. The fault geometry
is similar to that of line II and line IV; it consists of two fault branches, Fla and F1b
which are planar. This line displays a very pronounced wedge geometry where the Aptian
reflection defines the lower boundary (Fig. 3.24). Slight thickening is also seen in the

Triassic - Jurassic interval, and a clear thickening in the Permian - Triassic interval.
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1:125000

Fig. 3.21 Interpretation of line IV. See Fig. 3.11 for location of line. Note the wedge thickening towards the fault. See Fig. 3.22 f

larger image of folds close to the fault plane.




Fig. 3.22 Strata close to the fault plane showing a fold.
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Fig
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1:100735

23 Interpretation of line V. See Fig. 3.11 for location of line. See Fig. 3.4 for color codes.
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Depth converted lines

Line I and line IT were depth converted and are shown in Figs. 3.25 and 3.26, respectively.

The most noticeable differences are seen in line II (Fig. 3.26) close to the fault zone.
Whereas the reflections between the fault branches in time domain dip towards to SW,
they form a bulge-like structure and dipping towards NE in depth domain. Both of the
fault branches are fairly planar in depth domain, as they were in time domain (Figs
3.12 and 3.15). The seismic data appear to be very distorted close to the fault. This is

interpreted as being an artifact from the depth conversion scheme.

3.2.3 Time-structure and fault maps

In the following section, time-structure maps and associated fault maps of the interpreted
reflections will be presented and described. The major structural feature dictating the
overall geometry of the area is the major fault. This fault has affected all the reflections
mapped, thus the individual fault maps exhibit great similaritites. Some differences are
however apparent, and these will be pointed out. The solid black lines on the time-
structure maps are meant to indicate the major structural trends. Fault annotations (i.e.
F1 and F2) refers to the major faults seen in Fig. 3.12. Faults involving the individual
surfaces are displayed in the associated fault map. Conversely, time-thickness maps have
been derived from the time-structure maps, as shown in Fig. 3.32. It should be noted
that the gridding process tends to smooth out important details which might be crucial
in order to obtain an increased understanding of the geology in the area; this is especially
the case when trying to assess the possibility of several faults being present and linked.
In order to ensure that hard data is respected, a set of maps displaying the fault throw

for individual seismic lines in segment 2 have been constructed (Fig. 4.6).

Base Permian In general, the clearly defined faults which are readily observed in the
shallower reflections, are to a certain degree obscured in the time-structure map at this
level (Fig. 3.27). The major structural features (subareas and fault segments) defined in

the general description and principal fault map (Fig. 3.11), are recognizable however.
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Distortions

Fig. 3.26 Line II after depth conversion. See Fig. 3.11 for location of line. Note vertical scale in meters.
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Starting in the east, the platform area (subarea A) reveals a smooth relief, generally
unaffected by faults. Some structural highs and lows are apparent within the area.

The major fault is clearly seen, separating the platform area (subarea A) from the
deeper areas of subarea B to the west. The major fault trends N-S in the central part of
the map, and turns into a more NNW-SSE trend towards the south (segment 3). Segment
1 to the north is characterized by a more gentle relief as it borders the horst structure
separating the two subareas (line I, Fig. 3.12).

To the north, a structural area delineated by an ENE-WSW striking trend is seen to
separate the deeper parts of subarea B, interpreted as being the shallowing-up towards

the southeastern part of Stappen High (Fig. 2.3).

Base Triassic Compared to the base Permian time-structure map, the base Triassic
time-structure map (Fig. 3.28) displays more of the structuring of the fault complex.
The overall N-S striking master fault of segment 2 is now readily recognizable. Towards
segment 1, the strike of the fault is seen to extend farther north and undulate ever
so slightly, going from NNW-SSE to NNE-SSW. This applies for all of the following
time-structure maps. The eastern platform area maintains its smooth relief, though the
structural highs and lows from the base Permian time-structure map now appear to be
more pronounced. The shallow area to the northwest has a larger extent and strikes NE-
SW. The major fault is accompanied by synforms in subarea B. These are approximately
parallel to sub-parallel to the fault (see fault map, Fig. 3.28).

The antiform and associated faults are seen to the southwest, affecting the Triassic

through base Cretaeous reflections.

Middle Jurassic Similar to the base Triassic time-structure map, the master fault is
readily recognized on the Jurassic time-structure map (Fig. 3.29). The master fault in
segment 2 maintains its strike of N-S, while the southern segment (segment 3) turns
into a more NNW - SSE direction going southwards. The northern segment (segment 1)
maintains its undulating trend. Some structural highs are seen close to the master fault

in segment 1.
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Base Cretaceous The segmentation of the fault complex as defined in this study (see
Fig. 3.11) is now recognizable. A raised horst-like structure clearly separates subarea A
from subarea B (ca. north of N8160000 at E500000), defining segment 1. The structural
low in the northeast (E520000,N8180000) appears as a more restricted, isolated subbasin
compared to the Jurassic time-structure map. At E500000 between ca. N8165000 and
N8130000 the master fault is seen striking roughly N - S, although some undulation is
apparent, and defining segment 2. The southern segment (segment 3) is recognized as the
relatively abrupt transition from steeply dipping to more shallow dippping reflections at
the southern end of segment 2. The strike of the faults in segment 3 maintain their NNW-
SSE trend towards the south. Other structural features in subarea B are very identical
to that of the Jurassic time-structure map, and no major changes occur between this

interval.

Aptian Similar to base Cretaceous, the segmentation is clearly recognizable in the Ap-
tian time-structure map (Fig. 3.31). The relief is somewhat more uniform, exhibiting
less variation compared to that of base Cretaceous. This is especially the case in subarea
A. The structural low in the northeast is seen to be separated by the horst-like struc-
ture. South of this depression in subarea A, i.e. between ca. N8162000 and N8130000,
the topography is seen to be more or less uniformly leveled, defining a platform type of
relief. The strike of the master fault is seen to go from a N - S direction in the northern
part of segment 2, into a more NE - SW trend towards the southern end of the segment.
This southern area of segment 2 is seen to comprise a structural high in the transition
zone between segment 2 and segment 3. This feature is very hard to observe on the
time-thickness map, due to the smoothing caused by the gridding algorithm. The faults
in segment 3 maintain the NNW - SSE trend.

3.2.4 Time-thickness maps

Time-thickness maps were made between each of the interpreted reflections (see Fig.
3.32). None of the time-thickness maps are able to display the clear trend of sediment

thickening as the seismic lines do.
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The Aptian - Base Cretaceous time-thickness map show very little thickness variation.
An elongated area in subarea B is however, apparent. In addition some small patches
of thickening are seen. The Aptian and base Cretaceous reflections are seen to be quite
parallel to each other in most of the seismic sections - thus little variation is seen on the
time-thickness map. Common for all the maps are the relatively constant thicknesses
observed in the northwestern part towards the Stappen High.

The Base Cretaceous - Middle Jurassic reflections are seen to be very close in the
seismic sections. In subarea A there are almost no significant variations. In the northern
part of the map an elongated thickening pattern is seen. In the transition zone between
segment 2 and 3, a narrow thickening trend is seen to extend towards subarea B.

The Middle Jurassic - Base Triassic time-thickness map shows more variation in both
subareas. Most of subarea A is seen to display thickening, which increases towards the
south. The central part of subarea B also displays significant thickening in some areas.

The Base Triassic - Base Permian time-thickness map covering the Permian succession
shows a very distinct thickening in the upper part of the map (segment 1). This may be
related to the gridding process in areas where the Permian reflections are below seismic
recording length, i.e. these areas should be interpreted with caution. In the far south

thickening is seen to extend southwards.
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Fig. 3.32 Time-thickness maps between each of the interpreted reflections. Upper left: Aptian
- Base Cretaceous, upper right: Base Cretaceous - Middle Jurassic, lower left: Middle

Jurassic - Base Triassic, lower right: Base Triassic - Base Permian.
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4 Discussion

In general, the Bjgrngya Basin together with the Fingerdjupet Subbasin separated by the
master fault segment (F1), constitutes a well known structural style and configuration
for areas that have undergone extension.

Following the terminology by Gabrielsen (2010), the Bjgrngya Basin represents the ma-
jor down thrown segment characterized as the sub-platform. The Fingerdjupet Subbasin
with its platform-like geometry and sub-horizontal sedimentary sequences corresponds to
the platform (Fig. 4.1). Within each of these structural elements, local deformation and
faulting is likely to take place. Although the main controlling feature dictating the over-
all geometry is the major down thrown fault, the complex is likely to constitute several
subordinate faults, folds and other structural elements as observed in the seismic lines
presented (e.g. Figs. 4.4, 4.15 and 4.17). These are usually, but need not be, related to
the movement, deformation and development of the master fault through time.

The horst structure separating the Bjgrngya Basin from the Fingerdjupet Subbasin in
the northern segment (segment 1, Fig. 4.3) may be referred to as an antithetic interbasin
ridge (Gawthorpe and Hurst, 1993), as shown in Fig. 4.2. In principle, it could also
represent a transfer fault linking border faults of opposite polarity. This would, however,
imply that the linkage takes place over a narrow zone, which consequently is absent in

the seismic lines due to the relatively wide line spacing.

4.1 Extensional deformation

The Leirdjupet Fault Complex is clearly extensional in nature, and the gross structuring
leaves little doubt of this fact and has been well established through several earlier studies
of the area (Rgnnevik and Jacobsen, 1984; Gabrielsen et al., 1990b; Faleide et al., 1993b).

Line I and IT (Fig. 4.4) demonstrate this and show how all reflections mapped have
been faulted down towards the west, defining a N-S trending fault system (Fig. 4.3). The
eastern margin of the Bjgrngya Basin displays some characteristics of a half-graben (Fig.

4.1) as recognized by Gabrielsen et al. (1990Db).

The common subsidence history of the Tromsg and Bjgrngya basins during Late Jurassic-
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Fig. 4.1 Upper: A principal sketch of the major structural elements in graben systems. The

68

Bjgrngya Basin corresponds to the sub-platform segment, while the Fingerdjupet Sub-
basin corresponds to the structurally elevated platform area. From Gabrielsen (2010).
Lower: Line II displaying the corresponding structural elements observed. The fig-
ure shows the eastern margin of the Bjgrngya Basin with its half-graben geometry.
A geoseismic section across the northern Viking Graben (Gabrielsen et al., 1990a) is

included as an analogue.
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Fig. 4.2 Left: A diagrammatic representation of the main geometries of interbasin transfer
zones. (a) Antithetic interbasin ridge. (b) Antithetic interference zone. (c) Transfer
fault (linking border faults of opposite polarity). (d) Synthetic relay ramp. From
Gawthorpe and Hurst (1993). The horst structure present in segment 1 is interpreted
as being an antithetic interbasin ridge as depicted in (a). Right: The Aptian fault

map.

Early Cretaceous and the similar sediment thickness deposited in Middle Jurassic through
mid-Cretaceous indicate that the basins were affected by much the same processes (Breivik
et al., 1998). In addition, thick Lower Cretaceous strata within the eastern part of the
Veslemgy High have demonstrated continuity between these two basins prior to late Cre-
taceous - early Tertiary structuring (Faleide et al., 1993a). The Bjgrngya, Tromsg and
Hammerfest basins are all structures which were active in late Jurassic - early Cretaceous
as the rifting progressed westwards towards the incipient margin (Breivik et al., 1998;

Faleide et al., 2010).

4.1.1 Continuous versus segmented faults

In order to identify possible fault segmentation in the central segment (segment 2), con-
tour maps displaying the throw of the master fault (F1) for the Aptian through Triassic
reflections were made (Fig. 4.6). The map displays a clear trend of large throws for all

reflections in the south, decreasing towards the north. In the central part (ca. N8150000),
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Fig. 4.3 Principal fault map of the Leirdjupet Fault Complex and the three segments as defined

in this study.
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Fig. 4.4 Line I and II displaying the major structural elements of the fault complex.
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however, there are some inconsistencies and the throw varies much, considering the short

distance.

A single normal fault will generate a different geometry compared to a system of faults

(Fig. 4.5) which subsequently link up.

Whereas an ideal single normal fault will follow a displacement pattern on the fault
surface which is systematic and predictable (Fig. 4.7), this relationship is more complex
by the presence of multiple faults. This is well illustrated by the displacement curve for
a set of faults pre-interaction and the resultant displacement curve after interaction and
linkage have taken place (Fig. 4.8). Note the importance of fault interaction and linkage

and the effect it yields for the final displacement curve.

The Leirdjupet Fault Complex has in earlier studies been depicted as a single through-
going fault going from the Loppa High and terminating at the northeastern end of the
Bjgrngya Basin.

The variations in the displacement can in principle indicate that this area is in a
displacement zone for a breached relay, i.e. in the area between two fault segments where
the throw changes (Fig. 4.9), or some type of transfer or linkage zone where faults are

interacting.

Davison (1994) defined a linked fault system as “a network of broadly contempora-
neous branching faults, which link up over a length scale much greater than individual
fault segments”. These systems of linked faults may occur in extensional, strike-slip and

contractional regimes i.e. they are ubiquitous, and the Leirdjupet Fault Complex could

Fig. 4.5 Schematic map view of a continuous fault (left) and a system of segmented faults
(right). The left figure displays the master fault as it is defined in this study. Al-
though depicted as a continuous structural feature, some indications of segmentation

are present (see text for details).
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Fig. 4.6 Map indicating the amount of throw along the master fault. Each dot represents
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left: Jurassic, lower right: Triassic.
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Fig. 4.7 Schematic displacement diagram for a single normal fault. Note that maximum dis-
placement occurs at the center of the fault, whereas the displacement diminishes to-

wards the edge or tip-line. From Barnett et al. (1987).

represent such a linked fault system.

There are several uncertainties with this analysis; due to the relatively widely spaced
seismic lines, there are few data points and the lower (and possibly upper) termination
of the fault may be erroneously mapped due to varying seismic quality, especially at
great depth. Thus, the contour map should be interpreted with caution and no definite
conclusion should be drawn based solely on the map. A denser grid of seismic lines would
decrease the uncertainty and possibly reveal other zones fault segmentation and linkage.
The varying displacement, however, is a good indication that the master fault might be

segmented and comprise at least two fault segments.

4.1.2 Extent of fault system and fault displacement

Whether the master fault is segmented and assuming hard linkage, the resultant displace-
ment curve should converge to that of a single fault (Fig. 4.8). The importance of fault
segmentation and the influence by individual fault segments will in this context have a
limited significance.

Studies which have compared the relationship between the length of faults versus the
amount of displacement have found that there is a correlation between the two parame-

ters. Schlische et al. (1996) carried out a study of the geometry and scaling relations of
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Fig. 4.8 Schematic development of three fault segments which ultimately link up to form a
continuous and through-going fault zone. A) Fault initiation stage, B) interaction
and linkage and C) through-going fault zone. Note how the interaction and linkage
affects the displacement profile for the individual fault segments and compare with
Fig. 4.7 which shows an idealized displacement curve for a single fault. Note how the
final displacement curve for the through going fault zone displays characteristics of an

isolated fault segment. From Gawthorpe and Leeder (2000).
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Fig. 4.9 Contour map of the displacement affecting the Aptian reflections (lower left) and Tri-
assic reflections (lower right). The upper image (modified from Gawthorpe and Leeder
(2000)) shows how the variations in displacement may be related to the displacement
curve of a fault system comprising several faults which subsequently interact and link
up. See Fig. 4.6 for all contour maps and Fig. 4.8 for a schematic overview of how

faults interact and link up.

76



a population of very small rift-related normal faults and compared this to earlier studies.
The general conclusion is that the displacement increases as a function of the length of
a fault, i.e. faults with large horizontal extent are assumed to cause large displacements
(Fig. 4.10).

Assuming that the major fault (F1) can be considered as a continuous fault spanning
through segment 1 and 2 (Fig. 4.3), an estimate for its total horizontal extent is about

65 km. The scaling relation is given as

D = 0.03L'0

where D and L denotes the displacement and length of the fault, respectively (Schlische
et al., 1996). This yields a displacement of D ~ 3791 m. This relation seems to be in good
harmony with the observation in the study area (e.g. Aptian reflection in seismic line II,
Fig. 4.11). For the other reflections however, this figure is too low, i.e. the reflections
below have experienced larger displacement. Relating this to the displacement diagram
(Fig. 4.7), this may indicate that the Aptian reflection is situated in an area which is
represented by the upper half of the diagram. This implies that the fault represents a
deep structure. The Permian reflection is displaced by ca. 8000 m (Fig. 4.11); solving
with respect to L, this yields a fault length of ~ 131.47 km, indicating a fault system of
broad extent. This supports the notion of the Leirdjupet Fault Complex being a branch of
a much larger system with broad extent. It is important to note that this most definitely
is an estimate - the interpretation in e.g. the southern segment (segment 3) has a lot of
uncertainties associated with it due to very incoherent seismic data. It is also important
to take into account possible phases of reactivation. Line II (Fig. 4.4) also shows that the
fault is cut by the base Quaternary, i.e. the area has been subjected to erosion (Dimakis
et al., 1998) and the fault may have cut through successions of sedimentary strata now
absent.

Barrere et al. (2009) considered the Leirdjupet, Bjorngyrenna and Ringvassgy-Loppa
fault complexes all to be prolongations of the Billefjorden Fault Zone caused by a Cale-
donian deep-seated weak zone. This is in agreement with Gabrielsen (1984) who related

the ENE - WSW and NE - SW structural trends to a Caledonian structural grain. This
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Fig. 4.10 A log plot of fault displacement versus length for several fault populations. (N -
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Fig. 4.11 Line I and line II after depth conversion. Note vertical scale in meters.
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Fig. 4.12 Top basement map of the Barents Sea. The map also demonstrates how onshore
features continues offshore and illustrates the link between margin segmentation and
onshore geology as pointed out by Gabrielsen (1984). Modified from Ebbing and
Olesen (2010) only to incude the Barents Sea area.

implies a fault system spanning across most of the western Barents Sea. Due to its
excellent exposure in Svalbard, the Billefjorden Fault Zone is one of the most studied
Carboniferous basins on Spitsbergen and has been thoroughly studied (Johannessen and

Steel, 1992; Maher and Braathen, 2010).

As seen in e.g. seismic line I and II in time (Fig. 4.4) and depth domain, the master
fault (F1) represents a very deep fault. It is likely that the fault continues deeper than
mapped in this study, but due to the deteriorating seismic reflections at great depth, this
has not been indicated. Ebbing and Olesen (2010) compiled a top basement map for the
entire Norwegian shelf (Fig. 4.12) which shows that the top basement is situated at a
depth of ¢. 11.5 km along the eastern part, including the margin, of the Bjgrngya Basin
(i.e. hanging wall) and ranging from ca. 9 to 11 km for the Fingerdjupet Subbasin (i.e.
foot wall). This may imply that the Leirdjupet Fault Complex is a basement involved

structure.

Gabrielsen (1984) proposed a fault classification scheme based on regional significance
and the degree of tectonic implications (Table 4.1 and Fig. 4.13). This would make the

Leirdjupet master fault a class 1 fault, having regional significance and being basement
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Table 4.1 Fault classification scheme proposed by Gabrielsen (1984). Faults are classified ac-
cording to their regional signficance and tectonic implications. See Fig. 4.13 for a

schematic representation of each fault class.

First class Basement Regional significance Reactivated Separate areas of dif-
involved ferent tectonic outline
Second class Basement Semi-regional Reactivated/not Separate areas of dif-
involved reactivated ferent tectonic outline
Third class Basement Local significance Not reactivated = Does not separate ar-
detached eas of different tectonic

outline

involved. This is reasonable taking into account that the Leirdjupet Fault Complex
defines an eastern boundary separating the western basin province from the area to the
east which is dominated by platforms and terraces. In this respect, the Bjgrngya Basin
and Fingerdjupet Subbasin falls into two separate regions as recognized by Rgnnevik
(1981); the Bjorngya Basin being located in the province west 20°E and the Fingerdjupet
Subbasin in the province between 20°- 25°E.

4.2 Influence of oblique-slip and inversion

Studies which have included the Swaen Graben (located on the Loppa High, Fig. 2.3), the
Asterias Fault Complex and the Bjgrngyrenna Fault Complex (i.e. some of the master
fault systems of the western Barents Sea) have shown that the area has been subject to
several phases of deformation. Being principally extensional features, they are thought to
all have been subject to reactivation and subsequent inversion (Gabrielsen et al., 1992).
The inversion is manifested by different geometrical expressions related to regional stress
configurations. The notion of reactivation being an important factor in the region is well
established in the literature. Gabrielsen et al. (1992) suggested three phases of inversion
occurring in 7late Jurassic - early Cretaceous, late Cretaceous and (?)early Tertiary.
The tectonic configuration affiliated with the inversion is disputed. Several structures
related to strike-slip domains, such as positive and negative flower structures have been

associated with the Bjgrngyrenna Fault Complex (Gabrielsen et al., 1992).
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Fig. 4.13 A schematic representation of the relation of first, second and third class fault systems

(Table 4.1). From Gabrielsen et al. (1990b).

By simply looking at the major fault traces which constitute the Leirdjupet Fault
Complex in map view, it shows similarities to an anastomosing or braided structural
geometry (Fig. 4.14). Although ambiguous, these types of branching and interconnected
fault geometries are commonly encountered in strike-slip regimes.

The Leirdjupet Fault Complex is thought to be closely related to the Bjgrngyrenna
Fault Complex. Gabrielsen et al. (1997) divided the Bjgrngyrenna Fault Complex into
regions according to structural style, in which Leirdjupet Fault Complex constituted the
northern segment. In this respect the Leirdjupet Fault Complex can be described as a con-
tinuation of the Bjgrngyrenna Fault Complex, in agreement with Barreére et al. (2009).
Hence, they should be affected by much of the same deformation. The Bjgrngyrenna
Fault Complex was affected by northwest-southeast-directed extension during the late
Jurassic-early Cretaceous, a phase of early Cretaceous dextral shear (transtension?), late
Cretaceous - early Tertiary northwest-southeast contraction (inversion) and Tertiary up-
lift and erosion (Gabrielsen et al., 1997).

Several of the features observed in the seismic lines (Figs. 4.15 and 4.17) support
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anastomosing
or braided

Fig. 4.14 A)Example of an anastomosing or braided fault system. These systems are am-
biguous and are found in extensional, contractional and strike-slip regimes. From
Woodcock and Schubert (1994). B) Figure of Bjgrngya Basin, Fingerdjupet Sub-
basin, Leirdjupet Fault Complex and other structural elements from Gabrielsen et al.

(1990b). C) Faults mapped in this study.

these observations from the Bjorngyrenna Fault Complex; wedges are clearly defined in
the Early Cretaceous interval, though more subtle within the Jurassic successions. The
northwest-southeast-directed extension suggested by Gabrielsen et al. (1997) would infer
an oblique slip in the central segment of the Leirdupet Fault Complex. An increasing
degree of oblique slip would cause the major fault to be more steep compared to that of
e.g. pure dip-slip. Given the N - S strike of the major fault in both segment 1 and 2,
the slip sense should be about the same. Consequently the major fault displays a very

similar dip in both of the seismic key lines representing the two segments (Fig. 4.4).

In general, inversion of provinces that have undergone extensional deformation requires
a major change in the regional stress direction. This is not necessarily the case for a strike-
slip dominated system. In such systems basin inversion may arise under similarly oriented
crustal stresses, that is, a small rotation in the regional stresses. This may cause a switch

from what was originally a transtensile zone, to a transpressional zone (Woodcock and

Schubert, 1994).

The importance of the opening of the Norwegian-Greenland Sea is regarded as an

important control on the regional geology in the area. Faleide et al. (2008) proposed that
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the pre-break up structure, geometry of the plate boundaries and the direction of relative
plate motions were main controlling parameters for later structural development. Much
of the compressional deformation in and along the Norwegian-Greenland Sea margins is
thought to be related to this event. The change in plate motion through time may be
a cause for change in deformation style, i.e. the change from extension to compression
through strike-slip motion.

In earliest Oligocene the plate motion had a major change, and earlier studies have
related several of the compressional features to this event (Lundin and Doré, 2002).
Fig. 2.2 shows the tectonic map of the Norwegian-Greenland Sea and the location of
compressional structures (i.e. domes and anticlines). By this time there was a considerable
counter-clockwise shift of the opening direction, going from a NNW-SSE trend to NW-
SE. The NW-SE opening direction has been unchanged to the present. This implies a
30° rotation. The compressional domes found along the mid-Norwegian continental shelf
was caused by this shift, leading to sinistral reactivation (Lundin and Doré, 2002, p. 88).

The Bjorngya - Spitsbergen margin segment was also affected by oblique continent-
continent shear and some continent-ocean shear in Eocene times (Faleide et al., 2008).
This comprised both transtensional and transpressional components. It is possible that

these events affected an extended area in the southwestern part of the Barents Sea.

4.2.1 Inversion

The southwestern Barents Sea was early recognized as being a province which has been
subjected to inversion and subsequent uplift. These events have had big implications
for the petroleum potential in the area (see chapter 1). Several of the characteristic
features associated with inversion are observed in the study area. Grunnaleite (2002)
did a regional study of inversion structures in the area including the greater part of
the southwestern Barents Sea. In the study, all the major fault complexes, including
the Knglegga Fault Zone, Bjgrngyrenna Fault Complex, Leirdjupet Fault Complex and
Hoop Fault Complex show signs of inversion. Inverted normal faults are distributed in
the whole region accompanied with reverse faulting and folding. Thus, inversion seems

to be common and associated to most of the significant fault systems of the western
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Barents Sea.

The folds observed close to the fault plane in line IT, IV (Fig. 4.15) and V (Fig. 4.17) are
interpreted as being inversion related structures. The folds are present throughout the
northern and central area of the fault complex, and the fold axis appears to be almost
perpendicular to the fault (Fig. 4.16). This indicates that the area was subjected to
head-on contraction. This is in agreement with a phase of head-on inversion along the
Bjorngyrenna Fault Complex in late Cretaceous - early Tertiary (Gabrielsen et al., 1997).
The Bjorngya Basin and Bjgrngyrenna Fault Complex was also subjected to inversion in
the Hauterivian - Aptian (Gabrielsen et al., 1997), and it is plausible that the Leirdjupet
Fault Complex was subjected to this as well.

Inversion in extensional fault systems typically genererate folding and backthrusting in
a still downthrown hanging wall block (Hayward and Graham, 1989). In areas that have
undergone inversion, this may cause clearly defined pre-inversion wedges to be obscured
in present day cross sections (Fig. 4.18), which appears to be the case in line I, V (Fig.
4.17) and IV (Fig. 4.15).

In addition to the inversion related structures, Faleide et al. (1993b) suggested that
the half-graben geometry of the Bjgrngya Basin may have been accentuated by inversion,

subsequently tilting the basin infill when the Stappen High was uplifted in the Tertiary.

4.3 Timing of faulting

The presence of wedges, growth faults and thickness variations across faults, i.e. sediment
thickening towards the fault plane, can be used in order to determine syndepositional fault
activity and constrain periods of tectonic activity from periods of tectonic quiescence
(Osmundsen et al., 1998). Fault growth may also have a significant influence on the
depositional patterns (Leeder and Jackson, 1993; Ngttvedt et al., 2000; Gawthorpe and
Leeder, 2000; Braathen et al., 2011; Maher and Braathen, 2011). Prosser (1993) divided
the evolution of an ideal basin into four system tracts; 1)Rift initiation, ii)rift climax,
iii)immediate post-rift and iv)late post-rift. Each of these system tracts have their own

characteristic seismic expression (Fig. 4.19).
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Triassic cinoform

Fig. 4.15 Inversion structures and sediment thickening observed in the study area. Left: Line IT (Figs. 3.17 and 3.18). Right: Line IV
(Figs. 3.21 and Fig. 3.22). The red arrows indicate the wedge shape and infers the upper boundary of this unit. Note that

the black lines in these figures only are meant as markers - they are not associated with any defined time lines.
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Fig. 4.16 Upper left: Line I, upper right: Line IV, lower left: Line II, lower right: Line V. The
folds appear to be perpendicular to the fault in both segment 1 and 2.
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Fig. 4.17 Folds observed in line I (upper) and line V (lower left) and sediment thickening in
line I (lower right).
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Fig. 4.18 Left: A) Formation of a half-graben during extension. Wedges develop during active

faulting. B) Subsequent inversion causing accomodation structures. Note how this

affects the previously clear wedge geometry. From (Hayward and Graham, 1989).

IMMEDIATE POST-RIFT:
Discontinuous parallel reflectors,
with possible progradational and
aggradational reflectors close to the
footwall. Compaction syncline over
the basement footwall cut-off point

LATE POST-RIFT:

Continuous parallel reflectors, less
compaction induced deformation.
Strong onlap and burial

RIFT INITIATION:

Perfect wedge shapes to reflector
packages, minor onlap onto the
hangingwall, discontinuous
hummocky internally. Possible
progradation (real or apparent), no
evidence of important footwall
derived sediments.

RIFT CLIMAX:

Chaotic zone close to the footwall
scarp, aggradation and downlap if
resolution is good enough.
Divergence of basinal equivalents.
Lozenge shapes or low angle
downlaps on the hangingwall dip-
slope if preserved. Minor onlap at
top of hangingwall slope.

Fig. 4.19 An idealized section through an ideal basin showing the four different systems tracts

and their associated characteristic seismic expression. From Prosser (1993).
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The Aptian reflections in line II and IV (Fig. 4.15) mark the lower boundary of a
unit which thickens toward the master fault. Corresponding features are observed in the
northeastern part of line I (Fig. 4.17). The thick succession of post-Aptian sediment infill
(see e.g. Fig. 4.20) in subarea B cause ambiguity in terms of determining the duration
of this phase and potential later phases of movement. A very important observation,
however, is that the fault is seen to cut all reflections up to the Quaternary unconformity

in some of the seismic sections (Fig. 4.15).

Post-Aptian
sediments

1:465661

Fig. 4.20 Line II displaying the thick post-Aptian sediment package.

Line I (Fig. 4.17) and IV (Fig. 4.15) also display this sediment thickening between
the base Cretaceous and Aptian reflection, indicating early Cretaceous movement as
suggested by Faleide et al. (1984) and Gabrielsen et al. (1990b). Signs of movement in
this interval in line IT are more subtle. Some indications of movement are also seen within

the Jurassic succession.
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Between the (base) Permian and Jurassic reflections in line II, two sequences, possibly
representing two phases of movement, have been mapped (Fig. 4.21). Several of the
characteristic seismic signatures related to different rift phases as defined by Prosser
(1993) can be recognized (Fig. 4.19). The lower sequence is missing a clearly defined
late post-rift stage. This could imply that the first phase of fault movement rapidly
was succeeded by renewed activity. Nevertheless, it indicates two discrete phases of
tectonic activity, as opposed to continuous movement. Line I displays similar features in
the Permian and Triassic interval (Fig. 4.17), indicating movement during Permian and
(early?) Triassic. This is in agreement with Gabrielsen et al. (1990b) and Gudlaugsson
et al. (1998). The northeastern part of line I (Fig. 4.17) also shows a significant thickening
of the Permian and Triassic interval, supporting the belief of Permian - Early Triassic

extension in the Fingerdjupet Subbasin (Gudlaugsson et al., 1998).

Fig. 4.22 shows a compilation of earlier studies addressing timing of tectonic movements

in the study area.

4.4 Continuation of the Selis Ridge

The development of the Loppa High and the relict structural high which was initiated
during Late Paleozoic, the Selis Ridge (Fig. 4.23), have been important structures since
Late Paleozoic. Glgrstad-Clark (2011) made a clear distinction between the two struc-
tures; Loppa High was formed in the latest Jurassic - early Cretaceous times while the
Selis Ridge is defined as a Late Paleozoic to Early Triassic high. The reflections ob-
served in line II (Fig. 4.15) are interpreted to be a prograding clinoform, relating the
area to the regional development of the southwestern Barents Sea during Triassic and
illustrates that the Selis Ridge was as a structural high and a western sediment barrier
during Late Paleozoic - Early Mesozoic in agreement with Glgrstad-Clark et al. (2010)
and Glgrstad-Clark (2011). The Selis Ridge being defined as a narrow N - S trending high
bounded in the west by the Jason Fault Complex, the Leirdjupet Fault Complex might
bound a northern continuation of this ridge. Gabrielsen et al. (1990b) did not discrimi-

nate between the Loppa High and the relict Selis Ridge, but considered the pre-Ladinian
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Fig. 4.21 Detailed interpretation of the interval between the Permian through Jurassic reflec-
tions displaying wedge geometries. The Permian reflection marks the lower boundary
of the first sequence, whereas the red dotted line represents the lower boundary of

the second sequence.
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evolution of Fingerdjupet Subbasin to be closely associated to the development of what
later became the Loppa High. The presence and faulted succession of Permian strata
further strengthen this notion of a northern continuation of the Selis Ridge. This further
implies that the Leirdjupet Fault Complex has been active through several periods and

has exerted a regional tectonic influence qualifying as a class 1 fault (Table 4.1 and Fig.

4.13).

Fig. 4.23 Structural elements of the southwestern Barents Sea. A) Late Paleozoic structural
elements, illustrating the Selis Ridge. B) Present day structural elements with the
broader Loppa High. AFC = Asterias Fault Complex, BFC = Billefjorden Fault
Complex, COB = Continent-Ocean-Boundary, HB = Hammerfest Basin, HFC =
Hoop Fault Complex, FSB = Fingerdjupet Sub-basin, LH = Loppa High, MB =
Maud Basin, MH = Mercurius High, NH = Norsel High, OB = Ottar Basin, OBF =
Ottar Basin bounding faults, PSP = Polheim Sub-Platform, RLFC = Ringvassgy-
Loppa Fault Complex, SD = Samson Dome, SG = Swaen Graben, SHF = Sgrkapp-
Hornsund Fault zone, SR = Selis Ridge, SvD = Svalis Dome, SeR = Senja Ryggen,
VH = Veslemgy High, JFC = Jason Fault Complex. From Glgrstad-Clark (2011).
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5 Conclusion

The Leirdjupet Fault Complex is an extensional feature which has been affected by several
periods of extension, and subordinate phases of inversion. The fault complex experienced
rifting in the Late Permian extending into the Triassic and was affected by at least two
later phases of extension in the Late Jurassic - Early Cretaceous and during the Creta-
ceous (intra-Aptian). The folds are associated with inversion and may have been caused
by a phase of head-on contraction in late Cretaceous - early Tertiary. The fault complex
is likely to have been developed due to pre-existing zones of weakness inherited from
earlier tectonic movement and related to a Caledonian structural grain. The Leirdjupet
Fault Complex is likely to represent a fault system of broad extent and is part of large
complicated network of fault complexes in the southwestern Barents Sea.

The fault complex shows some indications of fault segmentation, although definite signs
of this are hard to obtain with the data at hand.

The presence of Permian sediments, prograding clinoforms in the Triassic interval and
the similar north-south trend of the controlling fault implies that the Leirdjupet Fault
Complex may bound a northern continuation of the Selis Ridge. Furthermore, this would
strengthen the notion that the Leirdjupet Fault Complex can be regarded as a class 1
fault. This would imply that the complex has had a regional significance, representing
the eastern boundary separating the western basin province from the eastern province

which is dominated by platforms and terraces.
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