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ABSTRACT
The Ling Depression is a structural feature with a unique orientation in the Central North Sea
which depicts the trend and linkage of deep extensional zones with the overlying structures. The
Ling Depression is studied and analyzed to extract information leading to the geological
evolution of the study area.
The data of regional seismic lines along with borehole information was assembled and used for
the structural and stratigraphic analysis. Mapping of the key horizons was performed and timestructure maps along with time-thickness maps were generated. Further onwards, detailed
analyses on different fault geometries and style of faulting were carried out. These exercises
facilitated in extracting in-depth details of the key structural elements and finally comprehend
the geological evolution of the Ling Depression and the adjacent highs.
Horst geometries are interpreted which are bounded by deep-rooted brittle faults, probably
linking with a major Devonian basement shear zone, the Hardangerfjord Shear Zone. Some clear
rotated half-grabens are observed below the Base Zechstein within the Ling Depression. Large
salt diapirs breaching into the Mesozoic-Cenozoic stratigraphy mostly in the SW of the study
area are also noticed. Large-scale monoclinal fold structures are interpreted at the shallower
stratigraphic level in the study area. The primary depo-centers are determined using the timethickness maps between the certain stratigraphic levels.
In the light of the obtained results, it is assumed that the basement shear zones of the Early
Devonian age have played an important role in shaping the local geometries and features in the
study area. Major half-grabens observed are confined to the Late Carboniferous-Early Permian
rifting event along with the reactivation of certain deep-rooted fault geometries. The Zechstein
salt has acted as décollement, hence separating Jurassic rifting from the Late CarboniferousEarly Permian rifting, which all together affected and evolved the local structural elements.
Alpine compression further introduced inverted structures and faults in the Ling Depression
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Introduction

CHAPTER 1
INTRODUCTION
1.1. General
The North Sea area has evolved through time with several tectonic events introducing complex
geological features. As far as the geology of the North Sea is concerned, the post-Caledonian
period is of great importance. Some major extensional shear zones were formed in the Early
Devonian time during the collapse of the Caledonian Orogeny (Fossen, 1992). These large scale
detachment zones are related to extension rather than mountain building (Andersen et al., 1999)
and lately reactivated during E-W to NW-SE extensional settings, hence introducing complex
geometries in the North Sea area.
The general location of the study area is shown on the regional map (fig. 1.1). The Ling
depression in the Central North Sea is the NE-SW oriented structure and is possibly formed as
result of the reactivation of the Hardangerfjord Shear Zone running beneath it. These large shear
zones, produced during the Post-Caledonian extension, are of great interest in the onshoreoffshore correlation (Séranne and Seguret, 1987; Andersen and Jamtveit, 1990; Fossen and
Rykkelid, 1992a; Milnes et al., 1997; Olesen et al., 2002; Skilbrei et al., 2002). One of the key
structures that affected both the Southern Norway mainland and the framework of the North Sea
is the Hardangerfjord Shear Zone (Fossen and Hurich, 2005). The Ling Depression also
separates the Utsira High towards the north and the Sele High towards the South. The Ling
Depression has a great significance in terms of tectonic features, as it helps in order to study the
changes in structural style of the Central North Sea. Together with the Åsta Graben, it also marks
the northern boundary for the Zechstein salt (Heeremans and Faleide, 2004).
The study area has recently gained more importance because of the oil findings on the Utsira
High. There are only few wells which have penetrated deep in to the pre-Zechstein stratigraphy
in the Northern Permian Basin (Heeremans and Faleide, 2004). One recent well (16/8-3S) was
drilled in the Ling Depression upto the Rotliegend group of the Early Permian age. It was the
exploration well to prove the petroleum potential of the Early Permian Rotliegend group in the
Ling Depression but unfortunately the reservoir quality was poor in the Rotliegendes and the
well went out dry (npd.no).
1
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Figure 1.1: Regional map showing the location of the study area encircled in red. The numbers
on map are showing the block locations in the Norwegian North Sea. Scale for the map is given
in the lower left corner (npd.no/ fact maps)
1.2. Objective
The main objective of this thesis is to study and understand the geological evolution of the Ling
Depression and its adjacent highs during different times. The main emphasize is on the timing
and style of faulting along with the reconstruction of the basin evolution. Structural analysis,
interpretation and study of the pre-Permian faults are conducted, in order to understand the
tectonic framework and to predict the fault trends which are associated with the deep structures.
Time-structure maps and time-thickness maps are generated at certain stratigraphic levels to
further determine the evolution of the study area.

2
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CHAPTER 2
REGIONAL STRUCTURAL AND STARTIGRAPHIC FRAMEWORK
2.1. Regional geological and structural settings
Since Cambrian times, the North Sea has undergone several tectonic events which include both
compressional and extensional events. The tectonic events which have shaped the area under
consideration are (Ziegler, 1990):
1. Caledonian orogeny which was the result of the collision between Baltica, Avalonia and
Laurentia in the Late Ordovician to the Middle Silurian.
2. Collapse of the Caledonian Orogeny in the Early Devonian, resulting in the formation of
the Devonian basins and large extensional shear zones.
3. Tectonic rifting in the Late Carboniferous-Early Permian resulted in the formation of
several basins and further resulted in the formation of half-graben structures in the North Sea.
4. Late Jurassic rifting which is represented by NNE-SSW structural orientation (Smethurst,
2000)
5. Basin inversion due to reactivation of pre-existing faults and structures from the Late
Cretaceous- Early Cenozoic.

2.1.1. Structures related to the Caledonian Orogeny
There were two suture zones developed by the collision of the continents at the time of the
Caledonian orogeny. The suture developed towards the east, between Baltica and eastern
Avalonia, is called the Thor Suture or the Trans-European Fault (Berthelsen, 1993) and the one
developed on the western side between Avalonia and Laurentia is called the Iapetus suture (fig.
2.1; Thybo, 1997). The Caledonian deformation front marks the limit of folding and thrusting of
the décollement towards the Baltic craton by which the Early Paleozoic sedimentation and the
Precambrian basement were affected (Ziegler, 1990). Models generated from seismic velocity
and density provides evidence that the Avalonian crust is less dense than the Baltic crust and
their transition is represented by the Caledonian Deformation Front (fig. 2.2; Abramovitz et al.,
1998, 1999; Abramovitz and Thybo, 2000; Wiliamson et al., 2002). The 825 Ma old
Precambrian basement to the NE is also separated by the Caledonian Deformation Front, from
3
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the 450-415 Ma Caledonian basement to the SW (Frost et al., 1981; MONA LISA working
group. 1997b). There is a connection between these suture zones, formed by the Caledonian
collision, and the rifting events which occurred later in this area (Lyngsie et al., 2006). The
Caledonian collision resulted in the formation of deep foreland basins on the Baltic plate in front
of the Danish-North German Caledonides (Thybo, 1990, 2001). The build-up of the Caledonian
Orogeny continued in the Early Devonian (Woodcock and Strachan, 2000; Bluck, 2001). Due to
the oblique collision, sinistral strike-slip movements occurred along several faults such as the
Highland Boundary Fault and the Great Glen Fault (Marshall and Hewett, 2003).

Figure 2.1: The suture zones formed by the collision are shown in red circles (Ziegler, 1982;
cited and modified from Bassett, 2003).

4

Chapter 2

Regional Structural and Stratigraphic framework

Figure 2.2: Caledonian Deformation Front is encircled in red, separating Baltic crust in the NE
from the Avalonia crust in the SW (modified from Marotta and Sabadini, 2003).
2.1.2. Devonian tectonics history
After the build-up of the Caledonian Orogeny, the compressional regime changed to an
extensional regime in the mid-Late Silurian. This caused sinistral strike-slip movements along
several faults and the formation of small local basins (Marshall, 1991). During the Early
Devonian the stress pattern changed regionally which caused further deformation (Soper et al.,
1987). There was formation of a complex wrench fault system in mid-Devonian which was subparallel to the axis of the Arctic-North Atlantic Caledonides and the Appalachians. This included
the Great Glen Fault (fig. 2.3) along which there was a sinistral strike-slip movement in the
Devonian (Storedvedt, 1973). Further extension caused gravity collapse of the Caledonian
structures to the north of the Highland Boundary Fault (fig. 2.3). This formed a series of halfgrabens towards the north in between the Highland Boundary fault and the Møre-Trøndelag
5
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Fault complex, which are major sinistral strike-slip faults (McClay et al., 1986; Norton et al.,
1987; Seguret et al., 1989). In the mid-Devonian these small half graben structures formed the
Orcadian Basin. This is one of the major Devonian basins in the NW Europe. The post-orogenic
uplift with transcurrent faulting caused the rapid subsidence of the Midland Valley Graben (fig.
2.3) and the Orcadian Basin. The northern and southern Scottish Highlands were formed due to
the post- Caledonian tectonic activities, which involved the strike-slip movement along the Great
Glen fault (Ziegler, 1978).

Figure 2.3: Regional geological map showing the main structural elements of the North Sea. The
two Permian basins (Northern and Southern Permian basins) formed during the Early Permian
subsidence. HSZ=Hardangerfjord Shear Zone, MF=Moray Firth Basin, MNSH=Mid-North Sea
High, RFH=Ringkøbing-Fyn High, LD=Ling Depression, U=Utsira High, S=Sele High,
SB=Stord Basin, VK=Viking Graben, AG=Åsta Graben, EB=Egersund Basin, HBF=Highland
Boundary Fault, MVB=Midland Valley Basin, StP=Stavanger Platform, CG=Central Graben,
HG=Horn Graben, GGF=Great Glen Fault, STZ=Sorgenfrei Tornquist Zone, OG=Oslo Graben
and SG=Skagerrak Graben (Heeremans and Faleide, 2004).
6
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2.1.2.1. Devonian history of the Basement Shear Zones
Fossen (1992) divided the post-Caledonian extensional events of the Devonian into two different
modes, i.e. Mode I and Mode II (fig. 2.4). These extension phases caused collapse of the
Caledonian Orogeny and development of oblique extensional shear zones. During Mode I, there
was back-sliding of the Caledonian nappes over the Baltic plate along the major décollement
zone. This further resulted in the development of the NW dipping extensional shear zones such
as Hardangerfjord Shear Zone and Nordfjord-Sogn Detachment (NSD) in Mode II (fig. 2.4). The
extension occurred along a NW-SE direction, hence producing shear zones with a NE-SW lateral
orientation. Further continuity of this ductile shear zone (Hardangerfjord Shear Zone) into brittle
crust caused the formation of brittle faulting. This resulted in the development of the LærdalGjende fault system in the Late Devonian age (Schærer, 1980 cited from Fossen and Hurich,
2005). This brittle fault system is represented as the continuity of the Hardangerfjord Shear
Zone. The SW trend of the Hardangerfjord Shear Zone into offshore of the Norwegian North Sea
area is followed by the Ling Depression. In the UK side of the North Sea area, the Highland
Boundary fault probably links with the Hardangerfjord Shear Zone towards the NE (Fossen,
2010).

Figure 2.4: Schematic development of the Caledonian wedge and the large detachment zones
including NSD and Hardangerfjord Shear Zone. Scale is shown at the lower right corner
(modified from Fossen,1992).
7
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2.1.3. The Variscan Orogeny and the Carboniferous tectonic history

In the Late Devonian and the early Carboniferous, Gondwana collided with the southern part of
Laurussia, which resulted in the formation of the Variscan Orogeny. This collision also
developed one large continent called Pangaea (Murphy and Nance, 2008). During the
Carboniferous some major basins, like the Midland Valley Basin (fig. 2.3), started to subside
more rapidly (Ziegler, 1978). The major NE-SW trending faults were formed during the
Devonian-early Carboniferous times (Ziegler, 1978). In the late Carboniferous, crustal
thickening due to the Variscan Orogeny resulted into orogenic collapse (Burg et al., 1994; Rey et
al., 1997). This further resulted in crustal thinning across Central and Western Europe. The late
Carboniferous events caused thermal destabilization and stretching of the crust which resulted in
volcanic activity in wide areas including the Oslo Graben, the Skagerrak Graben (see fig. 2.3),
Germany and the northern England (Bruce and Stemmerik, 2003; Heeremans and Faleide, 2004).

2.1.4. Permian tectonics
During the Late Carboniferous-Early Permian, magmatic and lithospheric stretching activity
resulted in extensional basins. Rifting commenced during the Early Permian resulting in N-S
oriented faults and generated two major sedimentary basins (Ziegler, 1982. 1990; Glennie, 1998;
Van Wees et al., 2000; Frederiksen et al., 2001; Glennie et al., 2003; Neumann et al., 2003) in
the North Sea, which are the Northern Permian Basin and the Southern Permian Basin (fig. 2.3).
The Northern Permian Basin extends from the Moray Firth Basin in the west to Bornholm in the
east and the Southern Permian Basin extends laterally from Poland to England. It covers the
foreland basin formed during the Variscan Orogeny. The Northern Permian Basin is separated
from the Southern Permian Basin by the two highs which are the Mid-North Sea High and the
Ringkøbing-Fyn High (fig. 2.3). The two highs were formed during the Late CarboniferousEarly Permian period (Ziegler, 1978; Javed, 2012).
These two basins have E-W lateral extent. During the Early Permian, Rotliegend clastic
sediments were deposited within the basins, which were derived from the collapsing Variscan
orogeny (Glennie, 1972). The increase subsidence rates resulted in the formation of large
topographic depression. Further onwards, continuation of the rifting and the rise in the global
sea-level caused the Zechstein seas to transgress into the Southern and Northern Permian Basins
8
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(Birkelund and Perch-Nielsen, 1976). During the Late Permian period, the area experienced arid
climatic conditions, which with the periodic global sea level changes resulted in the cyclic
deposition of the Zechstein salts in these Permian basins (Ziegler, 1978).
2.1.5. Tectonic events in the Mesozoic period
During the Triassic, basins formed in the Early Permian continued to subside more which caused
thick accumulation of the Triassic deposits. This further triggered the salt movement during midLate Triassic.
In the Early Jurassic, uplift in the central North Sea area caused thermal doming (Ziegler, 1982,
1988). This dome has a lateral extent reaching from the Southern Viking Graben in the north to
the southern North Sea. In addition, a large volcanic complex developed at the site of a triple
junction (Southern Viking Graben, Moray Firth Basin and Central graben) in the North Sea (see
fig. 2.3; Ziegler, 1990). During the mid-Jurassic, volcanic activity ceased in the Central North
Sea, which further caused the regional subsidence of the Central North Sea Dome. This regional
subsidence resulted in a transgression, which established the deep water conditions in the Viking
and Central Grabens. Highly organic rich shales of the Upper Jurassic were deposited in these
marine environments in the Central and the Northern North Sea (Ziegler, 1978).
The North Sea underwent a major rifting event in the Late Jurassic. This rifting event was later
followed by inversion in the Late Cretaceous-Early Cenozoic (Lyngsie et al., 2006). The Late
Jurassic rifting resulted in the formation of NNE-SSW trending graben structures and some
basement highs (Ziegler, 1978). The key structural features which came into existence during
the Jurassic rifting are the Viking-Central graben system in the Northern North Sea and the
Central North Sea respectively (fig. 2.3; Ziegler, 1975). The Central Graben transected the Mid
North Sea High and the Ringkøbing-Fyn High (Ziegler, 1978). The Central Graben further
intersects with the Horn Graben in the Southern North Sea (fig. 2.3; Heybroek, 1974, 1975).
The relative drop in the sea-level occurred during the Early Cretaceous. This helped to develop
the Base Cretaceous unconformity (Rawson and Riley, 1982).The Late Cretaceous stage is
characterized by the inversion and deformation in the North Sea due the compressional stresses
caused by the Alpine Orogeny (Lyngsie et al., 2006). This resulted in the formation of large
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anticlines and monoclines in the North Sea. The salt tectonics also remained active during the
Cenozoic period (Stewart et al., 1994).
2.2. Regional stratigraphic framework
The regional stratigraphy of the North Sea is as follows:
2.2.1. Devonian stratigraphy
The stratigraphy of the Devonian consists of lacustrine deposits, primarily shales and sandstones.
During the Early Devonian period most of the sedimentary processes were of alluvial, aeolian
and lacustrine origin. In the Late Devonian, sedimentation was controlled by fluvial processes.
The Devonian Old Red sandstone facies were widely deposited in the North Sea area. In some
places in the Central and Northern North Sea, these sandstones are eroded, as many wells have
encountered basement without encountering the red beds of the Devonian (Marshall and Hewett,
2003).
2.2.1.1. Lower Old Red group
The base of this group is marked by an angular unconformity. It was deposited in different
tectonic settings considering uplift and erosion during the Caledonian Orogeny. This group
consists of volcanic rocks with minor sandstone and conglomerate intercalations (Marshall and
Hewett, 2003). This group has been encountered onshore in the Midland Valley of Scotland
(Armstrong and Paterson, 1970; Cameron and Stephenson, 1985; Haughton and Bluck, 1988). It
is supposed to be thin or absent in the central North Sea (Marshall and Hewett, 2003).
2.2.1.2. Middle Old Red group
The transition from the lower to the middle Old Red group is marked at a point where the
footwalls of individual half-grabens were covered by sediments and finally created the Orcadian
Basin. This basin is located approximately at the same place as the Moray Firth Basin (see fig.
2.3). This group dominates in the Orcadian Basin and the surrounding offshore areas (Marshall
and Hewett, 2003). It also consists of sandstones, shales, conglomerates and some marl.

10
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2.2.1.3. Upper Old Red group
This group was deposited in the mid-Late Devonian. At this time there was a thorough drainage
system within the basins. It consists of mostly sandstones which are of fluvial origin. It is widely
distributed across the North Sea. The extent of these sandstones is from the Orcadian Basin upto
the offshore areas along the Highland-Boundary Fault and Mid-North Sea High (Marshall and
Hewett, 2003).
2.2.2. Carboniferous stratigraphy
The sandstones of fluvial origin were deposited during the Late Devonian to early Carboniferous
time. During Carboniferous times climate had changed from arid to more humid due to which the
depositional environment changed to marine.
During the Late Carboniferous, there was volcanic activity which was widespread in NW Europe
(Heeremans et al., 2004b). Coal was deposited in the Southern North Sea during the Late
Carboniferous, which is the main source for gas. But the absence of the Upper Carboniferous
coal in the Central and Northern North Sea makes the Upper Carboniferous deposits
economically less important in this area (Bruce and Stemmerik, 2003).
2.2.3. Permian stratigraphy
The Permian stratigraphy is divided into two major groups which are the Rotliegendes and the
Zechstein groups (fig. 2.5). The Rotliegendes group was deposited during the Early Permian. Its
lower part consists of volcanic rocks followed by continental clastics in the upper part (fig. 2.5).
The clastics succession consists of shales, clays and sandstones with minor intercalations of
conglomerates. They are mostly formed by recycled Devonian strata, due to which the sediments
are red and devoid of fossils. So in some areas where the Carboniferous is missing, it is very
difficult to differentiate between the Devonian and the Lower Permian Rotliegend clastics.
The Zechstein Group is of Late Permian age and has variable thickness (Glennie et al., 2003).
The Zechstein unit consists of evaporites (i.e. halite and anhydrite) and dolomite. The salt often
forms salt diapirs and salt domes which created several structural hydrocarbon traps in the North
Sea (Glennie, 1998). During this period the Southern and Northern Permian Basins (see fig. 2.3)
got flooded probably due to melting of the Gondwanan ice sheets. The desert climate during the
11
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Late Permian caused evaporation and finally deposition of these massive evaporite deposits of
the Zechstein group. This occurred in 3 to 4 cycles in both the Northern and Southern Permian
Basins (Glennie et al., 2003).
2.2.4. Triassic stratigraphy
In the Central North Sea, the Triassic stratigraphy consists of the Smith Bank formation and the
Skagerrak formation (fig. 2.5). The Smith Bank formation is of Lower Triassic age and consists
of clay stones with minor sandstone intercalations. It also consists of conglomerate, dark shales,
limestone and dolomite in some parts of the North Sea area. The Skagerrak formation of Late
Triassic age overlies the claystone sequences of the Smith Bank formation. This formation
mostly consists of sandstones, conglomerates with minor occurrences of shales and siltstones
(see fig. 2.5; Deegan and Scull, 1977).
2.2.5. Jurassic stratigraphy
There are several unconformities in the Jurassic period which were the result of block faulting
and erosion (fig. 2.5). The base of the mid-Jurassic mostly consists of deltaic sandstone
sequences with minor shale and silt layers. The upper boundary of the upper Jurassic is marked
by the Kimmeridge clay (Deegan and Scull, 1977).
2.2.6. Cretaceous stratigraphy
The rifting event was active in the Late Jurassic and it influenced the sedimentation until some
stages of the Early Cretaceous. But the rifting and tilting of blocks and graben structures was less
effective on the Cretaceous sedimentation. The two groups related to the Cretaceous are the
Cromer-Knoll Group and the Chalk Group (fig. 2.5; Deegan and Scull, 1977). The Chalk Group
of Upper Cretaceous age is more widely distributed in the North Sea than the Lower Cretaceous
Cromer-Knoll Group (Ziegler, 1975).
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2.3. Structural elements
The main structural features related to the study area (fig. 2.6) are as follows
2.3.1. Hardangerfjord Shear Zone
The first large-scale post-Caledonian extensional structure to be discovered was the NE-SW
trending ductile, syn-formal type depression which was named the Faltungsgraben (Goldschmidt,
1912 cited from Fossen and Hurich, 2005). It is located in the Central South Norway. It was later
referred to the Hardangerfjord Shear Zone (Fossen, 1992). This large-scale structure is
characterized by both folding and faulting. On the east of the Hardangerfjord Shear Zone there
are thin sub-horizontal basement nappes. Then within the segment of the Hardangerfjord Shear
Zone and on its eastern flanks the Fennoscandian basement and also nappes are bending down
into the syn-formal depression. On the western side of the Hardangerfjord Shear Zone, the
Caledonian nappes and the underlying gneiss region form a contact zone which is dipping
towards the east and the thickness of the nappes towards west is larger as compared to the east of
the Hardangerfjord Shear Zone (Andersen, 1998).
On land, the Hardangerfjord Shear Zone can be easily traced towards the NE. Its length is about
350 km which is determined from the Hardangerfjorden area, passing through the Aurland area
and up to the Vågå area. Further towards the NE on land, the Hardangerfjord Shear Zone cannot
be traced because it is hidden under the brittle Lærdal-Gjende Fault Zone (Fossen and Hurich,
2005). Into offshore area towards the SW, this Lineament falls along the trend of the Ling
Depression (fig. 2.6) (Færseth et al., 1995a). This Lineament indicates that there is a weak zone
which is more than 1000 km long and it is also very deep into the North Sea. The weak zone has
affected this area of the North Sea and also the trend and orientation of the faults (Fossen and
Hurich, 2005).
2.3.2. Ling Depression
The Ling depression is of great importance because of its unique orientation and complexities in
its fault patterns, probably representing different tectonic regimes. This area can provide in-depth
understanding of the development of the Northern Permian basin in the Late Paleozoic era
(Heeremans and Faleide, 2004).
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The Ling Depression falls on the trend of the NE-SW trending Hardangerfjord Shear Zone (fig.
2.6) and the Lærdal-Gjende Fault zone. The N-S trending normal faults cross cut the area around
the Ling Depression which are supposed to be related to the Permo-Triassic and the Jurassic
rifting stages. The Ling Depression also separates the two adjacent highs which includes the
Utsira High to the North and the Sele High to the South. The Ling Depression and the Åsta
graben mark the northern limit for the Permian Salt Basin (Heeremans and Faleide, 2004).

2.3.3. Utsira High

The Utsira High is a basement high with the Ling Depression located on its southern flank, the
Viking Graben on the west and the Stord Basin towards the east as shown in figure 2.6. Its lateral
extent is along N-S striking faults which were probably formed during the Late Carboniferous
rifting stage.

2.3.4. Sele High
The Sele High is a dominantly granite-cored paleo-high (Bartholomew et al., 1993). It is
bounded by faults on all sides in such a way that it forms a triangular shape high (fig. 2.6). The
Ling depression lies towards its north, the Norwegian-Danish Basin is on the western side and
the Åsta Graben and the Egersund Basin are located on the eastern side.
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Figure 2.5: A chart showing standard lithostratigraphy of the Offshore Norway (Gradstein et al.,
2012; NORLEX project).
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Figure 2.6: Regional map of the North Sea showing the key structural features related to the
study (Hardangerfjord Shear Zone, Ling depression, Utsira High and Sele High). The trend of
the Ling Depression with respect to the Hardangerfjord Shear Zone is shown in red rectangle
(Ziegler, 1990; Færseth, 1996; cited and modified from Fossen and Hurich, 2005).
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CHAPTER 3
DATA AND METHODOLOGY
3.1. Introduction
Figure 3.1 shows the main work flow which was used in the study. The main purpose was to
determine the structural and geological evolution of the Ling Depression and its adjacent highs.

Figure 3.1: The main work flow pattern adopted to determine the structure and geological
evolution of the Ling depression. This includes three different stages.
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3.2. Data
The data which were available for this study includes:


Regional 2-D seismic profiles.



Well data.

3.2.1. Regional 2-D seismic profiles
There were a total of four seismic surveys used during this study. From the four 2-D seismic
surveys, suitable seismic lines were selected which covered almost all the study area including
the Ling Depression, the Sele High and the Utsira High (fig. 3.2). The main focus during the
interpretation of these seismic lines was on the Ling Depression and the Sele High. Seven key
seismic profiles were selected (fig. 3.2) which cross-cut the main structural geometries and
provided maximum detail on key structural features.

3.2.2. Well data
Well data included the deviation files and the check shots for thirteen different wells (fig. 3.2).
Initially borehole data of all thirteen wells were used for stratigraphic calibration through well to
seismic ties. For this purpose all the details of the wells were taken from the webpage of
Norwegian Petroleum Directorate (npd.no). 8 wells are drilled on the Utsira High and most of
them penetrated into the basement. The stratigraphy encountered during drilling gives evidence
that Permian strata are not present or has been eroded on the Utsira High. Even in some wells,
the Triassic is also missing and the basement was encountered after the Jurassic or the
Cretaceous strata. Most of the wells were only helpful in getting stratigraphic control on the Base
Chalk horizon which was the reference horizon in this study. Thus, out of thirteen wells, detail
information of only seven wells is given in the table 3.1. Wells 16/6-1 and 16/5-1 are located on
the Utsira High. Wells 16/8-1, 16/8-2 and 17/4-1 are located in the Ling Depression. The
remaining two wells, 17/12-2 and 17/11-1, are located in the Egersund Basin (SE flank of Sele
High) and on the Sele High respectively (fig. 3.2). From the given data in table 3.1 both wells
located on the Utsira High penetrated the basement. The legend for the color pattern in table 3.1
is shown in table 3.2 along with their ages.
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Figure 3.2: Base map of study area showing the four 2-D seismic surveys displayed in different
colors. Bold black lines are the key profiles used for detailed structural and stratigraphic analysis.
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Table 3.1: The formations present in different wells which are used during the study. Color
pattern calibrates with four different horizon interpreted for the study purpose. See table 3.2 for
color pattern guide.
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Table 3.2: Guide for the color pattern shown in table 3.1. These colors are related to different
horizons interpreted during the study.
3.3. Interpretation method
Interpretation was carried out in three different stages as shown in figure 3.1. The interpretation
software used during the study was Petrel 2012 by Schlumberger. Initially a basic literature study
was carried out regarding the study area, to become familiar with the main structures. Then the
general overview of the available data was conducted. This includes the observation of the 2-D
seismic data and considering the well details. After conceiving the stratigraphy of different wells,
measured depths of the four horizons were marked and loaded into Petrel. Well to seismic tie
was performed to calibrate the well tops with the seismic data. Some major faults were
interpreted before starting interpreting the horizons on the seismic sections. This led to the much
better control on the horizon interpretation in later stages.
After well to seismic tie and interpreting major faults, a detailed study of the area was carried out
and horizon interpretation was started. Initially horizons were picked by well 17/4-1 because of
the strong reflections of the desired horizons and seismic image quality was also not distorted
due to the salt halokinesis (fig. 3.3).The four horizons picked during the interpretation are:


Base Chalk.



Base Mid-Jurassic.



Base Triassic (Top Salt).



Base Zechstein (Base Salt).
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Figure 3.3: Well to seismic tie along well 17/4-1. It is showing the horizons interpretation in the
Ling Depression.

Figure 3.4: Well to seismic tie along well 17/12-2. It is showing the interpreted horizons on the
SE flank of the Sele High. The Base Triassic is missing.
Horizons were first picked along the wells where the level of uncertainty was minimal due to
well control. Later on they were picked on the entire data set of 2-D seismic lines with in the
study area. Due to nice well control in the study area it was easy to mark the horizon around the
wells, but there were some difficulties due the salt halokinesis. In some parts of the area salt is
absent/eroded as shown in figure 3.4.
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After picking the horizons on the entire data set, surfaces were generated which were used to
make the time-structure maps. The fault maps were made by revising the interpretation of main
faults and interpreting some more deep faults.
In the last stage, key seismic lines were selected. The key profiles were selected on the basis of
their lateral extent covering mostly the study related structural elements and displaying
maximum structural and stratigraphic features to determine the geological evolution of the study
area. Most of the key lines are intersecting the Ling Depression, the Utsira High and the Sele
High (fig. 3.2). Detailed analysis of the fault geometries was carried out on the key seismic lines,
which further helped in understanding the timing and style of faulting. Analysis of timethickness maps, time-structure maps and fault maps was further carried out to specify the lateral
structural and stratigraphic variations throughout the study area. All together this detailed study
helped in understanding the structure and evolution of the Ling Depression and its adjacent
highs.
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CHAPTER 4
SEISMIC INTERPRETATION AND RESULTS
4.1. Introduction
This chapter focuses on the details of stratigraphic and structural interpretation carried out on
seismic key profiles. Seven regional profiles are selected for this purpose (fig.4.1). The key
profiles cover all main structural elements related to the study area.

Figure 4.1: Location of regional key seismic profiles with their numeric order used for the
study purpose. Name of the faults are also shown as they are used during this study (Note:
DF6 was not present on this base map which is displayed by a dotted line) (npd.no).
4.2. Composite fault map
A composite fault map is created by correlating the fault maps of all the four different ages.
The Color pattern of the faults is related to the color pattern given to the horizons at that
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certain stratigraphic level (see table 3.2). This composite fault map shows all the main faults
covered in the study area. The main faults in this composite fault map are mostly the
bounding faults of the main structural elements related to the study area. Ten main faults have
been interpreted with some minor faults as shown in figure 4.2.

Figure 4.2: Composite fault map of the study area with all the main faults and some minor
faults mostly interpreted on the key seismic profiles. The key profiles are identified by
numeric order (see fig. 4.1). Color legend for the fault map is given on the left side. It is also
showing the distribution of Zechstein salt in study area.
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All the main faults in the study area are normal faults. The details of these faults are as
follows:
4.2.1. MF1
The strike of this fault is WSW-ENE and changes to NW-SE. It is a large-scale fault bounding
the NE part of the Åsta Graben and is located in the upper right corner of the study area (fig.
4.2). The dip direction along the WSW-ENE strike is towards the SE and as the strike changes
to NW-SE it shows the SW dip direction. Towards north it is separating the Stavanger
Platform and the Stord Basin from the Åsta Graben in south.
4.2.2. MF2
The strike of this main fault is from WSW-ENE. This fault is a bounding fault of the Sele
High. Together with MF6 and MF5 they form a triangular shape of the Sele High (fig. 4.2). Its
dip direction is towards the NW. This fault separates the Sele High from the Ling Depression.
4.2.3. MF3
Strike direction of this main fault is from the NE-SW (fig. 4.2). It is also a bounding fault of
the Utsira High in the north. It is separating the Ling Depression from the Utsira High. The
dip direction of this fault is towards SE.
4.2.4. MF4
This fault is related to the Øygarden Fault Zone. The fault segments related to this zone have
maximum throw upto 5 km and they mark the eastern boundary of the Early Permian rift
stage (Bøe et al., 2010). The strike of this fault is SSW-NNE and is located in the upper right
corner of the study area (fig. 4.2). This fault has NW dip direction. It is separating the
Stavanger Platform in the SE from the Stord Basin in the NW.
4.2.5. MF5
This main fault is striking NW-SE. It is also a bounding fault of the Sele High (fig. 4.2). The
dip direction of this fault is towards SW. It covers the entire western part of the Sele High
along the strike and separates the Sele High from the Norwegian-Danish Basin.
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4.2.6. MF6
The strike of this main fault is N-S. It is almost located in the center of the study area and is a
bounding fault of the Sele High (fig. 4.2). Its dip is towards the east. MF6 is separating the
eastern part of the Sele High from the Åsta Graben and the Egersund Basin respectively.
4.2.7. MF7
It is a main fault with NW-SE strike direction. This fault is running parallel along MF5 but
has opposite dip direction (fig. 4.2). It is not a bounding fault but is present in the NorwegianDanish Basin. It has a NE dip direction and is present primarliy at the Base Chalk
stratigraphic level.
4.2.8. MF9
This fault is crosscutting the lateral extent of the Ling Depression towards SW. Strike of this
fault is NW-SE. It follows the same trend as MF5 but has opposite dip direction (fig. 4.1). It is
not bounding any key structural element but it is forming an eastern boundary of a local high
in the SW part of study area (fig. 4.2). It has a dip direction towards the NE.
4.2.9. MF11
This fault has an E-W strike direction. This fault separates the Ling Depression from the
Norwegian-Danish Basin in the study area (fig. 4.2). It is also forming the southern boundary
of a local high with respect to MF9 in SW part of study area (fig. 4.2). The dip direction of
this fault is towards the south.
4.2.10. DF6
The strike of this main fault is from the NE-SW and it is located in the northwestern part of
the study area (fig. 4.2). It is a deep fault cutting only upto the Base Triassic stratigraphic
level. It is not present at the mid-Jurassic and the Upper Cretaceous stratigraphic levels. It
runs deep down into the Paleozoic strata (see fig. 4.3.a). This fault together with MF3 is
marking the northern boundary of the Ling Depression. It separates the Ling Depression in the
south from the Utsira High in the north and has a dip direction towards the SE.
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4.3. Description of key seismic profiles
There were several seismic profiles provided during this study. Seven key profiles have been
selected further to be described in detail. The main reason for selecting them as the key
profiles is because they are showing different structural features at different stratigraphic
levels, which will help later in determining the structure and geological evolution of the Ling
Depression and its adjacent highs. The detailed structural and stratigraphic analysis of the key
profiles is carried out according to numeric order (fig. 4.1) which is as follows:
4.3.1. Key seismic profile 1
The key profile 1 has NW-S strike (fig. 4.1). This seismic line is located on the SE flank of
the Utsira High and runs perpendicular to the central part of the Ling Depression, further this
line cross cuts the NW flank of the Sele High and terminates in the Norwegian-Danish Basin
(fig. 4.3.a). This profile highlights main structural elements in the study area including three
major faults which are DF6, MF2 and MF5 (fig. 4.2).
DF6 is separating the Utsira High from the Ling Depression (fig. 4.3.a). This main fault cross
cuts three deeper horizons related to this study and runs deep below into probably the Early
Paleozoic stratigraphy. Its throw is almost 4500 ms TWT on the seismic section. There are
several secondary faults present within the Ling Depression cutting the Late Permian level
stratigraphy and running deep into the Early Paleozoic sedimentary rocks. These fault
geometries form nice horst-graben structures probably during the Early to pre-Permian age.
Moving further towards the south, main fault MF2 (fig. 4.3.a) is separating the Ling
Depression from the Sele High. This fault segment is cutting the upper three key horizons of
the study. It has an opposite dip direction to DF6 and together they form a fault set bounding
the Ling Depression. Just beneath MF2, a fault is cutting the Base Zechstein horizon. It
possibly is the continuation of MF2 but presence of the ductile salt layer makes it difficult to
relate MF2 with this deeper level fault. Further down towards the south, into the Sele High,
two opposing secondary faults are present at the Base Zechstein level and penetrating deep
downwards. They are forming a big horst structure (Horst 1) on the Sele High (fig. 4.3.b).
There are also some minor faults present at the shallower level of the study area on the Sele
High. Moving more towards South along the seismic profile, a main fault MF5 (fig. 4.3.a) is
encountered which is separating the Sele High from the Norwegian-Danish Basin. This fault
was not completely mapped at deeper levels below the Base Chalk because of distortion in
seismic due to salt movements. There are two more faults with opposite dip direction in the
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Norwegian-Danish Basin area at the Base Zechstein (Late Permian) stratigraphic level. They
are also forming a horst type structure (Horst 2) within the basin area (fig. 4.3.b).
Using data from three different wells, four different stratigraphic levels are interpreted on this
seismic line. These are the key stratigraphic horizons related to this study (see table 3.2).
Apart from the Base Chalk all other key stratigraphic horizons are missing on the Utsira High.
According to the well data of 16/6-1 (see table 3.1), the Draupne Formation of the MidJurassic age is sitting on top of the crystalline Basement of the Utsira High. The interpretation
of the mid-Jurassic Horizon on the seismic profile was carried out by marking the base of the
Vestland Group. Further towards the SE into the Ling Depression, all the four main horizons
are present. These key horizons are also present on the NW flank of the Sele High but the
mid-Jurassic horizon is missing further SE on this high (fig. 4.3.b). The top salt is also
disturbed on the Sele High due to halokinesis. Towards the south, in the Norwegian-Danish
Basin, the mid-Jurassic horizon is missing on top of Horst 2 (fig. 4.3.b) but further more
towards the south, where this profile is terminating, we have all the four main horizons
interpreted (fig. 4.3.b).
The Early to pre-Permian (pre-salt) stratigraphy is difficult to interpret because of the poor
seismic quality at greater depths. Minor interpretation of probably the Lower Permian strata
is done in the Ling Depression (fig. 4.4). We can observe the tilted strata below the Base
Zechstein of the Late Permian age, which is lying straight on top of it, representing a possible
unconformity. This tilted stratigraphy is due the listric nature of faults, which have resulted in
the tilted/rotated fault blocks. These may be possible Rotliegend half-grabens present deep
below in the Ling Depression. This can be assumed on the basis of the details of 17/12-2 well
stratigraphy (table 3.1), drilled on the Sele High, which contains the Rotliegend deposits.
Another well 25/8-1 on the Utsira high also encountered a thin succession of the Rotliegend.
This well was used for this study purpose, but it is not mentioned in table 3.1. The strata
present in the hanging wall of rotated fault blocks are thickening towards the fault and is
mostly truncating into the Base Zechstein. This shows the syn-rift deposition (fig. 4.3.b and
4.4). The Base Zechstein is lying straight on top of these syn-rift sediments, therefore marking
a boundary between syn and post-rift stages.
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Figure 4.3: (a) Interpreted regional key Seismic Profile 1. The location of this key profile is shown in fig. 4.2. Red rectangle outlines the zoomed part of key
profile 1 shown in fig. 4.4. (b) Interpreted line-drawing of key profile 1 with some structural features and name of main horizons (for details on horizons see
table 3.2). Interpretation in red color is showing probably the Early to pre-Permian strata. (Note: Horizontal scale for (a) and (b) is same)
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Figure 4.4: Close-up of regional key seismic profile 1, where the rotated half-grabens can be observed below the Base Zechstein horizon.
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4.3.2. Key seismic profile 2
The key profile 2 has NW-SE strike (fig. 4.1). The lateral extent of this profile covers all the
main structural elements of the study area. The NW side of the profile covers the Utsira High.
Then it runs across the lateral extent of the Ling Depression and into the Sele High. It is
covering almost all the lateral extent of the Sele High from the NW-SE. It ends into the
Egersund Basin which lies towards the SE of the Sele High (fig. 4.5.a). This line cross cuts
three main faults covered in the study area which are DF6, MF2 and MF6 (fig. 4.2).
DF6 is separating the Utsira High from the Ling Depression (fig. 4.5.a) and is a bounding
fault in the study area. On Key Profile 2 this fault is cutting the Base Triassic and the Base
Zechstein horizons. The throw of this fault is upto 4500 ms TWT on seismic section. Within
the Ling Depression, an antithetic secondary fault with respect to DF6 is cutting deeper three
key horizons. Towards its SE on the seismic profile, another secondary fault is running below
the Late Permian stratigraphic level (fig. 4.5.b). It is forming a rotated half-graben structure
possibly of Early Permian age (fig. 4.5.b and 4.6). Further towards the SE in the Ling
Depression area, another large-scale fault is observed which is cutting the upper three key
horizons. It is forming a conjugate fault pattern with respect to MF2 (fig. 4.5.a). MF2 is
separating the Ling Depression from the Sele High and has opposite dip direction related to
DF6. On the NW part of the Sele High, two normal faults with opposite dip direction are
forming a horst feature (Horst 3) at the mid-Jurassic level (fig. 4.5.b). Further down along the
seismic profile in the Sele High, few faults are present at the Base Chalk stratigraphic level,
which are synthetic to MF2. Another horst structure (Horst 4) is observed at the mid-Jurassic
level on the SE part of the Sele High (fig. 4.5.b). It is bounded by two faults out of which one
fault is the main fault (MF6). MF6 is separating the Sele High from the Egersund Basin in the
SE. There is a large-scale antithetic fault with respect to MF6 in the Egersund Basin (fig.
4.5.a).
Interpretation of the four main horizons (table 3.2) is better constrained on this key profile
because there are three wells present on this seismic line. There is a presence of one well
each, on all the three main structural elements related to the study area (Utsira High, Ling
Depression and Sele High).

Two shallow horizons (Base Chalk and mid-Jurassic) are

interpreted on the Utsira High. The Base Chalk is present throughout the Utsira High but the
Mid-Jurassic horizon is interpreted on just the SE flank of the high, as it pinches into the
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overlying strata. Moving towards the SE along the profile, we have the Ling Depression. All
the four main horizons are interpreted in the Ling Depression using well tops from well 17/41 (see table 3.1). The lateral extent of all the horizons is present throughout the Ling
Depression but the thickness of the salt varies (fig. 4.5.b). The salt layer is thin in between the
set of two faults forming the conjugate fault pattern. However further towards NW in the Ling
Depression there is a thick halite sequence and this is probably not distorted due to
halokinesis (fig. 4.5). Well 17/4-1 is drilled directly through this thick halite sequence. On the
NW part of the Sele High the salt succession is absent on a horst type structure (Horst 3). In
the central part of the Sele High all four horizons are interpreted, except with some
termination of the mid-Jurassic Horizon into the Base Triassic horizon (fig.4.5). There is lots
of disturbance in the salt sequence probably due to halokinesis. On the SE edge of the Sele
High, we again have a presence of the horst structure (Horst 4). The well is drilled on the edge
of this horst 4 in the Sele High. The salt succession is also absent on this part of the Sele High
(see well 17/12-2 in table 3.1) but a thin sequence of Rotliegend (Early Permian) strata is
encountered in this well. It is clearly observable on the key profile 2 that the Sele High is
bounded by two horst type structures where salt is absent (fig. 4.5.b). After the Sele High, we
enter into the Egersund Basin along seismic profile towards the SE. Only the Base Chalk
horizon is interpreted in this part of seismic section. Slumping of sediments is observed within
the V-shape structure formed by MF6 and its antithetic fault in the Egersund Basin area (fig.
4.5.a). So it was very difficult to interpret other three horizons as there is no continuity of
these reflectors.
The Rotliegend is encountered in two wells (17/4-1 and 17/12-2) present on this key profile
(table 3.1). The interpretation of strata below the Base Zechstein is very difficult, as the
seismic quality is not good at greater depths. There is no continuity of any reflection below
3000 ms TWT. Some minor interpretations below the Base Zechstein are done within the
Ling Depression (fig. 4.6). Possibly the Rotliegendes are truncating in the Base Zechstein
which is almost lying straight on top of it. One rotated fault block is interpreted below the
thick halite sequence (fig. 4.6). The strata are getting thick towards the DF6 and thinning
away. Finally it terminates into the Base Zechstein (fig. 4.6). This possibly shows a syn-rift
stage during the Early Permian period, when faulting was probably active.
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Figure 4.5: (a) Interpreted regional key seismic profile 2. The location of this key profile is shown in fig. 4.2. Red rectangle outlines the zoomed
part of key profile 2 shown in fig. 4.6. (b) Interpreted line drawing of key profile 2 with some main structural features and name of main horizons
(for details on horizons see table 3.2). Interpretation in red color is showing probably the Early to pre-Permian strata. (Note: Horizontal scale for
(a) and (b) is same)
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Figure 4.6: Close-up of regional key seismic profile 2, where we can see the possible Rotliegendes and rotated fault block.
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4.3.3. Key seismic profile 3
The strike of this key profile 3 is WSW-ENE (fig. 4.1). In the WSW direction this profile
covers the southern tip of the Utsira High. Mostly this profile runs within the lateral extent of
the Ling Depression and finally into the Åsta Graben towards the ENE. Thus, this key profile
lies parallel to the lateral trend of the Ling Depression (fig. 4.7.a). This seismic line do not
covers the Sele High. It crosscut only one main fault, MF3, covered in the study area. The
main purpose of this key profile is to look for the structures in the Ling Depression along its
lateral extent.
MF3 is separating the Utsira High from the Ling Depression (fig. 4.2). There are several
secondary faults observed within the Ling Depression area covered by this seismic profile.
Most of the faults are at the Base Zechstein or the Early Permian stratigraphic levels. These
faults are forming half-grabens within the Ling Depression. As seen in figure 4.7, a low angle
fault at the Early Permian level is dipping in the ENE direction within the Ling Depression
and is synthetic to MF3. Another antithetic fault, with respect to MF3, cutting at the Base
Zechstein stratigraphic level is opposite in dip direction to that fault. They are forming horstgraben structures within the Ling Depression towards the ENE of this seismic profile (fig.
4.7.b). Towards the ENE side of the horst structure (Horst 5), faults at the Base Zechstein
stratigraphic level are forming a step like geometry. The normal faults are also observed at the
Base Chalk and the mid-Jurassic stratigraphic interval on this key profile within the Ling
Depression. A small horst structure is also observed in the Åsta graben area. These opposing
faults which are forming this small horst in the Åsta Graben are running deep into probably
the Lower Paleozoic sedimentary rocks (fig. 4.7.a).
Only one well, 16/8-1, is present on this profile (see table. 3.1 for well stratigraphy).
Therefore, mostly the interpretation of key horizons was carried out by seismic correlation on
this key profile. Two key horizons (Base Chalk and Base Triassic) were interpreted from the
well tops of the borehole present on this key profile. Towards the WSW part of the profile
only two horizons (Base Chalk and Base Zechstein) are interpreted (fig. 4.7.b). All four main
horizons are mostly interpreted within the Ling Depression area covered by this key profile
(fig. 4.7.b). The thickness between the Base Chalk and the mid-Jurassic is less (approx. 300
ms TWT) towards the WSW direction but it increase many folds (approx. 1200 ms TWT)
towards the ENE of the Profile (fig. 4.7.b). Further ENE the Base Chalk horizon truncates into
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the younger strata. However we have the lateral continuity of the mid-Jurassic horizon almost
throughout this regional profile (fig. 4.7.b). The disturbance in salt is also observed in some
parts of the profile which is certainly due to halokinesis. But mostly the salt top (Base Triassic
Horizon) is undisturbed (fig. 4.7.b). Furthermore towards the ENE direction, in the Åsta
Graben area, the Base Triassic and the Base Zechstein were not interpreted because of intense
faulting at that stratigraphic intervals and no clear continuity of these horizons (fig. 4.7.a).
Due to the limitation in seismic data quality and no well penetration at deeper level below the
Base Zechstein, it was challenging to do detailed interpretation of the Early to pre-Permian
stratigraphy. Some small-scale interpretation of the Early to pre- Permian strata is done within
the Ling Depression (fig 4.8).

A half-graben structure is observed with the possible

Rotliegendes of Early Permian. This half-graben has resulted along a low angle listric fault
which caused the rotation of fault block below the Upper Permian. The strata within this
rotated fault block is truncating into the Late Permian Base Zechstein, which is almost lying
straight on top of it (fig. 4.8). This is probably marking the boundary between the syn-rift and
post-rift stages but the opposing fault towards the eastern side of the profile (fig. 4.8) within
the Ling Depression, is cutting through the Base Zechstein, which possibly shows that
faulting activity was going-on in the Late Permian time. One of the most prominent structure
observed in the Base Cretaceous level, is the anticline. This may represent an element of
inversion in the Early-Late Cretaceous times (fig. 4.9).
4.3.4. Key seismic profile 4
The strike of this key profile is from the WNW-ESE (fig. 4.1). It crosscut the two main faults
MF2 and MF6 (fig. 4.2). The WNW side of the profile covers the southern margin of the
Ling Depression. Then further towards the east it cuts main fault MF2 and enters into the
Sele High area (fig. 4.10.a, see also fig. 4.2). MF2 separates the Ling Depression from the
Sele High in the study area. This seismic profile covers the northern part of the Sele High.
Furthermore towards the ESE, it crosscuts another main fault MF6 (fig. 4.10.a, see also fig.
4.2) which separates the Sele High from the Åsta Graben. This key profile covers a small
western part of the Åsta Graben.
Two major deep faults are observed with dip direction towards the ESE on the Sele High (fig.
4.10.a). These two faults in the Sele High region are bounding a large tilted fault block (fig.
4.10 and 4.11). Further towards eastern side of the Sele High, normal faults are forming step
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like geometry. These faults are all synthetic with respect to MF6 (fig. 4.10.a). Only few faults
are observed at the Base Chalk stratigraphic level of this profile and there are no faults
observed at the mid-Jurassic and the Base Triassic stratigraphic levels throughout the profile
(fig. 4.10.b). No faults are observed in the Åsta Graben area covered by this profile.
There are no boreholes present on this key profile, so the interpretation of key horizons was
completed on the basis of seismic to seismic correlation on this profile. We find all the four
main horizons (see table 3.2) in the Ling Depression area covered by this seismic line (fig.
4.10.b). This line shows severe salt activity. We can clearly observe a major salt diapir in the
Ling Depression which crosscuts the two main shallow horizons (mid-Jurassic and Base
Chalk) related to the study (fig. 4.10.b). There was some difficulty in marking the reflectors
on the NW side of the Sele High due the presence of another salt diapir (fig. 4.10.b). The
presence of salt in this area has obscured the seismic image. Therefore, all the horizons were
picked by seismic correlation. Further towards the SE flank of the Sele High, the salt is absent
along the seismic profile. The salt layer gets thinner towards this side of the Sele High and
pinches into the Base Zechstein horizon (fig. 4.10.b). On the other hand, thickness between
the Base Chalk and the Base Triassic horizon increases towards the ENE side of the seismic
profile. In the Ling Depression thickness is less (approx. 500 ms TWT) and in the
northeastern part of the Sele High thickness between these two horizons is approx. 800 ms
TWT on the seismic (fig. 4.10.a). Towards the ENE direction, this profile covers only small
portion of the western side of the Åsta Graben. But due to bad seismic quality in deeper parts,
the two deeper horizons (Base Triassic and Base Zechstein) are not mapped (fig. 4.10.a). The
Base Chalk reflector dies out further into the Åsta Graben. This may be probably due to
truncating of Base Chalk into younger strata. Only the mid-Jurassic horizon is picked clearly
in the Åsta Graben area along this key profile (fig. 4.10.b).
The seismic image quality is obscured in deeper parts of the Ling Depression. There are lots
of distortions in seismic due to a large salt diapir. But some strong reflections are observed in
minor part of a rotated half-graben containing possibly the Rotliegend in deeper parts of the
Ling Depression (fig. 4.10.b). One reflector in this rotated half-graben, possibly representing
the Top Rotliegend containing clastics, is lying straight beneath the Base Zechstein but deeper
into this half-graben there are strong reflections dipping down towards the fault (fig. 4.10.b).
They are thickening towards the hanging wall and pinching on the Base Zechstein, which
probably shows it as a syn-rift event of the Early to pre-Permian time (fig. 4.10.b). And
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probably the continuation of this tectonic event is upto the Late Permian as the fault is cutting
through the Base Zechstein (fig. 4.10.b). Other very prominent and large-scale deep structure
is observed on the NE side of the Sele High. A clear tilted large-scale fault block is observed
with some clear reflections in the deeper part (fig. 4.11). All the reflections are truncated into
the Base Zechstein or the potentially Early Permian strata belonging to the Rotliegendes (fig.
4.11). These truncated reflections may be of the Early Paleozoic age (possibly Devonian or
Carboniferous) and are possibly pointing towards an earlier tectonic event. But due to the lack
of well data in the deeper levels upto to the Lower Paleozoic, no sharp and authentic
statement can be given for these reflections.
4.3.5. Key seismic profile 5
The strike of this key profile is from the NW-SE and is located in the southwestern part of the
study area (fig. 4.1). Along its extent from the NW side, it covers two main structural
elements which are the Utsira High and the Ling Depression. The SE side of this profile is
covering some part of the Norwegian-Danish Basin (fig. 4.12.b). This seismic section
crosscuts the two main faults which are MF3 and MF11 (fig. 4.2). MF3 is separating the
Utsira High from the Ling Depression. Most of the secondary faults in the Ling Depression
are antithetic with respect to MF3 (fig. 4.12.a). MF11 is separating the Ling Depression from
the Norwegian-Danish Basin in SE of the study area. MF11 is synthetic with respect to MF3
(fig. 4.12.a).
There is no borehole present on this regional key profile. The interpretation of the key
horizons was completed on the basis of seismic correlation along this profile. In the NW side
of the seismic section only one main horizon (Base Chalk) is interpreted on the Utsira High
(fig. 4.12.b). The interpretation of the other three main horizons was not possible to carryout
in this part of the key profile. Further down towards the south on the seismic section, all four
main horizons are interpreted in the Ling Depression (fig. 4.12.b). The area of the Ling
Depression is faulted to great extent on this profile but the ties from other seismic were quite
helpful in interpreting these horizons. The Base Zechstein is present in almost all the area of
the Ling Depression except on the horst structure (Horst 7) which is present in between the
Ling Depression area on this profile (fig. 4.12.b). The Base Triassic is interpreted throughout
the extent of the Ling Depression on this profile. The salt top is disturbed at some places in
the Ling Depression but a major salt diapir is observed on the SE side of the seismic section
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within the Ling Depression (fig. 4.12.b). This diapir has penetrated up to the Base Chalk
horizon and has faulted the upper region which has distorted the seismic image. At the end of
seismic section on the SE direction, lies the Norwegian-Danish Basin which is separated from
the Ling Depression by MF11 (fig. 4.12.a). All the four horizons are present in the basin area.
The salt sequence is very thin in this part because the salt extruded to form the diapir on its
northwestern side within the Ling Depression (fig. 4.12.b).
There are some features interpreted below the Base Zechstein. On the NW side of the profile
in the Ling Depression, there is a rotated fault block forming the half-graben structure (fig.
4.13). Some clear reflections are observed within this rotated half-graben which may be the
potential Rotliegendes (fig. 4.13). These deep reflections are terminated into the Base
Zechstein horizon, which possibly represents as the local unconformity in this area. Another
half-graben is observed on the SE side of the initial rotated half-graben (fig. 4.13). Reflector
marked in this half-graben structure below the Base Zechstein, is lying almost straight below
it (fig. 4.12.b and 4.13). This can be possibly the base of Rotliegend clastics. More towards
the SE side of the Ling Depression there is large horst structure (Horst 7) which is bounded by
two deep faults with maximum throw upto approximately 4000 ms TWT, towards its
southeastern side (fig. 4.12). Two deep reflections on the southeastern side of the Horst 7
probably are representing the Lower Paleozoic stratigraphy present within the Ling
Depression (fig. 4.12.b), but there is no mature data or evidence to give strong statement
regarding the Early Paleozoic sediments in the Ling Depression.
4.3.6. Key seismic profile 6
The strike of this regional seismic profile is the NW-SE (fig. 4.1). It is mostly covering the
parts of the Ling Depression and small part of the Norwegian-Danish Basin. It only covers the
NW tip of the Sele High. The seismic section is cross cutting the Ling Depression from its
SW lateral extent. More towards the SE side of the section; it is cutting the NW tip of the Sele
High and again enters into the Ling Depression. This key profile finally terminates into small
northern part of the Norwegian-Danish Basin (fig. 4.14.b). This regional profile is covering
the two main faults, MF2 and MF11, and several other secondary faults (fig. 4.2).
MF2 is the main fault separating the Ling Depression and the Sele High (fig. 4.2), whose
throw is upto the Base Triassic (2650 ms TWT) (fig. 4.14.a). But as mentioned above, the
seismic section is just cutting the NW tip of the Sele High, and a salt diapir has penetrated
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upto the Base Chalk level due to which no features are interpreted in this part of the Sele High
on this profile. To the SE of MF2 there is a synthetic fault which is branching away from it
(fig. 4.14.a). There is one antithetic fault whose throw is down to the mid-Jurassic horizon
(fig. 4.14.a). Deep faults interpreted below the Base Zechstein stratigraphic level are mostly
synthetic with respect to MF2 (fig. 4.14.a). Faults cutting the mid-Jurassic stratigraphic level
are mostly antithetic with respect to MF2 (fig 4.14.a). In the NW side of seismic profile, from
the Upper Cretaceous upto the Base Triassic stratigraphic level, there are two secondary faults
in the Ling Depression area which have opposite dip direction and are forming a horst type
structure (Horst 8) (fig. 4.14.b). Just below the salt in the same part of seismic section, there
is large horst structure (Horst 7) within the Ling Depression (fig. 4.14.b), formed by two
opposing deep faults with maximum throw upto approximately 5000 ms TWT (fig. 4.14.a).
MF11 is separating the Ling Depression and the Norwegian-Danish Basin (fig. 4.2) towards
the SE of the key profile (fig. 4.14.a). Its throw is also upto the Base Triassic (approx. 2700
ms TWT).
There were no wells present on this seismic section. So interpretation is carried out on the
basis of seismic correlation. The four main horizons are interpreted almost throughout on this
key profile (see table 3.2). On the NW side of the profile in the Ling Depression, the Base
Zechstein is absent on the horst 7 (fig. 4.14.b). And more towards the SE side of the profile
the Base Zechstein is not interpreted due to poor seismic quality below the salt in the Ling
Depression. The Base Zechstein reflector is very prominent towards the end of profile in the
Norwegian-Danish Basin. The Base Triassic horizon is interpreted throughout the lateral
extent of the profile except in the Norwegian-Danish Basin, where it is terminated into the
Base Zechstein. The Base Triassic is mostly disturbed on this regional profile due to upward
movement of the salt. There is salt movement observed on top of the Horst 7 in the NW part
of the profile (fig. 4.14.b). Further down towards the SE of the section, in the Ling
Depression, the Base Triassic is totally disturbed due to presence of two large salt diapirs (fig.
4.14.b). The mid-Jurassic horizon is only missing in the SE part of profile, above the two salt
diapirs. Otherwise it is easily interpreted throughout the seismic section with a prominent
reflection present at this level. As usual, the Base Chalk is present throughout this seismic
profile (fig. 4.14.b) and easily interpreted on the basis of seismic to seismic correlation. If we
move along the NW side to the SE side of a profile, the thickness between the Base Chalk and
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the mid-Jurassic horizons increases. Towards the NW a thickness is approximately 350 ms
TWT and increases upto 700 ms TWT towards the SE on the seismic section (fig. 4.14).
The same horst structure (Horst 7) is also observed in this profile, as it was observed in the
key profile 5 (fig. 4.12.b). The two opposing deep normal faults are forming this horst
structure below the Early Triassic (fig. 4.15). The clear reflectors are on-lapping on these two
opposing normal faults (fig. 4.15). The reflection seen just below the Base Zechstein horizon
may possibly represent the Rotliegendes and the reflections observed towards the SE of horst
structure (Horst 7), deep below the Base Zechstein, may possibly be Lower Paleozoic strata
(fig. 4.15). These deep reflections are showing tilted stratigraphy. The relatively small horst
structure (Horst 8) seen on top of horst 7 (fig. 4.14.b), may have formed possibly by the
continuity of these deep faults. But they are impossible to trace upto that stratigraphic level
due to presence of the ductile and mobile salt layer between them. A strong reflector is also
seen into the Norwegian-Danish Basin towards the SE of the profile. This may represent
potential Rotliegend deposits in that part of the basin (fig. 4.14.b).
4.3.7. Key seismic profile 7
The strike of this seismic key profile is from the NW-SE (fig. 4.1). It almost lies in the central
part of the study area in such a way that it cuts two main structural elements along its strike
(fig. 4.2). From the NW side, this seismic section perpendicularly crosscuts the central part of
the Ling Depression and enters into the Sele High and follows the lateral extent of this high
towards the SE (fig. 4.16.b). It only covers the northern and the central parts of the Sele High
with respect to its trend (fig. 4.2).
This seismic section only crosscuts one major fault which is MF2 (fig. 4.2). This fault
separates the Ling Depression from the Sele High (fig. 4.16.a, see also fig. 4.2). Most of the
secondary faults on this profile are synthetic with respect to MF2 (fig. 4.16.a). On the SW
side of the section in the Ling Depression, there is a normal fault which is synthetic to MF2. It
is cutting three key horizons of the study area (mid-Jurassic, Base Triassic and Base
Zechstein) (fig. 4.16.a). Its throw is approximately upto 3000 ms TWT on seismic section.
Two small-scale faults are also observed adjacent to it. They also have the same NW dip
direction and are cutting only the Base Triassic horizon related to study (fig. 4.16.a). Moving
further into the Ling Depression relative to this profile, there is one antithetic fault present at
the Base Triassic level. It forms a conjugate fault pattern with respect to MF2 (fig. 4.16.a)
43

Chapter 4

Seismic Interpretation and Results

which is resulting in a depression like structure. On top of this fault there is probably a smallscale reverse fault which is branching out of it (fig. 4.16.a). This is probably representing an
inversion structure at the Late Jurassic to Early Cretaceous stratigraphic level. Further towards
the SE of the seismic section there are two faults dipping in opposite direction, hence forming
a horst like structure (Horst 3) (fig. 4.16.b). The same horst structure is also observed on the
key profile 2 (fig. 4.5.b). These faults are present at deeper levels with a maximum throw upto
3000 ms TWT on seismic section. At the edge of this key profile, there is one large fault
present on the Sele High towards the SE. It is antithetic to MF2. This fault crosscuts three
shallow key horizons of the study area (fig. 4.16.a).
There was only one well, 17/4-1, present on this seismic section towards the Ling Depression
(see table 3.1 for well stratigraphy). All the four key horizons (see table 3.2) were present in
this borehole. The interpretation of horizons was easy in the Ling Depression area on this
profile. The Base Zechstein is mapped throughout on this seismic section (fig. 4.16.b). The
Base Triassic horizon is interpreted on all the profile except on the NW side of the Sele High
where seismic image is quite disturbed due to which it could not be interpreted at this certain
area. Salt is absent on the horst structure (Horst 3) (fig. 4.16.b). There is a thick salt sequence
observed in the Ling Depression area and it is undisturbed due to which the Base Triassic was
easily interpreted here. But further away from horst geometry on the Sele High towards the
SE, the Base Triassic horizon was disturbed to some extent which made it bit difficult to map
it in this certain part (fig. 4.16.b). The mid-Jurassic horizon is present throughout the Ling
Depression and was interpreted easily on this side without any difficulties (fig. 4.16.b). A
strong reflection was picked on the mid-Jurassic level in the Ling Depression on this key
profile. As we move from MF2 towards the SE of a profile, the seismic image is quite
distorted at this specific location, probably due to intense minor faults, which made
interpretation for the mid-Jurassic horizon difficult. The mid-Jurassic horizon is present on the
horst (Horst 3). Furthermore towards the SE, away from the horst structure, there is
disturbance of salt which made the interpretation bit difficult for this horizon. Some part of
this horizon is interpreted towards the SE (fig. 4.16.b) by seismic-seismic correlation. The
Base Chalk horizon was interpreted on all the key profile area (fig. 4.16.b). There was a
strong positive reflection picked from the well top and further seismic correlation made it
very easy to interpret this horizon on this section.
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Mostly the reflections below the Base Zechstein level are difficult to interpret due to poor
seismic data quality at depths. Only minor interpretation of probably the Early to pre-Permian
strata is done in a small part of the Ling Depression (fig. 4.16.b). The well present on this
section drilled a thin succession of the Rotliegendes, which makes it evident that upper
reflection marked in figure 4.16.b, which is present directly below the Base Zechstein and is
pinching into it, is potentially the Rotliegend reflector but absolute dating cannot be strongly
determined due there detrital nature. The thickness of the Rotliegend cannot be determined as
the well did not penetrate down to the base of it. Well data shows that it consists of very hard
red conglomerates (npd.no). A strong reflection is also marked at a depth of approximately
3350 ms TWT on seismic (fig. 4.16.b and 4.17). Most probably this is the Lower Paleozoic
strata buried at depth in the Ling Depression. Another most prominent and large-scale feature
observed is the monoclinal structure in the Ling Depression (fig. 4.17). This is most probably
representing an inversion at the Mesozoic level.
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Figure 4.7: (a) Interpreted regional key seismic profile 3. The location of this key profile is shown in fig. 4.2. Red and blue rectangles outline the
zoomed parts of key profile 3 shown in fig. 4.8 and 4.9 respectively. (b) Interpreted line drawing of key profile 3 with some main structural
features and name of main horizons (for details on horizons see table 3.2). Interpretation in red color is showing probably the Early to prePermian stratigraphy. (Note: Horizontal scale for (a) and (b) is same)
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Figure 4.8: Close-up of regional key seismic profile 3, where we can see half-graben
structures filled possibly with the Rotliegend succession.

Figure 4.9: Close-up of regional key seismic profile 3, where we can see structural inversion.
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Figure 4.10: (a) Interpreted regional key seismic profile 4. The location of this key profile is shown in fig. 4.2. Red rectangle outlines the
zoomed part of key profile 4 shown in fig. 4.11. (b) Interpreted line-Drawing of key profile 4 with some main structural features and name of
main horizons (for details on horizons see table 3.2). Interpretation in red color is showing probably the Early to pre-Permian Stratigraphy. (Note:
Horizontal scale for (a) and (b) is same)
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Figure 4.11: Close-up of regional key seismic profile 4, where clear truncation of probably the Early Paleozoic strata is observed in a
large tilted fault block on the Sele High. It is most probably representing a compressional event.

49

Chapter 4

Seismic Interpretation and Results

NW

SE
MF 11

MF 3
(a)

(b)

Figure 4.12: (a) Interpreted regional key seismic profile 5. The location of this key profile is shown in fig. 4.2. Red rectangle outlines the
zoomed part of key profile 5 shown in fig. 4.13. (b) Interpreted line-drawing of key profile 5 with some main structural features and name of
main horizons (for details on horizons see table 3.2). Interpretation in red color is showing probably the Early to pre-Permian stratigraphy. (Note:
Horizontal scale for (a) and (b) is same)
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Figure 4.13: Close-up of regional key seismic profile 5, where horst-graben geometry is observed. The half-grabens are probably filled with the
Rotliegendes.
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Figure 4.14: (a) Interpreted regional key seismic profile 6. The location of this key profile is shown in fig. 4.2. Red rectangle outlines the
zoomed part of key profile 6 shown in fig. 4.15. (b) Interpreted line-drawing of key profile 6 with some main structural features and name of
main horizons (for details on horizons see table 3.2). The interpretation in red color is showing probably the Early to pre-Permian stratigraphy.
(Note: Horizontal scale for (a) and (b) is same)
52

Chapter 4

Seismic Interpretation and Results

Figure 4.15: Close-up of regional key seismic profile 6, where large horst structure is observed, cutting probably the Early to pre-Permian
stratigraphy.
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Figure 4.16: (a) Interpreted regional key seismic profile 7. The location of this key profile is shown in fig. 4.2. Red square outlines the zoomed
part of key profile 7 shown in fig. 4.17. (b) Interpreted line-drawing of key profile 7 with some main structural features and name of main
horizons (for details on horizons see table 3.2). Interpretation in red color is showing probably the Early to pre-Permian stratigraphy. (Note:
Horizontal scale for (a) and (b) is same)
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Figure 4.17: Close-up of regional key seismic profile 7, where the possible Rotliegend and
the Early Paleozoic strata are observed. On top of it an inversion structure is also seen which
is encircled.
4.4. Time-structure (TWT) and fault maps
The time-structure maps and the fault maps are made at four different stratgraphic levels (figs.
4.18, 4.19, 4.20 and 4.21) according to the horizons interpretation. For each stratigraphic
level, fault maps and the time-structure maps are displayed together, side by side. Both of the
maps are displayed at the same scale (some minor shift along X-axis). This helps in
understanding and identifying the color variations in the time structure map at that certain
level. Time-structure maps show the structural variations with respect to time (TWT in ms),
extent and orientation of different geometries in the study area. This provides us with in-depth
details of certain features present within the main structural elements, hence giving more
detailed information of the study area. The shallower part is shown by red color (low TWT
values) and deeper part is shown by purple color (high TWT values). Location of the key
profiles with there numeric order (fig. 4.1) are also shown on these maps for further
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assistance. The four different stratigraphic levels at which these maps are generated are as
follows:
 Base Zechstein (mid-Permian) stratigraphic level.
 Base Triassic stratigraphic level.
 Mid-Jurassic stratigraphic level.
 Base Chalk (mid-Cretaceous) level.
4.4.1. Base Zechstein (mid-Permian) stratigraphic level
There are six main faults present at the Base Zechstein stratigraphic level (fig. 4.18.a). Most
of the main faults have NE-SW strike except one main fault (MF6), whose strike is from the
N-S. Time-structure map is showing the deeper parts towards SW direction in the NorwegianDanish Basin and the shallower parts towards SE and NW sides on the Sele High and the
Utsira High respectively. The trend varies along the lateral extent of the Ling Depression. The
central part of the Ling Depression shows low time values (due to presence of structural
highs) but the adjacent sides are showing deeper parts in the Ling Depression. Towards the
NE it is gradually getting deeper into the Åsta Graben and towards SW it gets much deeper
into the Norwegian-Danish Basin area (fig. 4.18.b).
The fault map (fig. 4.18.a) shows that the Ling Depression area is extensively faulted with the
presence of secondary faults. Mostly these faults are following a NE-SW trend. There are few
faults in the Ling Depression which are having a N-S trend. Especially on the NE side of the
Ling Depression there are two secondary faults having the N-S strike with the same dip
direction which is towards the NE. Along the trend of key profiles 5 and 6 on the fault map
(fig. 4.18.a), a local high at the Base Zechstein stratigraphic level can be observed which has
the NE-SW orientation. The same structure is also shown on the detailed interpretation of Key
Profile 6 (see Horst 7 on fig. 4.12.a and 4.14.a). The time-structure map shows low TWT
values at the same location. Towards the NE and the SW of this structure (Horst 7) the
relatively high TWT values point towards deeper part (low relief area) (fig. 4.18.b). This
shows the NE-SW lateral extent of this local structural high within the Ling Depression.
Another high relief structure is observed towards the SW of the horst 7 within the Ling
Depression. This local structural geometry is not covered by any key profile. But on the fault
map towards the SW of local high (Horst 7), two faults with NE-SW extent, having opposite
dip directions can be observed. A gentle variation of TWT values in the time-structure map
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shows that the extent/orientation of this structure is from NE-SW. So both these high-relief
structural geometries lie in a NE-SW lateral extent within the Ling Depression. Towards the
north of these structures the Ling Depression is gettting deeper which is shown by increasing
TWT values on the time-structure map. Then more towards the NW of the Ling Depression,
in the Utsira High area, again a gradual shallowing trend can be observed (fig. 4.18.b). The
time-structure map only covers the southern flank of the Utsira High because the Base
Zechstein reflector was not present there. Small opposing half-graben geometries are also
observed in the northern and southern sides of the Horst 7 within the Ling Depression. Timestructure map shows high TWT values at these locations , theerfore representing high relief
zone (fig. 4.18.b).
Towards the Sele High, there is less faulting compared to the Ling Depression. As we move
from the Ling Depression to the Sele High, we observe abrupt variation in the TWT values on
the time-structure map. This is due the presence of another paleo-high (Horst 3). This local
structural geometry is interpreted on the key profiles 2 and 7 (see figs. 4.5.b and 4.16.b). The
time-structure map is showing the NE-SW orientation of this structure. Further down to the
SE direction in central part of the Sele High, the TWT decreases gently but it increases again
on the SE edge of the Sele High. This is due to presence of another structural high (Horst 4)
which is interpreted on key profile 2 (see fig. 4.5.b). This structure also has a lateral
orientation from NE-SW. The south-eastern boundary of this horst structure (Horst 4) is
marked by main fault MF6 (fig. 4.18.a). Another most prominent fault observed at the Base
Zechstein stratigraphic level on the Sele High has the NNW-SSE strike and dip direction
towards the NE. It can be observed on the NW part of the Sele High on the fault map (fig.
4.18.a). Another relatively small but opposing fault is observed on the western side of this
fault. These normal faults with opposing dip directions are also making a horst type structure
(Horst 6), which is interpreted along key profile 4 (fig. 4.10.b). Towards the SE of timestructure map along key profile 1, two small-scale faults are having opposite dip direction
(fig. 4.18.a) and forming a horst type structure (Horst 1) on the Sele High (see fig. 4.3.a). This
horst structure is showing a bit high TWT values on the time-structure map as compared to
other horst geometries in the study area.
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Figure 4.18: (a) Fault map of the Base Zechstein stratigraphic level with some local structural elements encircled. Key profiles are given
numbers as mentioned in figure 4.1 above. (b) Time-structure map at the Base Zechstein stratigraphic level with the key profiles displayed in
numeric order. Legend for the color variations with respect to time (ms) is given on upper right corner. SH=Sele High, UH=Utsira High,
LD=Ling Depression and NDB=Norwegian- Danish Basin.

58

Chapter 4

Seismic Interpretation and Results

4.4.2. Base Triassic stratigraphic level
There are eight main faults present at the Base Triassic stratigraphic level. Some of the main
faults have the NE-SW strike, while others have the NW-SE strike direction. Only MF11 has
a strike direction of E-W. The trend of time-structure map shows the deeper parts towards the
SW and the NE in the Norwegian-Danish Basin and the Åsta Graben respectively. The
shallower part is shown by low time values at the Sele High and at some places in the Ling
Depression. No observation has been made on the Utsira High as the Base Triassic horizon is
not interpreted there. The closed contours at this level have resulted due the presence of salt
domes (fig. 4.19.b). They are mostly concentrated in the Norwegian-Danish Basin and at the
SW edge of the Ling Depression which is marking the boundary with this basin.
Two main faults, MF5 and MF11 are supposed to have formed in the Early Triassic times as
they are not present on the Base Zechstein fault map. These two faults are also the bounding
faults in the study area. MF5 separates the Sele High and MF11 is separating the Ling
Depression, from the Norwegian-Danish Basin. Overall intensity of faulting at the Base
Triassic period is less in the Ling Depression as compared to the Base Zechstein (midPermian) period. But mostly the trend is similar which is from the NE-SW (fig. 4.19.a). If we
look at the time-structure map (fig. 4.19.b), it clearly shows low time values (TWT in ms) in
the central part of the Ling Depression along its lateral extent (which is NE-SW) but the
increase in TWT towards its south-eastern side shows the deepening trend, forming a
depression like geometry. The fault map of the Base Triassic stratigraphic level shows,
opposing fault geometries in the cental part of the Ling Depression, which have probably
resulted in the uplifted structures (fig. 4.19.a). This trend is followed along the extent of the
Ling Depression. These structural geometries are interpreted on seismic key profile 2 which is
crosscutting these features (see fig. 4.5.a). Towards the SW in the Ling Depression, a
structural high is formed by the two main faults (MF9 and MF11) which have opposite dip
directions (fig. 4.19.a). There are two large salt domes present on this structural high just at
the boundary of the Ling Depression and the Norwegian-Danish Basin (fig. 4.19.b).
The Sele High is quite prominent in the time-structure map (fig. 4.19.b) at this stratigraphic
level. While moving from the north to south across the Ling Depression, as soon as we cross
MF2, there is sudden variation in time values (TWT in ms) observed on time-structure map.
The time values change from high to low, due to change in elevation. This is marking the
59

Chapter 4

Seismic Interpretation and Results

boundary between the Ling Depression and the Sele High on a time-structure Map (fig.
4.19.b). Towards the NE in the Åsta Graben, an abrupt change in the time values represent the
deeper part. Closed contours can be seen on the SW side in the Norwegian-Danish Basin.
These are formed due salt halokinesis, which have resulted in large salt domes in this area.
The Norwegian-Danish Basin also shows the deeper parts on the time-structure map (fig.
4.19.b).
4.4.3. Mid-Jurassic stratigraphic level
There are eight main faults present at the mid-Jurassic level (fig. 4.20). DF6, which separates
the Ling Depression from the Utsira High, has disappeared at this level. The lateral extent of
MF3, which also separates the Ling Depression from the Utsira High, has decreased to several
degrees at this stage (fig. 4.20.a). This shows that the intensity of the NE-SW trending faults
have decreased during this time period. MF6, which is the eastern boundary fault of the Sele
High, has again appeared on the fault map (fig. 4.20.a). This was not traced at the Base
Triassic stratigraphic level (fig. 4.19.a), probably due to presence of salt. It is possible that
this fault was either active throughout Permian to mid-Jurassic times or it again got
reactivated at this stage. The trend on time-structure map shows deeper parts in the SW
towards the Norwegian-Danish Basin, in the NE towards the Åsta Graben and in the
northeastern lateral extent of the Ling Depression. Further towards the NE trend changes to
shallow. In the NW and SE, we can clearly observe the shallower trend due to presence of the
Utsira High and the Sele High (fig. 4.20.b).
The intensity of faulting has decreased in the Ling Depression to certain degree on the
northeastern edge probably due to halting of the NE-SW trending faults (fig. 4.20). Similar
horst-graben geometries are observed in the central part of the Ling Depression with
deepening of area towards the NW and SE of it. The comparison between the fault map and
the time-structure map clearly show the orientation and the extent of the structural geometries
in the central part of the Ling Depression (fig. 4.20). As we move along the Ling Depression
from the NE to the Norwegian-Danish Basin in the SW, the depth increases. The high time
values (TWT in ms) towards the SW marks the transition from the Ling Depression to the
Norwegian-Danish Basin, which is deeper due to its basinal geometry. While moving to the
NE direction along the Ling Depression into the Åsta Graben, clear increase in depth is
observed. If we follow trend of key profile 3 in the NE direction on the time-structure map
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(fig. 4.20.b), we can see structurally low relief area showning high TWT values. This is a nice
depression which can be observed on interpreted key profile 3 (fig. 4.7.a).
Towards the Sele High, we can see some faulting in the SE direction. Three secondary faults,
synthetic to each other, are developed on the SE edge of the Sele High. They have the NW dip
direction. A clear variation in time values can also be observed on the time-structure map at
the same location. TWT values changes from high to low on the Horst 4 (fig. 4.20.a and b).
As we move from the Ling Depression to the Utsira High, a gradual increase in TWT values
is observed (fig. 4.20.b).
4.4.4. Base Chalk (mid-Cretaceous) stratigraphic level
Most of the main faults have disappeared or their extent has decreased at the Base Chalk
stratigraphic level (fig. 4.21.a). Six main faults are present at this stratigraphic level. The two
main faults (MF3 and DF6) separating the Ling Depression from the Utsira High have totally
vanished. MF6 is also not present at this stratigraphic level, which was separating the Sele
High from the Egersund Basin and the Åsta Graben in the SE. The NE-SW extension of
MF1, which was marking the northern limit of the Zechstein salt basin during the Late
Permian times, has also disappeared. Due to which the extent of MF1 has decreased at large
scale. The E-W trending right limb of MF2 is also not present at this stratigraphic level. The
fault map of mid-Cretaceous hence shows much stable tectonic settings. Only one main fault
(MF7) with the NW-SE strike, has been formed during mid-Cretaceous period in the
Norwegian-Danish Basin which has opposite dip direction to MF5 which separates the Sele
High from this Basin (fig. 4.21.a). If we correlate the fault map of the mid-Cretaceous
stratigraphic level with its time-structure map, we can determine that the tectonic settings
were quite stable at this time. The time-structure map shows a nice and simple trend of
shallowing to deepening from the NE to the SW (fig. 4.21.b). This variation in elevation from
the NE to the SW can be clearly observed along the strike of key profiles 3 and 4 (figs. 4.7.a
and 4.10.a).
Same fault trends and geometries are observed in the Ling Depression with much less
intensity. Along the SE strike of key profile 2 on the fault map, where key profile 2 and 7
crosscut each other (fig. 4.21.a), a local depression is observed within the Ling Depression
(see also fig. 4.5.a). On the fault map we can see a secondary fault with the SE dip direction,
from where this local depression is starting. This fault has opposite dip direction to MF2 (fig.
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4.21.a). For further verification of this local structure we can clearly see the variations in
TWT values on time-structure map at the same location (fig. 4.21.b).
Along the NW-SE lateral extent of the Sele High, we can see the shallowing trend towards the
SE and deepening trend towards the NW (fig. 4.21.b). A fault map also shows that the faults
are dipping in NW direction on the Sele High area. On the Utsira High we have a decrease in
elevation, which shows it with high time values (TWT in ms) on the time-structure map.
4.5. Time-thickness maps
Time-thickness map helps us to determine the thickness variations between certain
stratigraphic levels with respect to time (ms) and gives information on the depocenter (area of
maximum thickness) and structural inversion. Two time-thickness maps have been generated
during the study which are as follows:
4.5.1. Late Permian (Zechstein salt) time-thickness map
The time-thickness map of the Late Permian group helps us determine the variations in
thickness of salt at different places within study area. On the NE and the SE sides of the Sele
High we can see that salt is totally absent or eroded. This is probably due to the presence of
structural highs at this area in the Late Permian time (fig. 4.22). As on the fault map of the
Base Zechstein stratigraphic level we can see the horst structures developed at these locations
of the Sele High (fig. 4.18.a). There is a thin salt layer present on the central part of the high
but on the SW edge of the Sele High, there is increased value of thickness represented by high
TWT values. The salt is almost absent on the Utsira High, probably because the Zechstein sea
during the Late Permian times did not transgress into that part of the study area. But minor
level of salt is present on the southern edges of the Utsira High (fig. 4.22). The salt group has
varying thickness in the Ling Depression. It is thicker towards the NW along the lateral extent
of the Ling Depression but thinner towards the SE. The closed contours in the Ling
Depression and the Norwegian-Danish Basin were probably the result of sudden increase in
thickness as a presence of salt diapirs. Maximum thickness of the Late Permian salt group is
observed in Norwegian-Danish Basin and probably it is representing a depocenter for the Late
Permian salt (fig. 4.22). There is a lot of variation in TWT values observed in time-thickness
map of Zechstein salt group. It is difficult to indicate a primary depocenter on the salt timethickness map. But the time-structure maps (fig. 4.18.b,4.19.b, 4.20.b and 4.21.b) show low
62

Chapter 4

Seismic Interpretation and Results

relief area towards the Norwegian-Danish Basin and if compared with the salt time-thickness
map (fig. 4.22), it can probably be assumed that the depocenter was in the Norwegian-Danish
Basin during the Ealry-Late Permian times.
4.5.2. Time-thickness map from mid-Jurassic to Base Chalk
Time-thickness map between the Base Chalk and the mid-Jurassic stratigraphic levels help us
determine the variation in thickness in the study area. A general trend of increase in thickness
can be observed on the map. The thickness is increasing from the SW to the NE (fig 4.23).
Minimum thickness is observed on the Utsira High and the SW part of the Ling Depression.
The thickness of this unit is higher on the Sele High and in the Norwegian-Danish Basin.
Maximum thickness is observed in the Åsta Graben area and it is probably representing a
depocenter of that time (fig 4.23). Time-thickness map shows relatively gradual increase in
the TWT values towards the NE. It is possibly due to rather stable conditions between these
time periods in the study area.
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Figure 4.19: (a) Fault map of the Base Triassic stratigraphic level with local structural high encircled. Key profiles are given numbers as
mentioned in figure 4.1. (b) Time-structure map at the Base Triassic stratigraphic level with the key profiles displayed in numeric order. Red
circle is showing major salt domes in the study area. Legend for the color variations with respect to time (ms) is given on upper right corner.
SH=Sele High, UH=Utsira High, LD=Ling Depression and NDB=Norwegian-Danish Basin.
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Figure 4.20: (a) Fault map of the mid-Jurassic stratigraphic level with local structural feature (Horst 4) encircled. Key profiles are given
numbers as mentioned in figure 4.1. (b) Time-structure map at the mid-Jurassic stratigraphic level with the key profiles displayed in numeric
order. Red circle is showing a depression in the study area. Legend for the color variations with respect to time (ms) is given on upper right
corner. SH=Sele High, UH=Utsira High, LD=Ling Depression, SB=Stord Basin, ÅG=Åsta Graben and NDB=Norwegian-Danish Basin.
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Figure 4.21: (a) Fault map of the Base Chalk (mid-Cretaceous) stratigraphic level with local structural feature encircled. Key profiles are given
numbers as mentioned in figure 4.1. (b) Time-structure map at the Base Chalk (mid-Cretaceous) stratigraphic level with the key profiles
displayed in numeric order. Red circle is showing a local depression in the Ling Depression. Blue Arrow is showing a trend from shallow to
deep. Legend for the color variations is given on upper right corner. SH=Sele High, UH=Utsira High, LD=Ling Depression, SB=Stord Basin,
ÅG=Åsta Graben and NDB=Norwegian-Danish Basin.
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Figure 4.22: Late Permian (Zechstein salt) time-thickness map with the location of key profiles
in numeric values (see fig. 4.1). It is also showing the Depocenter. The legend for the color
variations with respect to the change in TWT values is given in the upper right corner.
UH=Utsira High, LD=Ling Depression, SH=Sele High and NDB=Norwegian-Danish Basin.
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Figure 4.23: Time-thickness map from the mid-Jurassic to the Base Chalk horizon with the
location of key profiles in numeric values (see fig. 4.1). It is also showing the Depocenter. The
legend for the color variations with respect to the change in TWT values is given in the upper
right corner. Blue arrow shows general trend of increase in thickness towards the NE. LD=Ling
Depression, UH=Utsira High, SH=Sele High, NDB=Norwegian-Danish Basin, SB=Stord Basin
and ÅG=Åsta Graben.
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CHAPTER 5
DISCUSSION
Several tectonic episodes have shaped the North Sea basin. The regional tectonic episodes which
are well documented around the North Sea from Devonian to Cretaceous are as follows:


Devonian extension causing the formation of large shear zones following a NE-SW trend
(Fossen, 1992).



Late Carboniferous-Early Permian stretching of the crust causing wrench faulting and
rifting along E-W direction, resulting in the formation of half-graben structures (Ziegler,
1990; Heeremans and Faleide, 2004).



NW-SE to WNW-ESE directed extension occurring in the Late Jurassic which is
represented by NNE-SSW structural orientation (Smethurst, 2000).



Late Cretaceous inversion of earlier formed extensional structures due to reactivation of
faults (Ziegler, 1990).

All these main events and trends are observed during this study (see fig. 4.2). Composite fault
map shows lateral variations in the area which helps in understanding and visualizing the main
fault trends. Detailed analysis and description of key profiles were carried out in chapter 4 with
respect to fault patterns, structural geometries and stratigraphy. The main tectonic events along
with some key features observed during this study are to be discussed in more details, in order to
understand the geological evolution of the Ling Depression and its adjacent highs.
5.1. Devonian extensional event
A major event of extension occurred during the Early Devonian along a NE-SW direction, which
produced large ductile shear zones (Fossen, 1992). One of the important ductile shear zones
which have shaped the architecture of the North Sea is Hardangerfjord Shear Zone. The LærdalGjende Fault system which was most probably formed in the Late Devonian marks the brittle
continuation of Hardangerfjord Shear Zone. In the SW towards offshore region, the strain caused
by the stresses that generated Hardangerfjord Shear Zone may have been accommodated by
other deeply-rooted NE-SW trending faults (Fossen and Hurich, 2005). These brittle faults are

69

Chapter 5

Discussion

most likely running down into the basement (Færseth, 1996) and are genetically linked with
Hardangerfjord Shear Zone.
Some deep-rooted faults are observed in the study area, which presumably represent the brittle
continuation of the Hardangerfjord Shear Zone in the offshore region. These deep faults have
formed large horst structures. Horst structures were interpreted in some parts of the Ling
Depression and the Sele High (fig. 4.18.a). One of the most prominent and large-scale horst
structures (Horst 7) was observed on key profiles 5 and 6 (see figs. 4.12 and 4.14) within the
Ling Depression. It is bounded by two large faults which are running deep into the crust.
Another main structural feature, which presumably forms a link to the basement shear zone, is
fault DF6 (see figs. 4.3 and 4.5). A large tilted fault block was also interpreted which is bounded
by the deeply-rooted faults having ENE dip direction (see figs. 4.10 and 4.11). All these
structures are perhaps related to the Devonian extensional event.
5.2. Late Carboniferous-Early Permian rifting event
Rotated half-graben structures were observed below the Base Zechstein during this study (see
fig. 4.3). These tilted half-graben structures are pointing towards a major rifting event.
Heeremans and Faleide (2004) suggested the presence of Rotliegend half-grabens below the
Base Zechstein in the Ling Depression on the basis of their seismic interpretations and data from
the surrounding area, which are formed by E-W oriented extensional movements that caused
major rifting in Late Carboniferous-Early Permian. These possible Rotliegend half-graben of
Late Carboniferous-Early Permian, are interpreted within the Ling Depression on almost all the
key profiles. Lateral continuity of these half-grabens is observed throughout the Ling Depression
along key profile1 (see fig. 4.3).
5.2.1. Linked half-grabens within the Ling Depression
The NE-SW oriented fault geometries at the Base Zechstein stratigraphic level represent
opposing half-graben structures with shifting polarities along strike (fig. 5.1). These opposing
structures form the linking family of half-grabens. These types of zones are indicative of strikeslip motion (Rosendhal, 1987). The Ling Depression may have a genetic link to the Midland
Valley which was formed in strike-slip settings (Heeremans and Faleide, 2004). The Midland
Valley is bounded by the Highland Boundary Fault on the NE which is a major sinistral strike70
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slip fault (Marshall and Hewett, 2003). The Ling Depression lies on a trend of the Highland
Boundary Fault (see fig. 2.6). Therefore, the strike-slip element is inherited most probably from
this fault which perhaps forms a genetic link with the Hardangerfjord Shear Zone (see fig. 2.6).
But no strong argument can be setup due to lack of data regarding the genetic link of the
Highland Boundary Fault and the Hardangerfjord Shear Zone. Further studies need to be carried
out in this case.
5.2.2. Syn-rift and post-rift transition during the Late Permian
Thermal relaxation and subsidence at the end of the Early Permian resulted in formation of the
Permian salt basins (Northern and Southern Permian basins) where the Zechstein salt was
deposited (Heeremans and Faleide, 2004) (see fig. 2.3). The base of the Zechstein Group marks a
regional unconformity between syn-rift and post-rift deposits (Ziegler, 1975). Most of the faults
which formed due to Late Carboniferous-Early Permian crustal stretching and rifting became
inactive during the Late Permian.
The Base Zechstein in the study area is probably representing a transition from syn-rift to postrift stage. The possible Rotliegend reflectors are truncated by the Base Zechstein horizon at some
places, therefore marking a local unconformity (fig. 5.2). No major rifting event is observed
during the Zechstein salt deposition (Late Permian). Therefore, the Late Permian time period
likely represents overall stable conditions.
5.3. Triggering of the Zechstein salt in the Triassic
The Northern and Southern Permian basins continued to subside during the Triassic. The
increasing subsidence along with increase in sedimentation rates resulted in thick accumulation
of Triassic sediments. In the Central North Sea, the thick accumulation of the Triassic deposits
triggered the salt movement during the Middle and Late Triassic, therefore forming the large salt
diapirs (Ziegler, 1978). Large salt diapirs have also been observed on key profiles 4, 5 and 6 (see
figs. 4.10, 4.12 and 4.14).
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Figure 5.1: (a) Fault map of the Base Zechstein stratigraphic level. Opposing half-grabens are
encircled in red. Key profiles are given numbers as mentioned in figure 4.1. (b) Architecture of
overlapping opposing half grabens (a-c) and non-overlapping opposing half graben (d) (modified
from Rosendhal, 1987).

Figure 5.2: The underlying strata (probably Rotliegendes) is terminating into the Base Zechstein
horizon, therefore marking a transition between syn-rift and post-rift deposits. Blue color-fill is
representing the Zechstein salt deposits. This line drawing is taken from key profile 2 (see fig.
4.5).
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5.4. Late Jurassic rifting event
In the Central North Sea, a large rift dome associated with volcanism was developed during the
Early-mid Jurassic (Ziegler, 1978; Graversen, 2005). Crest of this dome was transected at the
triple junction, formed by the Southern Viking Graben, the Central Graben and the Moray Firth
Basin (see fig. 2.6). This triple junction acted as a volcanic center at that time (Howitt et al.,
1975; Gibb and Kanaris-Sotirious, 1976). During the Middle and Late Jurassic, discrete rift
phases affected NW-Europe (Ziegler, 1975). NW-SE to WNW-ESE directed extension caused a
major rifting event in the Late Jurassic and developed NNE-SSW oriented structures (Smethurst,
2000).
The time-thickness map between the mid-Jurassic and the Base Chalk shows the depocenter
towards the Åsta Graben area (see fig. 4.23) which provides evidence that this graben was
formed during the Late Jurassic as a result of this major rifting event.
The Late Jurassic rift phase is well documented in the North Sea. It is proposed by Heeremans
and Faleide (2004), that the large offsets observed on the Base Zechstein horizon are to some
extent due to the Mesozoic rifting. Perhaps the offset at the Base of Zechstein deposits observed
on the key profiles is partly a result of this younger rifting event (fig. 5.3). These offsets are
representing local rift structures in the study area. Zechstein salt also functioned as a buffer or
detachment layer, which mostly separates the pre-Zechstein structures from the post-Zechstein
structures in the area under consideration.
5.5. Inversion during the Late Cretaceous
During the Alpine compression phase in the Late Cretaceous, inversion tectonics was active in
some parts of the North Sea which resulted in the reactivation of pre-existing faults and
structures (Ziegler, 1975). The structurally inverted features such as monoclines and inverted
faults are observed in the seismic sections at the Base Chalk stratigraphic level (Upper
Cretaceous).
5.5.1. Alpine compression and salt movement
At shallower levels, the compressional features developed probably due to the Alpine
compression in the study area. However, the role of salt cannot be ruled out either, as the salt
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movement affected the local thickness of the strata. Large salt diapirs have been observed which
have vertically penetrated the younger sedimentary units; hence generating faults at shallower
levels (see figs. 4.10.a, 4.12.a & 4.14.a). The salt tectonics has mostly inverted the stratigraphy
above the Base Chalk horizon probably of the Cenozoic age which is not confined to this study.
Salt tectonics remained active during the Cenozoic period (Stewart and Coward, 1994).
Two monoclinal structures in the study area most likely formed due to the Alpine compression
are shown in figure 5.4. These structures are displaying positive inversion, as the extensional
fault movements have been reversed presumptively during the regional compressional tectonics
(fig. 5.4.a). In the positive inversion case, individual faults may sustain extensional features in
the depth and show contractional features, such as anticline or monocline, in the shallower part
(fig. 5.4.c) (Williams et al., 1989). The thick Zechstein salt succession of the Upper Permian is
present below the Base Triassic (fig. 5.4.b). The salt has extruded from the SE to probably form
this thick halite sequence but it is apparently undisturbed by halokinesis.
The above discussion unveils that the widespread inversion in the study area probably occurred
due the regional Alpine compressional stresses during the Late Cretaceous. The role of the
Zechstein salt perhaps does not satisfy the development of these large inverted structures during
the Late Cretaceous but it may have played role in some local small-scale inversion structures,
like folding induced by salt movements, in the study area.

Figure 5.3: A clear offset at the Base of Zechstein is observed. This probably represents a
younger rift event probably the Late Jurassic rifting.
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Figure 5.4: (a) Close-up of key profile 3 showing inverted faults movement and the monocline
structure, (b) Close-up of key profile 7 showing a large monocline at the Base Chalk
stratigraphic level. This compressional structure shows inversion during the Late Cretaceous.
Red arrow shows direction of the salt extrusion from SE to NW, and (c) Positive inversion model
(modified from Williams et al., 1989).
5.6. Architecture and role of deep faults in the study area
Deep-rooted faults were interpreted throughout the study area. They have a great role in
structuring the brittle crust and introducing complex geometries. Mostly the horst structures
observed on key profiles (see chap.4) are formed by the deep-rooted faults. The lateral extent of
these structural geometries is observed on the Base Zechstein fault map (fig. 4.18.a)
A large horst structure (Horst 7) most likely resulted from faulting which occurred in the brittle
crust as a strain accommodation of the ductile shear zone (Hardangerfjord Shear Zone) during
the Late Devonian. The lateral extent of this local horst is from the NE-SW which is similar to
the trend of the Ling Depression and the Hardangerfjord Shear Zone which is present beneath it.
The vertical displacement of the two opposing faults bounding this horst structure (Horst 7) is
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greater along the SE dipping faults (fig. 5.5). It is cutting deep reflections presumably of the
Early Paleozoic or Top Basement. A NW dipping fault of the Horst 7 cuts through the possible
Rotliegend Group. These deep faults are presumptively forming a link with the basement shear
zone.
5.6.1. Local inversion in the Late Devonian-Early Carboniferous
A large tilted fault block bounded by the deep-rooted faults was observed on the Sele High
during the interpretation of key profile 4 (fig. 5.6.a). Most likely the reflectors in this tilted fault
block are of pre-Permian age truncated by another reflector lying straight on top of them.
Another interpreted seismic section from the Sele High is showing the same structure as
observed during the study, along with the ages assigned to the deep reflections (Marshall and
Hewett, 2003) (fig. 5.6.b). They interpreted the Lower Devonian stratigraphy and the possible
top Basement which are truncated by the Top Devonian horizon. The Variscan Orogeny caused
reactivation of the Devonian extensional faults during the Late Devonian-Early Carboniferous.
This compressional tectonic event probably caused inversion of the Devonian extensional faults
therefore producing compressional structures (Enfield and Coward, 1987; Séranne, 1992;
Underhill and Brodie, 1993).
The bounding faults of this tilted fault block, which are most likely rooting deep into the
basement, are representing the brittle continuation of the ductile shear zone as a result of the
Devonian extensional event. But probably afterwards in the Late Devonian-Early Carboniferous,
it got structurally inverted as a result of the Variscan compressional tectonics. A synclinal
structural form is observed on the WSW of this tilted fault block (fig. 5.6). This inversion event
is not well documented and detail studies must be carried out in order to fully understand this
tectonic event in the Northern Permian Basin.
5.6.2. Reactivation of deep faults during later rift events
These brittle deep faults have been reactivated during the different rift events occurring later in
the area. Færseth (1996) proposed that the NE-SW trending faults possibly root down to the
Caledonian Basement which got reactivated during the different extensional events occurring
later in the North Sea.
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An active rift stage has been determined during the Late Carboniferous-Early Permian times
(Heeremans and Faleide, 2004). This rifting presumably reactivated the basement controlled
faults. One of these basement faults is bounding the Utsira High which is DF6 (fig. 4.2). A
sedimentary wedge is developed in its hanging wall below the Base Zechstein (fig. 5.7.b). This
perhaps point towards reactivation of this Devonian extensional fault during the Late
Carboniferous- Early Permian rifting event.
A large offset is seen at the Base of Zechstein deposits which probably suggest that these deep
brittle faults of probably the Devonian extension were reactivated during the Late Jurassic rifting
event (fig. 5.5.a, also see fig. 5.3). Heeremans and Faleide (2004) suggested that the large offsets
at the Base Zechstein are related to Mesozoic faulting activity. A Permian age is proposed by
Andersen et al. (1999) for the reactivation of the brittle Lærdal-Gjende fault which was formed
by the continuation of the ductile shear zone (Hardangerfjord Shear Zone) into brittle part of the
crust. DF6 is supposed to be reactivated again during the Mesozoic rifting. A normal drag along
DF6 is observed in figure 5.7. In the extensional tectonic settings a normal drag along the
extensional normal faults is developed when the upward propagating fault breaches the fold on
top of it, hence forming a syncline in the hanging wall and anticline in the foot wall (Willsey et
al., 2002). The folds in the study area were possibly formed by the salt movements during the
mid-Late Triassic due to increase load of the Triassic sediments. Later on in the Late Jurassic
rifting, DF6 presumably has been reactivated again and breached the salt induced folding on top
of it, therefore resulting in normal drag.
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(b)

(a)

Figure 5.5: Horst structure (Horst 7) in a section view bounded by deeply rooted faults. (a) The SE dipping fault is cutting the
possible Early Paleozoic reflectors (zoomed portion of key profile 5). Large offset is observed at the Base of Zechstein deposits
encircled in red probably resulted due to the Mesozoic rifting and (b) The SE dipping fault have greater throw (approx. 4750ms TWT)
and is cutting the possible Early Paleozoic reflectors (zoomed portion of key profile 6).
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(a)

(b)

Figure 5.6: (a) Close-up of the Sele High from a Seismic Key Profile 4. A clear tilted large fault
block can be observed on this basement high. Possible inversion caused by the Variscan
compression during the Late Devonian-Early Carboniferous is encircled in red (b) Interpreted
seismic section from the Sele High showing the same structure (Marshall and Hewett, 2003).
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(a)

(b)

Figure 5.7: Upward propagation of DF6 and its antithetic fault. It is also representing the
geological evolution of the Utsira High with respect to DF6. Close-ups (a) and (b) are taken
from key profiles 1 and 2 respectively.
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5.7. Half-graben geometries present below the Base Zechstein
The interpretation of faults and strata was carried out below the Base Zechstein group. Two wells
in the Ling Depression, 17/4-1 & 17/12-2, included in this study (see table 3.1) have encountered
the Rotliegend clastics and one recent well was drilled this year by Statoil (16/8-3 S) into the
Rotliegend group in the Ling Depression (for details see chap. 1) (npd.no). So the well data have
so far proven the presence of the Rotliegend clastics within the Ling Depression area.
Two general rifting stages are shown in figure 5.8 with the rotation of fault blocks. During synrift faults are active and rotating away from the basin axis. The continued sedimentation during
syn-rift causes thickening of the sediments in the hanging wall towards the fault, away from
basin axis.

Figure 5.8: Two rift stages (A) syn-rift and (B) post-rift. Red arrows are showing the rotation of
fault blocks (Gabrielsen et al., 1995; cited and modified from Gabrielsen, 2010).
Rotated fault blocks are observed in the Ling Depression below the Base Zechstein pointing
towards the major rift event (fig. 5.9). This major rifting event occurred in the Late
Carboniferous-Early Permian times. This event is proven in the Northern Permian Basin by the
radiometric dating of volcanics and correlating the interpreted half-grabens with the well data
from the surrounding areas of the Ling Depression (Heeremans and Faleide, 2004). In the Ling
Depression, strata present in the hanging walls of the rotated half-grabens are truncated by the
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Base Zechstein reflector and are thickening away towards the fault. These half-grabens observed
in the Ling Depression are most likely related solely to the Late Carboniferous-Early Permian
rifting event (fig. 5.9). Heeremans and Faleide (2004) also proposed the presence of the
Rotliegend half-grabens below the Base Zechstein in the Ling Depression on the basis of their
seismic data interpretations and data from the surrounding area.
5.8. Distribution of the Zechstein salt in the study area
The distribution of salt in the study area is defined by stratigraphic mapping of the salt and the
structures affecting the northern edge of the Northern Permian Salt Basin. Thick salt sequences
have been deposited in the Late Permian. The thermal relaxation and subsidence during the Early
Permian developed the Northern and Southern Permian basins in the North Sea area which are
filled with the upper Rotliegend clastics and the Zechstein carbonate\evaporate sequences
(Heeremans and Faleide, 2004).
The possible lateral distribution of the Zechstein salt in the Northern Permian Basin, mapped
during the study is shown in figure 4.2. Salt is present throughout the Ling Depression. But it is
absent\eroded on some parts of the Sele High and is totally absent on the Utsira High with some
probability of minor salt at the southern flanks (fig. 4.2). It is also present in the Southern Viking
Graben upto the Beryl Embayment, but this part is not confined to the study.
Heeremans and Faleide (2004) suggested that the Ling Depression and the Åsta Graben are the
structural elements which mark the northern boundary of salt in the Northern Permian Basin.
They also proposed that the presence of a structural high between the Åsta Graben and the Stord
Basin was the main structure that acted as a barrier for further propagation of salt towards north
during the Late Permian. Well 17/3-1(Note: this well is not included in this study) was drilled on
top of this structural high formed by two prominent half-grabens formed back-to-back. Basement
was encountered in this well after the Smith Bank Formation of Early Triassic age because the
Permian strata were completely absent/eroded (npd.no). The composite fault map (fig. 4.2)
shows that MF1 and MF4 have opposite dip direction along there NE-SW lateral extent,
probably showing the structural high which acted as a barrier during the Early-Late Permian.
MF4 is a part of the Øygarden Fault Zone which is also related possibly to Late CarboniferousEarly Permian rifting (Færseth et al., 1995a). MF1 is showing the NE-SW strike on the Base
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Zechstein fault map (fig. 4.18.a). Most probably it is rooting down to basement and again
reactivated during the Late Carboniferous-Early Permian. Further towards the SW two faults
with the NE-SW strike (DF6 and MF3) are marking the northern limit of the salt in the Northern
Permian Basin (fig. 4.2). These two faults are bounding the Utsira High on the south. It is likely
that the Utsira High was acting as a high-relief accommodation zone during the Early Permian
which stopped further transgression of the Zechstein Sea during the Early-Late Permian times. It
is also suggested in previous parts of discussion that DF6 was perhaps reactivated during the
Late Carboniferous-Early Permian rifting which may have developed a high-relief
accommodation zone.
The absence of the salt on the southeastern and the northeastern sides of the Sele High possibly
point towards the presence of the paleo-highs during Early Permian time. These structural highs
(Horst 3 and Horst 4) are mapped during the study (fig. 4.2). The salt was totally absent on these
structures. Otherwise the Zechstein salt was interpreted on the remaining parts of the Sele High.
The paleo-highs are also formed along the NE-SW trending deep faults which are probably
running down into the basement and have affected the structure of the Sele High with the
passage of time. The possible predicted ages of these horst structures coincides with the Late
Carboniferous-Early Permian rifting event.
The above discussion possibly reveals that the distribution of the Zechstein salt was affected
mostly by the NE-SW trending faults which are presumably genetically linked with the NE-SW
trending ductile shear zone (Hardangerfjord Shear Zone) formed in the Early Devonian.
Afterwards in the Late Carboniferous-Early Permian times these deep brittle faults reactivated
due to regional rifting event, therefore producing horst geometries which hindered the salt
distribution in the study area.
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DF6

(b)

(a)

MF3
MF2

(c)

(d)

Figure 5.9: Rotated half-graben structures showing syn-rift sedimentary wedges present below the Base Zechstein. (a), (b), (c) & (d)
are showing close-ups of the Ling Depression from the key seismic profiles 1, 3, 4 & 5 respectively.
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5.9. Lateral fault configuration
The Sele High is an interesting feature in terms of lateral structural settings as it is bounded by
three major faults (MF2, MF5 & MF6) having different orientations (see fig. 4.2).
MF2 is oriented NE-SW and represents a structural separation between the Sele High and the
Ling Depression (fig. 4.2). This fault is confined to the post-Zechstein structures. On the key
profile 1, a fault is present below MF2 which is running deep into pre-Zechstein strata (fig.
4.3.a). The MF2 might be a possible continuation of this deep fault but it is not possible to
structurally relate these two features due to the presence of salt layer in between. There can be a
possibility that the deep fault is the result of the Late Carboniferous- Early Permian rifting and
MF2 may have formed during the later rifting Phase occurring in the Mesozoic. The salt layer in
this case maybe acting as a décollement, hence separating the per-Zechstein structures from the
post-Zechstein structures. The MF2 strike direction also correlates with the NW-SE extensional
event of the Late Jurassic. This leads to possible development of this main fault during the Late
Jurassic rifting event.
MF5 is oriented NW-SE and is structurally separating the Sele High from the Norwegian-Danish
Basin (fig. 4.2). This fault is also related to the post-Zechstein structures. The basement was
characterized by NE-SW, NW-SE and E-W grains which resulted from Caledonian compression
and further by Devonian extension (Færseth et al., 1995a). There is a possibility that this
structural feature is related solely to the Late Jurassic extensional event but the orientation of this
main fault does not satisfy the NW-SE to WNW-ESE extensional vectors. This leads to an
argument that the reactivation of basement shear zones, which were formed in the NW-SE
Devonian extensional settings, have possibly introduced complex geometries during the Late
Jurassic rift event.
MF6 is the eastern boundary fault of the Sele High (fig. 4.2). It has the N-S strike direction
which correlates with the E-W extensional vectors of the Late Carboniferous- Early Permian
rifting. This fault is running deep into the crust. An argument can be build-up that this fault was
formed initially by brittle continuation of the Hardangerfjord Shear Zone in the Late Devonian
and later got reactivated during the Late Carboniferous-Early Permian rifting phase.

The

bounding faults of the Sele High have lateral variations along their trend which correlates with
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different tectonic events and extensional settings. Further detail studies on the orientation of
these complex geometries can help understand the in-depth relationship between ductile shear
zones and the major rifting events occurring lately in the North Sea
MF3 and DF6 mark the northern boundary of the Ling Depression and are oriented NE-SW.
They represent the structural separation between the Utsira High and the Ling Depression (fig.
4.2). The dip direction of MF1 varies from the SE to SW during different periods with the
change in the strike. It has opposite dip direction with respect to MF4 therefore forming a
structural high (fig. 4.2). Heeremans and Faleide (2004) proposed that the basement high is
present in between the Åsta Graben and the Stord Basin which probably acted as high relief zone
most likely in the Early Permian. The Utsira High is also a basement high and the two main
faults (MF3 and DF6), which are marking the southern limit of the Utsira High are showing a
large offset between the Base Zechstein and the basement (see table 3.1). The faults with the NESW trends most probably root down into the basement subsequently reactivated during different
extensional events occurring in later stages (Færseth, 1996). So the role of the NE-SW trending
mega-structures (such as Hardangerfjord Shear Zone) in the crustal structuring and formation of
complex geometries cannot be ruled out as suggested by some previous authors (e.g. Færseth,
1996; Smethurst,2000; Heeremans and Faleide, 2004).
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CHAPTER 6
SUMMARY AND CONCLUSION
The Ling Depression has evolved through time along with the Utsira High and the Sele High.
The main feature which played an important role in the geological evolution of the area includes
the Hardangerfjord Shear Zone. Later some new features developed due to two major rifting
events in the Late Carboniferous-Early Permian and Late Jurassic times. The old brittle faults
also got reactivated during these rifting events, hence introducing complexities in the structures
in the study area. The Zechstein salt played a major role as a décollement, thus separating the
pre-Zechstein structures from the post-Zechstein structures. The summary of the timing of these
main events is as follows:


The rifting in the Early Devonian caused the formation of the NE-SW oriented ductile
basement shear zones (such as Hardangerfjord Shear Zone).



Continued rifting in the Late Devonian developed brittle faulting in the crust which is most
likely a continuation of the ductile Hardangerfjord Shear Zone.



In Early Carboniferous the regional Variscan compression presumably caused the inversion
of Devonian extensional structures.



Another major regional rifting event occurred in the Late Carboniferous-Early Permian times
resulting in N-S oriented faults. This continued rifting developed rotated half-grabens and
also reactivated some deep-rooted faults most likely related to the Devonian extensional
event. Perhaps the Utsira High and some parts of the Sele High were uplifted during the
Early Permian, therefore acting as high relief accommodation zones. While subsidence due to
thermal relaxation formed two large Permian basins (Northern and Southern Permian basins).



During the Late Permian, the Zechstein salt was deposited in the Permian salt basins.
Basement highs acted as barrier towards the North, therefore hindering the deposition of salt
further to the north into the Stord Basin.



During the Early Triassic an increase in sedimentation rate remained generally balanced
with the rate of subsidence which resulted in thick accumulation of Triassic deposits.
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Salt movement was triggered most likely in the Middle Triassic due the thick Triassic
deposits overlying the Zechstein salt. The movement in the salt developed local folding and
diapirism.



Early Jurassic experienced another event of volcanism. This further developed the rift dome
structure in the central North Sea.



In mid-Late Jurassic another major rifting event is characterized by NNE-SSW structural
orientation. Some deep-rooted faults were probably reactivated again which caused the
further uplift of the Utsira High and the Sele High.



The Alpine compression mostly caused inversion of structures at the shallower depth. Along
with some local salt induced inversion, as the halokinesis continued in the Cenozoic.
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