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Abstract  
 

The evolution of the Øygarden Fault Complex (ØFC) footwall is studied using 

tectonostratigraphic analysis of 3D seismic reflection data. The footwall is comprised 

of a North-South trending graben bounded by three reactivated basement involved 

faults. Within the graben, a network of smaller faults has developed a step-like 

prominent fault pattern. Two dominant fault sets are recognized, one with a strike in an 

NNW-SSE direction and the other in an N-S to NNE-SSW direction.  

The relevance of understanding this poorly understood system is due to its location up 

dip from a prominent CO2 storage site and potential leakage across the Øygarden fault 

into the footwall. This study and represents the first attempt to document the fault 

architecture and the sediments present in the footwall graben of the ØFC.  

Seismic amplitude signature correlation between the ØFC footwall and hanging-wall, 

conducted herein, indicate that the footwall graben is filled with Middle to Late Jurassic 

sediments supported by findings of Jurassic sediments in fault zones in nearby onshore 

areas. Four prominent reflectors are recognized in the footwall strata which are 

interpreted to be (or approximate to) the tops of the Brent Group, Krossfjord, Fensfjord 

and Sognefjord Formation. The Jurassic strata represents a thinner succession on the 

footwall of the ØFC compared to the hanging-wall as it has been heavily eroded and 

truncates against the Base Pleistocene erosional unconformity (BPU). This 

unconformity makes specific dating of the faults challenging as cross-fault stratigraphic 

correlation cannot be utilized.  
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No wedge shaped syn-rift deposits are recognized within the footwall graben, indicating 

post-depositional faulting. Graben development is envisaged to have occurred during 

the Late Jurassic or Early Cretaceous. This timing is consistent with the diachronous 

basin to margin transfer of strain post Jurassic-Cretaceous extension. This study has 

shown that there is no bias towards one fault set abutting the other, and fault populations 

are likely to have developed simultaneously. Regional faults on the Horda Platform 

suggest a SSW-NNE extension direction is likely during the Late Jurassic to Early 

Cretaceous Phase of rifting, however, faults in the ØFC footwall appears to be 

dominated by oblique reactivation of N-S faults that formed initially during Permo-

Triassic extension. Mass transport direction as an indication of extension direction show 

that the ØFC footwall faults have a WSW direction of movement. However, the smaller 

faults are clearly dominated by the reactivated N-S trending faults. 

The prominent basement high located under Mesozoic sediments in the footwall of the 

ØFC are envisaged to have been previously uplifted, fractured and weathered. If CO2 

injected into the Smeaheia subsurface comes in contact with the ØFC, there is a 

potential for along-fault leakage either to the free surface, or into Jurassic sediments in 

the footwall described herein. Therefore, knowledge of the footwall sediment and fault 

architecture is fundamental to de-risking the adjacent CO2 storage prospect. 
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 Introduction  

 Motivation 
The Øygarden Fault Complex (ØFC) is a regional structural lineament that defines the 

eastern flank of the Horda Platform (Figure 1.1) and delineates onshore Norway with 

the North Sea (Færseth, 1996). The outline of the study area and the main structural 

elements of the northern North Sea is presented in Figure 1.1. The ØFC extends for 300 

km from Stavanger in the south to Florø in the north (NPD-Factmaps, 2019).  

The fault complex has an intricate geological history, the details of which have been 

important for petroleum exploration in the North Sea. On the other hand, the offshore 

extent of the ØFC footwall is underexplored. It is important to uncover the fundamental 

of the footwall structural evolution to enhance the regional geological understanding 

but also for better prediction of fluid flow if injected CO2 are able to leak into the 

footwall. 

The evaluation of the North Sea as a Carbon Capture and Storage (CCS) site is under 

development. The Smeaheia area (Blocks 32/4 and 32/1) is considered a potential CO2 

storage site. The area is bounded by the ØFC to the east and the Vette Fault Zone (VFZ) 

to the west (Mulrooney et al., 2018). Both of these basement-involved faults are 

outlined in Figure 1.2, which shows a schematic cross-section of northern North Sea 

that intersect the study area of this thesis and portray the basin configuration. The ØFC 

and VFZ formed during the Permo-Triassic rifting event and were later reactivated and 

further displaced during Mid Jurassic Early Cretaceous rifting (Burke, 1977; Turcotte 

and Emerman, 1983; Ziegler, 1992b; Faleide et al., 2015).  
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There are several fault related studies on the Horda platform (e.g. Badley et al., 1988; 

Færseth et al., 1995; Christiansson et al., 2000; Bell et al., 2014; Whipp et al., 2014; 

Duffy et al., 2015; Deng et al., 2017a; Fazlikhani et al., 2017), but no detailed studies 

of the ØFC footwall has previously been conducted. The reason being that the footwall 

is assumed irrelevant in respect to commercial hydrocarbon accumulations. Another 

reason might be that the complex fault architecture combined with limited data, makes 

it less attractive due to the large uncertainties and the difficulties making precise 

conclusions. The Horda Platform in general has a hierarchy of architectural elements 

with major basement involved fault dipping westward and syn-rift wedges overlying 

the rotated fault blocks (Figure 1.2.), quite different to the fault pattern found in the 

ØFC footwall.   

Knowledge of the ØFC and its footwall is valuable as it lies up dip from the potential 

future CO2 injection locations. Injected fluids would likely come in contact with the 

fault complex where they will be either trapped, transmitted through the fault into the 

basement rock, or flow up along the fault where they could potentially reach the free 

surface, or enter smaller Mesozoic basin in the footwall of the fault (the topic of this 

thesis). It is key to have good understanding to plan of different scenarios in regards of 

CO2 migration so that entrapment becomes as efficient and secure as possible.   

This body of work focuses on the immediate footwall of the ØFC and most 

consideration are given towards its complex fault network together with the thin 

sedimentary cover as shown in Figure 1.2. The fundament of the work is to build a geo-

model as a contribution to the structural de-risking of Norwegian Carbon Capture and 

Storage project (NCCS) in the Smeaheia area. The model is then subjected to a rigorous 

structural analysis. To be able to better understand the complexity of the ØFC footwall 

fault system, a solid understanding of regional geological evolution is essential and 

outlined in Chapter 2. Detailed study aims and objectives are outlined in the following 

sections.  
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Figure 1.1. Simplified map showing the main structural elements of the northern North Sea rift system. 

The maps show the structural elements developed during both the Permo-Triassic and Jurassic-

Cretaceous rifting events. The orange colour represents the extent of Permo-Triassic basins and the blue 

colour represents the Jurassic basins. The red square indicates the location of the study area in this thesis. 

Two major shear zones that formed during the Caledonian orogeny are marked. Notice how these shear 

zones affect the fault patterns in the North Sea. A cross-section of the northern North Sea is displayed in 

Figure 1.2 and location is marked on this map. Modified from Whipp et al. (2014), after  Færseth (1996). 
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 Aim of the Study 
There is no current literature that describe ØFC footwall and its structural evolution. 

Therefore, the zone between ØFC and mainland Norway is very little understood due 

to insufficient research. One reason for this being that the focus of petroleum 

exploration has primarily targeted the North Sea sedimentary basin further west. This 

thesis aims to increase the understanding of the structural evolution of the ØFC footwall 

situated between mainland Norway and the North Sea sedimentary basin. There are a 

few central questions that imminently arise and needs answers, the questions are as 

follows:  

 What are the ages of the sediments in the footwall graben? 

 When was the ØFC footwall faults active and what order did the fault-sets form? 

 What was the extension direction during faulting? 

 What will be the implication if CO2 migrate into the footwall? 

During construction of subsea tunnels on the mainland, a narrow zone of Mesozoic 

rocks has been found in the tunnel wall in association with a fault zone (Fossen et al., 

Figure 1.2. Cross-section of the northern North Sea. The study area of this thesis is highlighted by the 
red rectangle to the right. The location of this profile is shown in Figure 1.1. The colours are made to 
match the general lithology assemblage of the sedimentological unit. Notice that underneath Horda 
Platform there is a high velocity high density crustal body that is probably remnants from the root of the 
Caledonia orogeny. Modified from Christiansson et al. (2000).  
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1997). This observation implies that there might be additional small Mesozoic basins 

on top of the offshore basement relief as well. The sediment filled small graben found 

in the ØFC footwall is a candidate of such as small Mesozoic basin. 2D and 3D seismic 

reflection data of the ØFC immediate east to the Smeaheia Fault Block is studied in 

greater detail to try to answer the questions above.  

1.3 Objectives 

To approach the aim of this research, as outlined in the section above, several objectives 

is introduced and listed below. By achieving these objectives, increased knowledge of 

the ØFC footwall is obtained and a better geological model can be outlined. The most 

important objectives of this study are the following: 

• Initiate the project by getting a solid understanding for regional geological 

history from literature study.  

• Learn best practice seismic interpretation workflow for fault and horizon 

interpretation and perform detailed fault and horizon interpretation in the ØFC 

footwall and to some extent in the ØFC hanging-wall for correlation purposes.  

• Document the structural architecture of the ØFC footwall in GN1101 3D seismic 

cube.  

• Detailed analysis of footwall faults to understand different fault populations, 

fault growth style, determine relative ages of different fault populations and 

understanding how these fault populations interact with each other in time and 

space. 

• Attempt to correlate the ages of the footwall sedimentary package with the well-

known hanging-wall stratigraphy.  

• Analytical and quantitative methods using various geological software to obtain 

details about footwall evolution. Generation of time-structure maps, time-

thickness maps, throw profiles, T(z) diagrams, expansion index diagram (E.I.), 

fault abutment analysis, net mass transport direction and fault surface 

displacement attribute maps.  
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• Synthesize all the data obtained and suggest an evolution model for the footwall.  

• Determine the importance of the research with regard to CO2 injection.  

 

1.4 Thesis Arrangement  

This thesis is divided into 8 chapters in addition to bibliography at the end of this thesis. 

Chapter 1 outlines the thesis content along with the motivation for this thesis and what 

aims and objectives that the study aspires towards. Chapter 2 provides an overview of 

the geological setting covering the most significant and relevant geological event back 

to the Devonian. To be able to understand certain concept of normal faulting and fault 

segment interaction, a theoretical background for these concepts is presented in Chapter 

3 along with an introduction to CO2 storage and limitations of seismic data for fault 

analysis. The workflow of this study will be summarized in Chapter 4. During the 

research period of this thesis, many results were obtained, the most important ones are 

presented in Chapter 5. In Chapter 6 a discussion around several key topics will be 

conducted to try to reach the aim. A complete summary of the main findings, a 

suggested geological history and some concluding remarks are given in Chapter 7. 

Suggestions for further work is given in Chapter 8. Lastly, all the references used in 

Chapter 1 to 8 can be found in the bibliography at the very end of this thesis.  
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 Geological Setting: Evolution of the 

Northern North Sea 
Rift basins result from extension and thinning of the lithosphere and are characterised 

by brittle deformation and normal faulting in the upper and ductile deformation 

movement in the lower part of the lithosphere, respectively (McKenzie, 1978; 

Wernicke, 1985). The North Sea rift basin is bounded by Great Britain to the west, the 

Shetland Islands to the northwest, Scandinavia to the east and France, Benelux and 

Germany to the south. The basin covers an area up to 575 000 km2 (NPD-Factmaps, 

2019). The North Sea is an intracratonic basin i.e. a basin that lies on top of continental 

crust (Faleide et al., 2015).   

Three major rift regions divide the basin in three, the Witch Ground Graben (WG) / 

Moray Firth Basin (MF), the Viking Graben (VG) and the Central Graben (CG; Figure 

1.1). The three aforementioned grabens are configured into a trilete system, an 

aulacogen (failed rift arm) of the Arctic-North Atlantic rift system which first 

commenced in the Late Carboniferous, is characterised by two main phases of activity, 

in Permo-Triassic and the Late Jurassic to Early Cretaceous (Burke, 1977; Turcotte and 

Emerman, 1983; Ziegler, 1992b; Faleide et al., 2015).  

The ØFC (studied herein) is a large north-south trending fault system that bounds the 

eastern margin of the of the Horda Platform and the northern Norths Sea, and represents 

the eastern most extent of rifting throughout the Mesozoic rift phases (Færseth et al., 

1995; Færseth, 1996; Færseth et al., 1997; Whipp et al., 2014). 

This chapter outline the geological evolution of the northern North Sea emphasising the 

two major rifting events and the development of the Horda platform and the ØFC to 

give regional context to the study conducted herein.  
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2.1 Regional structural and tectonic evolution  

The North Sea has a complex geological history. Since the Cambrian period the North 

Sea has been subjected to both compressional and extensional tectonic events. Figure 

2.1 outlines the plate tectonic movement from Ordovician to late Cretaceous form a 

global perspective. The purpose of Figure 2.1 is to set the geological evolution of the 

northern North Sea in a larger global context and highlight important tectonic events. 

Ziegler (1990a) systemized the most significant tectonic events and subdivided them 

into five stages describing the evolution of the North Sea basin:  

i. Caledonian Orogeny: Continental collision between Baltica, Avalonia and 

Laurentia during the Late Ordovician to the Middle Silurian.  

ii. Early Devonian gravitational collapse of the Caledonian Orogeny: 

Establishment of the large extensional shear zones and Devonian basins, 

which later affected the rifting events.  

iii. Carboniferous-Early Permian rifting phase: Formation of several basins 

and development of graben and half-graben structures in the North Sea.  

iv. Permian-Early Triassic and Jurassic-Early Cretaceous rifting stages: 

Two rifting stages contributing to graben formation in the North Sea.  

v. Late Cretaceous-Early Cenozoic subsidence and mild basin inversion: 

The inversion reactivated pre-existing faults and subsidence occurred on a 

broad basin wide scale.  

 

The dominant structures in the northern North Sea are large rotated fault blocks which 

form half-grabens with asymmetric sedimentary infill (Nøttvedt et al., 1995). The 

sediment thickness increases towards the faults, due to the increased accommodation 

created during fault movement (Faleide et al., 2015). The fault blocks are displaced due 

to lithospheric stretching, sedimentary loading, thermal contraction and subsidence. 

Listric faults are the most common style of fault that bound fault blocks, but planar 

faulting has also been recognized (Nøttvedt et al., 1995).    
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Figure 2.1. Paleogeographic and plate tectonic reconstruction of the earth. The different globes show 

plate location at various geological periods. The red line represents earths equator and the red dot is the 

approximate position of the North Sea. Different major tectonic events are highlighted on the different 

globes. The paleogeographic maps is made by Blakey (2019) 
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2.1.1 Caledonian Orogeny and Tectonics  

The Caledonian Orogeny represents an extended period of compressional tectonics due 

to the collision of the tectonic plates Baltica-Avalonia and Laurentia (Figure 2.1). The 

onset of collision is dated to approximately 430 Ma (Andersen and Jamtveit, 1990; 

Jolivet et al., 2005; Corfu et al., 2006; Glodny et al., 2008). Soper et al. (1992) 

performed a tectonic plate reconstruction which is displayed in Figure 2.2. The figure 

shows how the evolution of the collision at three different periods and where major fault 

and shear zones were active.   

The crustal thickening and the displacement of the growing nappe pile onto Baltica 

persisted for approximately 25 Myr  (Fauconnier et al., 2014). When the Caledonian 

mountain belt was at its greatest, it reached dimensions comparable to the modern-day 

Himalayas. Figure 2.3 shows a model of how the Caledonian orogeny may have looked 

like at its maximum approximately 400 Ma. In this period (~ 410 to 400 Ma), the deepest 

part of the basement rock experienced ultra-high metamorphism due to enormous 

pressure resulting in the formation of eclogites (Kylander-Clark et al., 2009; Hacker et 

al., 2010; Labrousse et al., 2010; Krogh et al., 2011).  

From deep seismic reflection data calibrated by gravity and magnetic data, 

Christiansson et al. (2000) was able to identify a section in the seismic with high density 

and velocity underneath the Horda Platform (Figure 1.2). This section is suggested to 

be part of the roots of the orogeny and possibly eclogitic in composition.  
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Figure 2.2. Evolution of the Caledonites in the North Atlantic. This figure is based on plate 

reconstruction work performed by Soper et al. 1992. The Caledonian collision comprised convergence 

between three tectonic plates Baltica, Laurentia and Avalonia. The northern and southern Iapetus ocean 

separated Laurentia form Baltica and Avalonia at an earlier stage. The ocean was closed during the 

collision and a mountain chain rose. Modified from Coward et al. (2003) after  Soper et al. (1992). 
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2.1.2 Gravitational collapse of the Caledonian 

mountains  

The compressional regime during the building of the Caledonian mountains changed to 

an extensional regime in the Late-Silurian causing major sinistral movement on several 

faults and translations between the Laurentian and Baltic shields (Fossen, 1992; 

Osmundsen and Andersen, 2001; Braathen et al., 2002; Dewey and Strachan, 2003; 

Osmundsen et al., 2003). Orogen-parallel extension and denudation in the central part 

of the Norwegian Caledonides may have started as early as 420 to 410 Ma  (Braathen 

et al., 2002). Fossen (1992) subdivided this following extension period into two stages:  

Figure 2.3. Constructed realistic model of the collision of Laurentia and Baltica showing the spacial 

extent of the Caledonian orogeny during the Devonian approximately 400 Ma. The approximate location 

of Norway is highlighted in red. Notice earths equator in the upper right corner implying that Europe is 

located in the southern hemisphere. Modified from Blakey (2019). 
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i) The first stage (Late Devonian) is categorized by the collapse of the 

Caledonian nappe stack and reactivation major thrust faults (Fossen, 1992; 

Fauconnier et al., 2014).  

ii) The second stage lead to development of crustal-scale extensional shear 

zones e.g. Hardanger-Lærdal-Gjende Fault zone (HLGFZ), which created 

intermontane Devonian basins e.g. Hornelen-Solund, Spitsbergen and 

Orcadian basin (Hossack, 1984). These basins were mainly filled with 

fluvial and alluvial sediments of continental origin (Andersen, 1998). The 

basins are preserved and exposed in the western part of onshore Norway 

(Fossen, 1992; Fossen and Hurich, 2005; Gee et al., 2008).  

Several mylonite zones in western Norway truncate older compressional structures that 

underly Devonian basins. This represents the evidence of tectonic thinning of the 

Caledonian nappe pile (Andersen and Jamtveit, 1990). The development of NE-SW 

Caledonian crustal fabric is believed to have exerted fundamental control of the 

formation of the North Sea basin by changing the geometry of the Mesozoic rifting 

events and controlling thermal subsidence during the Cenozoic (Ziegler, 1990b; Stewart 

et al., 1992; Bartholomew et al., 1993; Færseth et al., 1995; Smethurst, 2000). However, 

interpreting these deep buried Palaeozoic structures confidently is difficult (Færseth et 

al., 1995). Depth to basement has been mapped by combining seismic reflection data, 

magnetic data and gravity data (e.g. Klemperer, 1988; Fichler and Hospers, 1990; 

Hospers and Ediriweera, 1991) 

 

2.1.3 Proto-rift stage  

A proto-rift stage is categorized as a phase of stretching immediately before active 

rifting, not to be confused with pre-rift stage, which might include the entire structural 

evolution before rift onset, as described above. The geometry of proto-rift basins is 

typically saucer-shaped and gently deepening towards the future graben axis (Nøttvedt 

et al., 1995). Faults created in this stage are unlikely to create large offsets and develop 

orientation parallel to the axis of the rift structure.  

The subsidence has a flexural nature, with subsidence affecting a broader area than it 

does in the successive stages (Nøttvedt et al., 1995; Faleide et al., 2015). The proto-rift 

stage is sometimes recognized by deposition in a wide, slowly subsiding basin and 
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establishment of large axial sediment transportation. The marine sediment infill is 

primarily controlled by eustasy (Sea-level fluctuation; Nøttvedt et al., 1995).  

 

2.1.4 Taphrogenic rift stage  

A rift phase is categorized by active stretching of the lithosphere and rotation of fault 

blocks. Syn-rift subsidence is the result of isostatic response and adjustment to the 

mechanically thinned lithosphere. This process is counteracted by the upwelling of 

asthenosphere into the space generated during active stretching (Nøttvedt et al., 1995). 

When warmer asthenosphere is transported upward the asthenosphere-lithosphere 

boundary is displaced giving a higher thermal gradient and causes uplift of the rift zone 

(Turcotte and Emerman, 1983; Nøttvedt et al., 1995).  

The most essential parameters regarding the structural style of rift in the upper crust and 

syn-rift sedimentary levels is defined by Ziegler (1992a) to be: 

i) Thickness and thermal state of the crust and subcrustal 

lithosphere at the onset of rifting.  

ii) The amount of crustal extension and the width over which 

it is distributed, known as the β-factor.  

iii) The mode of extension, whether orthogonal or oblique. 

iv) The influence of pre-existing structures and zones of weakness.  

v) The lithological composition of pre- and syn-rift sediments.  

2.1.4.1 Late Permian to Early Triassic - Rift Phase 1.  

In the Late Permian, the first major rift phase (Rift Phase 1 hereafter) initiated the 

formation of the North Sea Rift. The rift axis is located below the western part of the 

Horda Platform (Figure 1.1) and the Permo-Triassic stretching is constrained by the 

ØFC to the east and the Hutton Fault alignment to the west (Odinsen et al., 2000).  

The exact timing of rift-initiation is not well defined in the literature. However, dating 

of sedimentary rocks, fault rocks and dikes suggests this rift phase initiated somewhere 

between 261 to 225 Ma (Ziegler, 1982; Ter Voorde et al., 2000; Bell et al., 2014). The 

active rifting is estimated to have lasted for 25-37 million years until the Early Triassic. 

Rift Phase 1 was most likely linked to the breakup of the supercontinent Pangea 

(Ziegler, 1982; 1990b; Ter Voorde et al., 2000).  
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The width of the Permo-Triassic basins is estimated to be ~120-125 km. However, 

studies of the Horda Platform, East Shetland Basin and Unst Basin (Figure 1.1) suggests 

that there might have been broader extending Permo-Triassic basins, but they have not 

been confidently identified underneath the Viking Graben (Færseth, 1996; Tomasso et 

al., 2008). Due to the enormous subsidence post-Triassic, the Permo-Triassic strata 

might in some areas be buried deeper than 8 km, making it problematic to resolve on 

seismic sections due to resolution limitations (Klemperer, 1988).  

The stretching factor (β) is a heavily debated topic, due to the uncertainty of the 

thickness, extent and presence of the Permian-Triassic sediments under the Middle 

Jurassic to Early Cretaceous strata in the middle of Viking Graben. Some authors 

suggest a more or less uniform basin wide stretching in Rift Phase 1 (e.g. Odinsen et 

al., 2000), while other studies argues that an even higher stretching factor (β) in the 

Horda Platform area than in the present day Viking Graben (e.g. Færseth, 1996; Ter 

Voorde et al., 2000).  

Rift Phase 1 had most likely an extension direction in an East-West direction creating 

orthogonal orientated faults which strike in a North-South to NNW-SSE direction. The 

observed dikes onshore Norway, trending in a North-South direction also support this 

statement (Bell et al., 2014).  

Some of the major faults may have been affected by the crystalline basement fabric 

observed onshore Norway that were created by major shear zones (Færseth et al., 1995). 

Several of the major extensional structures of Devonian age can be extrapolated into the 

rift zone (Figure 1.1). Large north-south trending rift structures, such as the ØFC, bend 

or terminate against these zones. This shows clear influence of their presence during 

rifting, making an example of how pre-rift structures obliquely to the rifting direction 

can influence rift architecture (Fossen et al., 2017). Figure 1.1 also show how the 

Hardagerfjord Shear Zone and the Nordfjord-Sogn Detachment affect the fault 

geometry in the North Sea.  
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Many authors have interpreted major North-South trending Permo-Triassic basins on 

the Horda Platform that are bounded by large west dipping faults (Badley et al., 1984; 

Steel and Ryseth, 1990; Nøttvedt et al., 1995; Færseth, 1996; Ter Voorde et al., 2000). 

Low volcanic activity in the Permo-Triassic rift system with no evidence of regional 

doming indicate that the rifting did not cause a major disturbance of the lithosphere 

(Ziegler, 1992b).  

Rift Phase 1 was followed by an approximately 70 Myr period of tectonic inactivity and 

thermal subsidence of the basin. The sedimentary infill of the Late Triassic to Middle 

Jurassic tends to thicken towards the earlier graben axis (Yielding et al., 1992). The 

thermal subsidence and subsidence due to loading were accommodated by steep dipping 

faults in the margins of the basin, here the ØFC played a crucial role as the basin margin 

(Badley et al., 1988). Movement on the ØFC persisted throughout the Triassic period 

(Christiansson et al., 2000).  

2.1.4.2 Triassic-Jurassic sedimentary Basin  

In the progressively forming accommodation in the northern North Sea generated by 

fault displacement during the Permo-Triassic rift phase, deposition of clastic sand and 

silt wedges occurred. The Triassic to Middle Jurassic succession expresses repeated 

outbuilding of clastic wedges mainly of continental red-beds (Ziegler, 1992b; 

Christiansson et al., 2000). Erosion of the remaining topography from the continent 

collision in the Norwegian and East Shetland Hinterland is likely to be the provenance 

of these sediments (Christiansson et al., 2000). The sediment deposits show a 

transgressive to regressive sequence stratigraphic style, and have been studied in more 

detail by Steel (1993) who categorized the strata into mega-sequences.  

From Olenekian up to Norian the North Sea experienced episodes of marine 

transgressions assisted with inundations of the Tethys sea. Open marine conditions were 

established in the southern and south-central North Sea during the Rhaetian and 

Hettangian. The Arctic and Tethys Seas was connected during the Simenurian when the 

entire North Sea was flooded. This linkage between the two seas persisted until the 

Aalenian age in the Middle Jurassic (Ziegler, 1992b).  
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2.1.4.3 Middle Jurassic Thermal Dome  

Extensive mapping of unconformities in the Early Jurassic performed by Underhill and 

Partington (1993) showed a concentric to elliptical pattern of stratigraphic truncations 

as shown in Figure 2.4. Early Jurassic, Triassic and even Permian strata show evidence 

Figure 2.4. Map displaying the prevalence of the mid North Sea thermal dome and the resultant 

unconformity with a few selected subcrops. VG=Viking Graben DK=Denmark UK=United Kingdom. 

Modified from Coward et al. (2003), after Underhill and Partington (1993). 
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of erosion (Ziegler, 1992b). This feature is best explained by doming caused by a warm 

plume head rising from the deeper warmer mantle (Underhill and Partington, 1993).  

The Middle Jurassic thermal dome is believed to have its center located in the area of 

the triple junction between the Moray Firth-Witch Ground-, Viking- and Central 

grabens. Figure 2.4 shows the dome’s lateral extent in the North Sea. According to the 

chronostratigraphic analysis performed by Underhill and Partington (1993), the doming 

may have begun in the Toarcian and reached its maximum in the Aalenian before 

deflating.  

The rise of the dome and following regional uplift forced the seawater back and the 

Tethys- and North Sea became separated once more (Ziegler, 1992b). Figure 2.5 show 

a conceptual sketch of domal uplift and erosion. The erosion of the elevated area and 

later deposition resulted in a shift of sediment transport direction compared to the 

general trend in the basin (Underhill and Partington, 1993). The striped areas in Figure 

2.4 represents the lateral extent of the sediment deposited during the thermal doming 

and has a basin ward shift in sediment transport direction. As the thermal dome deflated 

new accommodation is created and sediment started to drown the unconformity.  

A basin development as seen in the North Sea from the Toarcian to Kimmeridgian does 

not fit with a simple McKenzie passive rift model of extension. An active rifting model 

in which rifting is a consequence of thermal doming is a plausible explanation 

(Underhill and Partington, 1993).  

In Figure 2.6 the difference in passive and active rifting is demonstrated. In active rifting 

(Figure 2.6 a), a mantle plume stretches the continental crust and conducts heat to the 

lithosphere resulting in thinning. However, the thinning of the lithosphere and mantel 

Figure 2.5. Conceptual sketch of domal uplift, erosion and deposition. The dotted yellow areas represent 
deposited sediment eroded from the elevated areas of the dome. The stiped central part is horizontal layers 
of different lithologies deposited at an earlier stage. The dotted line represents the dome if no erosion had 
occurred. Modified from Nøttvedt et al. (1995) 
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is not necessarily homogeneous. The thinned lithosphere is uplifted due to isostasy. The 

doming creates tensile stress and results in rifting. In contrast, passive rifting (Figure 

2.6 b) involves mechanical stretching of the lithosphere by distant forces. The upwelling 

of the asthenosphere into the space generated and later rifting is a passive response to 

the regional stresses (Huismans et al., 2001).  

 

 Middle Jurassic to Early Cretaceous –  

In the Middle Jurassic, the North Sea underwent another major rifting event (Rift Phase 

2 hereafter; Ziegler, 1982; Ziegler, 1990b; Ter Voorde et al., 2000). During the 

Kimmeridgian to Valanginian, the rate of extension across the North Sea accelerated 

due to far-field stresses (Ziegler, 1992b; Doré et al., 1999; Whipp et al., 2014). Many 

authors have postulated that Rift Phase 2 initiated as a result of the Mid Jurassic thermal 

dome located in central parts of the North Sea (Ziegler, 1990b; Underhill and 

Partington, 1993; 1994). The rise and fall of this thermal dome generated regional 

tension and further establishment of the trilete rift system configuration (Davies et al., 

2001). This zone of lithospheric weakness may have facilitated for sequential faulting 

and rifting as a response to changes in the Middle and Late Jurassic intra-plate stress 

regime (Ravnås and Steel, 1997; Davies et al., 2001; Nøttvedt et al., 2008). 

Figure 2.6. a) Active rifting model due to presence of a warm mantel plume. The extension forces are 
generated by mantel plume impingement on to the base of the lithosphere. b) Passive rifting model where 
the rifting is a result of far-field extensional stresses. The space created due to the thinning of the 
lithosphere is filled by the asthenosphere passively. Based on  Huismans et al. (2001) 
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Sedimentary packages adjacent to faults on the East Shetland Basin and Horda Platform 

have been analyzed. By looking at the sediment thickness variation, the timing of the 

initiation of Rift Phase 2 has been documented and dated to Bajocian (~167-170 Ma; 

Færseth and Ravnås, 1998; Davies et al., 2000; Cowie et al., 2005). Many of the large 

faults active in the Middle Jurassic to Early Cretaceous were reactivations of older 

Permo-Triassic fault structures (Badley et al., 1988). However, 3D seismic studies of 

the East Shetland basin suggest that several west dipping Rift Phase 1 faults are crosscut 

by younger east dipping Rift Phase 2 faults. This indicates that in places during Rift 

Phase 2 it was favorable to initiate new faults rather than reactivate older pre-existing 

Permo-Triassic faults (Færseth, 1996; Færseth and Ravnås, 1998; Tomasso et al., 2008). 

Duffy et al. (2015) analyzed the fault growth and interaction in a multiphase rift fault 

network on the Horda Platform and found that faults of Rift phase 2 was more likely to 

abut against reactivated faults from Rift phase 1.  

The active rifting persisted until the Early Cretaceous and evolved from widespread 

faulting to becoming focused and narrower in the Viking, Central and Moray Firth-

Witch Ground Graben system (Gabrielsen et al., 1990; Færseth et al., 1997). Although 

the Jurassic-Cretaceous rifting is more localized when compared to the Permo-Triassic 

rifting, the basin is wider because of sedimentation loading that transcended the Permo-

Triassic rift margins (Færseth, 1996; Færseth et al., 1997). However, the active faulting 

across the rift was diachronous meaning active faulting in different regions at different 

times (Helland-Hansen et al., 1992; Rattey and Hayward, 1993; Bell et al., 2014). The 

diachronous faulting is recognized by dating the unconformities in fault footwalls and 

deposits controlled by the fault onset. In the northern North Sea, initiation of major 

faulting occurred ~160 Ma in the Brent Group Province, whereas in the Central Graben 

it was ~140 Ma (Helland-Hansen et al., 1992; Rattey and Hayward, 1993; Johannessen 

et al., 1995). Individual faults were active for time spans of 10 to 40 Myr (Coward et 

al., 2003; Cowie et al., 2005; Bell et al., 2014). 

The Viking Graben accumulated the greatest amount of extension during Rift Phase 2 

in the northern North Sea (Odinsen et al., 2000). The extension direction of Rift Phase 

2 remains controversial, and there is still no consensus. Some studies suggest the E-W 

extension direction continued throughout both Rift Phase 1 and Rift Phase 2 (Stewart 

et al., 1992; Bartholomew et al., 1993; Brun and Tron, 1993). On the other hand, several 

authors have argued that the more variable strike of the faults in Rift Phase 2 indicate a 
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transition to a more NW-SE or WNW-ESE extension direction (Færseth, 1996; Doré et 

al., 1997; Færseth et al., 1997).  

Færseth et al. (1997) highlighted that the structural development in the North Sea during 

the Jurassic has characteristics of oblique rifting. The early rift stage was dominated by 

reactivation of major N-S striking faults derived from the Permo-Triassic rift event, but 

numerous small NE-SW striking coeval faults was also initiated. The significance of 

the NE-SW oriented faults increased during Rift Phase 2. Evidence of these faults cross 

cutting older N-S oriented fault are observed. Also the NE-SW trending faults grew and 

accommodated most the Kimmeridgian-Tithonian extension (Færseth et al., 1997).   

 

2.1.4.5 Post-Rift stage and Cenozoic basin  

The post-rift stage is the phase after active rifting and is often characterized by basin 

wide subsidence (Nøttvedt et al., 1995). Both Rift Phase 1 and 2 were followed by such 

a period of subsidence. During active stretching, the crust thins and gets heated by 

mantle upwelling. The subsidence in the post-rift stage is caused by cooling, thermal 

contraction and relaxation of the heated crust. Since post-rift subsidence is thermally 

driven, it typically affects a wider area than the diachronous syn-rift subsidence 

discussed in the section above. Bounding faults on each side of the basin may be 

reactivated influencing the geometry of the basin. The Horda Platform is an example of 

such a rift shoulder that remained active long after rifting ceased (Dreyer et al., 2005; 

Faleide et al., 2015).  

2.2 Summary of the Regional Geological evolution 

Bell et al. (2014) have made a really simple but comprehensive figure to illustrate the 

geological history of the Northern North Sea. Figure 2.7 display Bell et al. (2014)’s 

figure which summarizes the structural evolution of the Northern North Sea in very 

accurately and organized form.  
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Figure 2.7. Schematic block diagrams displaying the evolution of the Northern North Sea on a crustal-

scale form Devonian to Early Cretaceous. a) In Devonian the formation of shear zones an associated 

basin became evident as a result of Caledonian gravitational collapse. b) In Premian-Early Triassic an 

extension tectonic event resulting in normal faulting which may have preferably formed in areas affected 

by Devonian extension. The Permo-Triassic faults may connect with these shear zones at depth. c) Late 

Triassic is dominated by tectonic quiescence and slow thermal subsidence. d) In Mid Jurassic a thermal 

dome caused extensive uplift and formation of the trilete rift system and initiated the Jurassic-Cretaceous 

rift phase. The Viking Graben basin formed obliquely to the older Permo-Triassic basins. e) Regional 

extensional forces associated with the opening of the Arctic rift reactivated the faults closest to Viking 

graben. f) Continued strain resulted in reactivation of faults on the Horda Platform in a diachronous 

manner sifting towards the basin margin. Modified from (Bell et al., 2014). 
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 Theoretical Background and Geological 

Concepts  
 

This chapter is intended to introduce concepts concerning fault architecture and growth 

as a basis to understanding the footwall of the ØFC and give background information 

to strengthen the thesis. The topics considered include how faults grow as segments 

which become progressively linked over time and how basement structures can 

influence later normal faulting in the cover sequence. The chapter also considers the 

theory of how seismic data is acquired and processed with empathize on fault imaging. 

Considering the study area lies on the fringe of a proposed CO2 capture and storage 

(CCS) site, a general overview of the concepts about CCS will be introduced and how 

faults plays a crucial part in fluid flow prediction.   

 Fault growth, segmentation and linkage  
Plate tectonic movements cause both tensional and extensional stresses in the 

lithosphere. If the applied stresses overcome the strength of the rock, the lithosphere 

will develop faults to accommodate strain. Faults normally nucleate form points of 

weakness in the lithosphere from which they grow in length and displacement. The 

displacement on the fault surface varies along strike where they generally exhibit the 

largest amount of displacement towards the center where the nucleation point is located. 

Along strike fault displacement diminishes to zero at the tip points (Barnett et al., 1987; 

Kim and Sanderson, 2005). In map-view, faults sometimes appears as individual 

segments which have been explained by two endmember models, the isolated fault 

model (e.g. Walsh and Watterson, 1988; Trudgill and Cartwright, 1994; Dawers and 

Anders, 1995; Kim and Sanderson, 2005; Baudon and Cartwright, 2008) and the 
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coherent fault model (e.g. Childs et al., 1995; Schöpfer et al., 2006; Schöpfer et al., 

2007; Giba et al., 2012). Figure 3.1 display a schematic illustration of both the isolated 

fault model and the coherent fault model at different stages during fault growth.  

The former represents an array of spatially separated fault segments that grow and 

connect by radial tip line progradation as seen in Figure 3.1 a) (Walsh and Watterson, 

1988; Dawers and Anders, 1995; Giba et al., 2012). The latter represents a rapid 

forming fault array that is composed of kinematically related components of the same 

structure (Figure 3.1 c and d). These faults can be hard-linked at depth into a single fault 

as illustrated in Figure 3.1 c) (Childs et al., 1995; Giba et al., 2012).  

 

 

 

Fault growth is associated with fault segment linkage, typically involving tip-line 

propagation as mentioned above. Figure 3.2. shows how two growing faults overlap 

forming a relay ramp, interact and link together. Displacement  is transferred across the 

relay ramp (Giba et al., 2012). Normal faults can go from being soft-linked to becoming 

hard-linked when the relay ramp is beached (Figure 3.2. e). These relay ramp structure 

Figure 3.1. Illustration showing the two endmember models proposed for formation of segmented fault 

arrays. The three block diagrams (a, c and d) at the top of the figure, show fault segment growth at three 

stages (i, ii and iii). At the lower part of the figure two displacement vs distance plots for the fault are 

displayed (b and e). The displacement is recorded along the bold line at the top surface of the block 

diagram. The dotted lines in (c) represents the branch lines and the pink areas in (b) indicate zones of 

deficits in displacement between neighbouring faults. Modified from Walsh et al. (2003). 
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form on all scales and represent the most efficient way for faults to lengthen (Fossen 

and Rotevatn, 2016).  

 

3.1.1 Implication of reactivated pre-existing faults  

Several studies have shown that secondary faults interact with inherited reactivated 

faults during growth (Nixon et al., 2014; Duffy et al., 2015). Deng et al. (2017a) 

investigated how growth of pre-existing faults develop in a secondary extensional 

period with renewed growth. They observed four different styles of fault growth related 

to reactivation of existing structure (Figure 3.3.). 

The first scenario consists of a pre-existing fault that gradually propagates upwards 

through the overburden after reactivation (Figure 3.3 A). The second scenario considers 

a pre-existing fault that vertically connects to a recently formed fault in the overburden 

(Figure 3.3 B). A third scenario suggest a fault propagates up-section into the 

overburden and is then cross cut by another oppositely dipping fault (Figure 3.3 C). 

Finally, the fourth scenario is that a reactivated pre-existing fault terminates against an 

oppositely dipping fault (Figure 3.3 D).  

 

Figure 3.2. Time-slices of the 

seismic variance attribute 

showing two faults interacting 

and forming a relay ramp a). 

When moving deeper (b-d) 

the faults interact by 

saturating the relay ramp with 

crosscutting factures. In e) the 

relay is completely breached 

(hard-linked). f) shows the 

geometry at even greater 

depths. Modified from Fossen 

and Rotevatn (2016), after 

Giba et al. (2012). 
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The latter fault growth style may be recognized as a relatively common outcome during 

extensive faulting. Overlaying oppositely dipping faults restrains the upward 

propagating growth of the first fault creating a strain shadow. This can result in irregular 

or non-elliptical 3D fault geometries (Deng et al., 2017a). 

 

 Influence of pre-existing basement weakness on 

normal fault growth  
If an already established weak zone from an earlier extension period is present in the 

subsurface, it can affect the fault growth in a later extensional period, where extension-

perpendicular faulting is dominant, even if the extension direction is obliquely to the 

first.  Deng et al. (2017b) categorized the evolution of the fault interaction between 

younger and older fault into three sages:  

Figure 3.3. Illustration 
showing four different 
ways pre-existing faults 
can regrow during a 
secondary extension 
episode. A) Upward 
propagation of a pre-
existing fault into the 
overburden without 
influence of other faults. 
B) Vertical linkage of 
reactivated fault and 
recently formed fault in 
the overburden. C) 
Upward propagation of 
two oppositely dipping 
faults, followed by one 
of them crosscutting and 
offsetting the other. D) 
Upward propagation of 
two oppositely dipping 
faults whereas one of 
them terminates against 
the other in the footwall 
block. Modified from 
Deng et al. (2017a).  
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i) Reactivation of preexisting structures and nucleation of new faults. (0-10% 

extension).  

ii) Radial propagation and interaction between reactivated structures and new 

faults (15-20% extension).  

iii) Linkage between reactivated structures and adjacent faults (20-25% 

extension). 

Some of the consequences of preexisting weak zones is that they will generally increase 

the geometric complexity of the fault network. This can lead to difficulties when 

estimating the extension direction based on fault orientation alone (Deng et al., 2017b).  

Reactivation of preexisting structures initiates quickly and across a major part of the 

structure. This result in faults developing long and under-displaced throw profiles. With 

time the throw increases but the length of the fault does not change severely. The 

reactivated structure accommodates more strain than the extension-perpendicular faults 

and becomes the dominant structure in terms of throw and influence on other faults. The 

preexisting structure generates a strain shadow zone as the strain is localized on the 

largest structure (Figure 3.3 D).  New faults are influenced by the preexisting structure 

both in orientation and throw. Faults that link with the dominating preexisting structure 

will have increase displacement along the branch lines and give rise to complex non-

planar fault geometries and asymmetrical length to displacement/length profiles (Walsh 

et al., 2002; Bell et al., 2014; Deng et al., 2017b). 

 

3.3 Fault imaging during 3D Seismic Acquisition and 

Processing  

Even though there are large resolution limitations in seismic data, it is still the best way 

to resolve faults and get an understanding of subsurface geological structures. Despite 

resolution limits, seismic data can provide large amount of useful information to better 

outline the structural evolution of an area. When it comes to fault interpretation, 3D 

seismic is far superior to 2D seismic due to the advantages of recognizing fault branch 

lines and complex bifurcation structures in three dimensions. This information is critical 
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when determining timing of several fault sets from different tectonic events and how 

faults link in time and space. Due to the present eustasy level the North Sea basin is 

subaqueous. All the seismic data used in this study is acquired by marine acquisition.  

 

 

3.3.1 Marine Seismic Survey Limitation in Fault 

Imagery 

The introduction of 3D seismic in the 1980s, revolutionized the subsurface imagery by 

both increasing image quality and introducing the ability to interpret faults and view 

them in 3D space. This technological advance made detailed studies of complicated 

fault networks possible.  

Fault interpretation is very constricted in 2D seismic section because of the coarsely 

spaced seismic lines. Also, 2D seismic data will be influenced by recorded signals that 

originates from reflectors laying outside the streamer plane (Nanda, 2016). Seismic 

waves represent expanding wave fronts in three dimensions and to get a truly 

representative image of the subsurface the whole wave field must be sampled, which is 

the case for 3D seismic data (Mondol, 2015).  

In Figure 3.4, the basis of marine seismic acquisition is outlined. The fundamental 

principle of seismic reflection data acquisition is that a source produces an acoustic 

pulse that propagates downwards in the subsurface in many directions as shown in 

Figure 3.4. At interfaces between two layers with different acoustic impedance, the 

energy gets reflected, refracted and transmitted. The reflected energy moves upwards 

towards the surface and is recorded by the receivers on the streamer (Mondol, 2015).  
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Due to the nature of seismic data gathering and the assumption of close to horizontal 

layering, faults are very hard to resolve on seismic section and are typically expressed 

by a loss in reflection amplitude (Mondol, 2015). Faults are relatively steep features and 

seismic energy that strike a fault plane is reflected with an angle away from the receivers 

as illustrated in Figure 3.5  This is the reason that faults cannot be seen directly in 

seismic sections only the stratigraphic offset (Nanda, 2016).  

What is normally recognized as a fault in a seismic section is the truncation of strong 

reflectors and offsetting of strata with recognizable seismic signature response on both 

side of the fault (Mondol, 2015; Nanda, 2016). As a consequence of the low 

detectability of faults form seismic data, faults get typically interpreted as 2D surfaces 

on seismic section, but in reality, faults represent narrow three-dimensional zones or 

volumes of heterogeneously strained rock. Information of 3D lithology distribution in 

the fault zone and hanging-wall footwall connectivity is lost in the simplified 2D 

representation. Figure 3.6  show that within the limits of seismic resolution there are 

room for many interpretations and generalizing faults as 2D surface may lead to wrong 

conclusions (Botter, 2016).  

Figure 3.4. Schematic illustration of marine seismic acquisition. The yellow lines show how the seismic 
signal is transmitted and reflected.  
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Figure 3.5. The steep 
fault plane reflects 
seismic energy with 
an angle away from 
the streamer 
resulting in that 
faults are usually not 
visible on seismic 
section because very 
few or no reflection 
form the fault itself is 
recorded. 

Figure 3.6. The 
problem of resolution 
from seismically 
imaged faults and the 
generalisation of 
interpreting fault as 
2D surfaces. Faults 
that have more than 
one slip surface below 
seismic resolution can 
have communication 
across the fault and 
positional fluid 
migration (bold blue 
arrows). The fault 
example is found in 
the Smeaheia Fault 
Block and the strong 
reflector in the centre 
of the image is the 
Top Sognefjord 
Formation. Modified 
from Wibberley et al. 
(2008) 
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3.3.2 How Seismic Signal Processing Influence Faults  

Before the seismic reflection data is delivered to the geological interpreter, several 

processing steps that influence the seismic image and the fault appearance are 

conducted. The most common processes are presented in Table 1. When it comes to 

processing and fault imagery it is all about getting the best possible resolution. Faults 

can often cause scattering of the signal wave. By collapsing these scattered waves to 

points will drastically improve the fault clarity. This is done during seismic migration 

(Table 1). Signal processing enhances the reflection signal and suppress the noise and 

multiples in the raw data to increase the resolution and following the fault detectability. 

Parameter tweaking and extensive testing on key structures must be applied to each 

survey, there is no strict standardized workflow (Mondol, 2015).  

 

 

 

Table 1. A summary of the most commonly used processing methods during seismic signal processing. 

The information in this table is gathered from Gelius and Johansen (2012). 
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3.3.3 Seismic Resolution  

Seismic resolution is defined by Gelius and Johansen (2012) as the minimal distance 

two features can be separated but still be distinguished as two features rather than one.  

The seismic resolution can be decomposed into horizontal and vertical resolution, 

respectively.  

The horizontal resolution is defined by the Fresnel zone. The Fresnel zone is a frequency 

and range dependent area where most of the energy is returned within less than half of 

a period from a reflector. Waves that arrive this close to the receivers in time will 

constructively interfere with each other and be identified as a single arrivals (Mondol, 

2015). Migration of the data can shrink the Fresnel zone by moving the energy 

contribution in the signal back to the right nucleation point. Migration is a complex 

procedure that can be performed at several points in the processing sequence to gain 

different results. Reducing the Fresnel zone eventually means increased horizontal 

resolution (Gelius and Johansen, 2012; Mondol, 2015).  

The vertical resolution is frequency dependent but is also affected by interaction of 

closely spaced pulses. Two features separated with one fourth of the signal wavelength 

is categorized as the tuning thickness and represents the limit of visibility. Layers 

thinner than the tuning thickness will not be resolved in a seismic section.  

Higher frequencies have shorter wavelengths thus giving higher resolution. However, 

high frequencies get attenuated more rapidly than lower frequencies when the wave is 

propagating in the subsurface. This is due to Earth acting as a filter, and the high 

frequencies get quickly absorbed (Mondol, 2015). This also implies that a signal with 

high frequencies have lower penetration depth. The deeper the reflector is in the 

subsurface, the lower the frequencies received from the reflector is, which again, means 

lower resolution at greater depth due to longer wavelengths (Ashton et al., 1994). 

Deconvolution (Table 1) enhances the vertical resolution by using a broad bandwidth 

which includes high frequencies and a relatively compressed wavelet (Mondol, 2015).  
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3.4 Faults and Carbon Capture and Storage (CCS) 

Carbon Capture and Storage (CCS) entails separation and capture of CO2 and later 

storage in such a way that the gas is not emitted to the atmosphere (Hellevang, 2015). 

The motivation for CCS is to reduce the CO2 concentration in the atmosphere due to 

the concern that concentrations may lead to global climate changes, ocean acidification 

and global sea level rise as a result of ice cap melting and thermal swelling (IPCC, 

2013). Utilization of major point sources (>1 Mt CO2/year) like power plants, industry 

facilities, cement production etc. for capturing CO2 helps reduce the total cost (Figueroa 

et al., 2008; Hellevang, 2015).  

A potential subsurface CCS storage site, which Smeaheia is representing, has similar 

requirements as a petroleum reservoir. A reservoir rock with at least 800 meters 

overburden is required to keep the CO2 pressurized and within the threshold value of 

supercritical liquid state (scCO2). Also, suitable petrophysical properties is needed to 

have good fluid flow. Faults can dramatically impact reservoirs because they are 

compartmentalizing the reservoir and acts as barriers enhancing or restricting fluid flow 

and pressure communication (Knipe, 1992; Knipe et al., 1998; Mulrooney, 2018). This 

can have great impact on storage capabilities and hydraulic conductivity within the 

reservoir.  

3.4.1 Fault influence on CCS reservoir and aquifers 

Faults as sealing features can occur from two primary scenarios: The first scenario is 

membrane seal, i.e. where the fault rock has a high capillary entry pressure. Figure 3.7 

a) illustrate how a thin shaly layer is thinned and smeared along the surface of the fault. 

The second scenario is juxtaposition seals. Figure 3.7 b) shows how reservoir units are 

juxtaposed against a tight lithology (e.g. shale) crating a structural trap. The most 

important membrane seals according to Mulrooney (2018) is listed below in order of 

importance: 

i) Clay smear. Thin intact clay or shale layers along fault surface (Figure 3.7 

a).  

ii) Cataclasis. The crushing of sand or other grains to a fine-grained fault 

gouge. The fine material reduces fluid flow. 
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iii) Diagenesis. Fluid flow along an originally permeable fault surface may 

introduce cementation and completely or partially remove porosity, 

ultimately creating a hydraulic seal.  

The parameters described above varyes along the fault surface and it will be inacurate 

to simply designate a fault to be either laking or sealing. The truth is that fault can be 

sealing in some areas while leaking in others. This depend on displacement, 

juxtaposition, and lithology (Mulrooney, 2018). 

 

In the Smeaheia Fault Block, the target aquifer is the Mid-Late Jurassic coastal-shallow 

marine sandstone of the Viking group (Sognefjord and Fensfjord Formations). There 

are two identified CCS prospects in the Smeaheia Fault Block, named Alpha and Beta. 

Essentially, both the Alpha and the Beta prospect needs fault membrane seal or 

juxtaposition seal against the Vette- and Øygarden fault to contain fluid flow e.g. 

leaking through or along the faults. CO2 is lighter than brine and therefore buoyant, to 

prevent CO2 from leaking and escaping up to the seafloor a caprock is also needed. The 

Jurassic aquifer is overlain by the tight Draupne Formation acting as caprock.  

Fault related leakage is a major risk in the Smeaheia prospects. Especially the Beta 

prospect is severely faulted making fault leakage a potential deal breaker for the 

Figure 3.7. Schematic illustration of the principle behind fault sealing. a) Clay smear is used as example 
to illustrate fault sealing membranes. The thin brown layer is thinned and smeared out along the fault 
plane making fluid migration from X to Y restricted. b) Juxtaposition seal is illustrated by displacement 
of the fault in such a way that the brown caprock is juxtaposed the permeable sand. Figure b) also show 
how there are potential hydraulic communication between the sand layer across the fault marked in red.  
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utilization of this prospect. An additional risk is fault reactivation as a result of that the 

raised reservoir pressure during injection. Several factors play a role in fault reactivation 

and they can sometimes be difficult to quantify. However, the dominant parameters 

controlling fault reactivation is: 1) in situ stress state and more specifically how these 

stresses are orientated in relation to the fault plane geometry, 2) the mechanical 

cohesion strength and other properties like the angle of internal friction of the fault rock 

and 3) the ambient pore fluid pressure (Ferrill et al., 1999; Streit and Hillis, 2004; 

Mildren et al., 2005). The latter can be altered during injection of CO2 pushing the 

system out of a steady state and reactivated fault movement are initiated. The fault 

movement can result in opening of previous sealing faults and vertical fluid flow along 

fault plane. The calculation of the effective stresses that acts on the reservoir rock and 

the faults can be used to estimate the fault slip tendency and what is the sustainable fluid 

pressure during CO2 injection (Streit and Hillis, 2004).  

In the Smeaheia Fault Block the likelihood of fault reactivation can be assessed from 

various in situ stress states derived from borehole breakouts and evaluate it in 

conjunction with focal mechanisms of present seismicity in the Horda Platform (Hicks 

et al., 2000; Lindholm et al., 2000; Keiding et al., 2015).  

3.4.2 CO2 Trapping and Alternative Trapping 

Mechanisms  

The goal of CO2 injection is to immobilize the CO2 so that it is trapped in the subsurface 

for a considerable time to come, i.e. leakage risk should be minimal over a 10,000-year 

period. Faults can introduce severe risk in traditional trap reservoirs configurations due 

to the uncertainty of leakage, as described above. However, other CO2 trapping 

mechanisms can be important to evaluate. Figure 3.8 shows how injected CO2 migrates 

and becomes dynamically immobilized. There are four fundamental trapping 

mechanisms which are described below:  

i. Structural trapping: When the CO2 is injected into the reservoir it will be 

in a separate buoyant phase. The upwards flux of CO2 is determined by the 

vertical reservoir permeability (Hellevang, 2015). The separate phase can 

then be trapped either by a structural trap (e.g. folding, doming or faulting) 

or stratigraphic trap  (e.g. sandstone pinching in shales; Bjørlykke, 2015). 
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To have a working trap a sealing rock is required which prevents the CO2 

ascending further vertically.   

ii. Capillary (Residual) trapping: When CO2 flows either vertically or 

horizontally it displaces the formation water present in the intergranular pore 

space. However, in siliciclastic reservoirs, the mineral grains are water-wet, 

and a thin film of water will remain after the CO2 passage. As the CO2 plume 

migrate small bubbles of CO2 may become trapped in the pores space 

because they cannot overcome the capillary entry pressure of the smaller 

pore throats. This results in CO2 bubbles becoming immobilized (Hellevang, 

2015).  

With this knowledge, the concept of dynamic immobilization can be 

implemented as a promising capture technique. In dynamic CO2 storage, 

injection into a dipping aquifer is implemented, rather than into a trap. This 

lets the CO2 plume migrate resulting in more and more CO2 becoming 

trapped in pore space by capillary forces. CO2 becomes trapped quickly 

using this technique as the CO2 is spread over a larger area and can start 

reacting with its surroundings (Sundal et al., 2016). 

iii. Solubility trapping: Injected free-phase CO2 starts to dissolve with the 

saline formation water generating CO2 in brine solution also known as 

carbonic acid. The CO2-brine solution is denser than the original formation 

water and will sink in the reservoir (Figure 3.8), resulting in density driven 

mixing. Sloping aquifers cause the free-phase CO2 to migrate and spread out 

creating a large contact interface between the undissolved CO2 and the 

formation water. Over time, more and more CO2 will be dissolved  

(Hellevang, 2015).  

iv. Mineral trapping: The acidic nature of the CO2-brine solution will over 

time make the overall pH-value of the formation water higher as more and 

more CO2 is being dissolved. This altered acidity will increase the solubility 

of the original mineral composition in the reservoir and later precipitation of 

a new stable mineral, assemblage typically carbonates (Sundal et al., 2014; 

Hellevang, 2015). The carbonate generation is strongly dependent on the 
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temperature, grain size and mineral content in the reservoir, so it is 

significant to have detailed information about depositional environments 

(Sundal et al., 2014).  

Dissolution of feldspars releases Ca2+ and Na+ making calcite (CaCO3), 

ankerite (Ca(Fe,Mg,Mn)(CO3)2) and dawsonite (NaAl(OH)2CO3) favorable 

minerals to form after CO2 injection. Both simulation (e.g. Johnson et al. 

(2004) and natural observation (e.g. Gao et al. (2009) have proposed that the 

dominant secondary carbonate to form in quartz rich reservoir is dawsonite 

(NaAl(OH)2CO3).  

The grain sizes in the reservoir plays a crucial role when it comes to reaction 

rates.  Finer grain sizes have a higher reactive surface area compared to 

courser grain sizes. This results in higher reaction rates. The precipitation of 

carbonate fills the pore space. This results in porosity and permeability being 

reduced. The importance of precise models regarding precipitation rates in 

the reservoir must not be underestimated, due to the risk of clogging the 

reservoir close to the injection well and retarding CO2 flow (Sundal et al., 

2014). When carbonates are precipitated, the carbon is trapped in a solid 

mineral and preserved for millions of years (Hellevang, 2015). 

Figure 3.8. Illustration of how CO2 can be injected into a salt-water aquifer and be trapped in different 
ways. This particular illustration shows dynamic CO2, meaning that CO2 migrate and becomes trapped 
either as small bubbles hold in place by capillary forces, CO2 in-brine solution or by precipitation of 
carbonates. CO2 injection into traps is another common way of storing CO2. 
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3.4.3 Full Scale CCS in Norway  

Norway and especially the North Sea has a huge protentional when it comes to CCS. 

Well-developed infrastructure, detailed regional subsurface mapping and understanding 

and close proximity to European point sources are some of the most noteworthy factors. 

As a contribution to the goals of the Paris Agreement, the Norwegian government has 

committed to realize the world’s first project for offshore storage with CO2 captured 

from onshore point sources by 2022. The project will demonstrate the full-scale CCS 

value chain and contain capture, transportation and permanent subsurface storage, 

respectively (Lauritsen et al., 2018).   

Norway has already many years of experience on CCS. On the Sleipner field, 230 km 

WSW from Stavanger, injection of CO2 has been ongoing since 1996 with a total 

injected mass of 20 million tons CO2. Also, CO2 injection and storage has been ongoing 

at the Snøhvit Field in the Barents Sea since 2008 the reason being the economic benefit 

of inject the CO2 into the subsurface rather than to pay the fee for CO2 emissions 

(Hellevang, 2015).  

A feasibility study from 2016 identified Smeaheia as a promising storage site. However, 

later studies of the area have pointed out several uncertainties especially concerning the 

unknown pressure conductivity with the neighbor Troll East gas field. In total six 

communication pathways related to relay ramps are identified along the VFZ. In 

addition to the uncertainties of the sealing capabilities of the ØFC, the Smeaheia storage 

site has due to these uncertainties proven to be too immature at this stage for the full-

scale Norwegian CCS project (Lauritsen et al., 2018). The focus has now shifted to the 

next fault block to the west and the development of the Johansen and Cook Formation 

as the target. The study of the ØFC footwall is still relevant as it lies up dip from the 

new potential injection site. In addition, the Smeaheia may become a CCS site at a later 

stage.  
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Chapter  

 Method: Seismic Interpretation 

Workflow and Fault Analysis  
 

This chapter comprises an overview of the seismic data used and a description of the 

interpretation workflow and fault analysis workflow, respectively. Both 3D and 2D 

seismic reflection data has been involved in this study, but the most emphasis has been 

given to the 3D seismic as whole fault populations can be studied. The fault analysis 

uses the seismic interpretations results to perform the structural analysis. Figure 4.1 

outlines the general thesis workflow highlighting the most significant steps and what 

the output result are.   

For clarification, when the footwall of ØFC is mentioned it implies that it is the footwall 

in the GN1101 3D cube in the Smeaheia area that is being talked about. ØFC is an 

extensive feature and so is its footwall, but for this study only a small part of this large 

structure will be considered.  
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Figure 4.1. This flow chart is highlighting the main phases, steps and results of the research herein. The 

workflow is subdivided into three logical phases: Geological framework and preparation, Geomodel 

enhancement and data extraction, Fault investigation and data extraction. Phase 1 represents the early 

beginning of the research and is all about getting an overview both of the geological history in the region 

but also the data. Phase 2 represents a more precise and refined approach where the most important 

features has been mapped out and will be further enhanced, extraction of some results is also done during 

this phase. Phase 3 represents fault analyses using Move to generate important information regarding the 

fault displacement. The flow chart is subdivided in two. The separation indicates the transition from Petrel 

to Move software. In reality jumps back and forth between the programs occurred to perfect the end 

results.  
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 Software and Data  
This study has utilized selected data from four different seismic surveys, both 3D and 

2D seismic data. The full detail of these surveys is listed in Table 2. The 3D cube 

represents the main data source for conducting the analysis herein. In contrast, the 2D 

lines has only been utilized for correlate and interpretation of key seismic reflections 

extending from the hanging-wall onto the footwall as an attempt to decide the 

sedimentary units and accordingly the ages.  Figure 4.2 shows the location of the 

utilized seismic data which is used in this study. In addition, regional structural features 

are displayed alongside with the Troll oil and gas field to give an impression of the 

surroundings areas.  

 

Figure 4.2. Overview 
map of study area 
displaying the outline of 
the 3D cube GN1101 in 
red and the 2D lines in 
blue. The 2D lines are 
only used for haningwall 
footwall correlation. The 
two potential CO2 storage 
prospects Alpha and Beta 
is highlighted in yellow. 
The faded green area is 
the Troll oil and gas field 
and the faded blue is the 
outline of Horda Platform. 
ØFC=Øygarden Fault 
Complex, VF=Vette 
Fault, TF=Tusse Fault, 
TWO=Troll West Oil, 
TWG= Troll West Gas, 
TEG=Troll East Gas.  
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4.1.1 Petrel and Move  

Petrel E&P software platform 2019 (a brand by Schlumberger) is the leading 

geotechnical software used in the E&P industry and involves multi-disciplinary 

geological tools for better collaboration between geologists within different disciplines. 

This software was used to analyze the seismic data together with seismic horizon and 

fault interpretations. Petrel is also a beneficial tool to help display geological complexity 

through is great 3D visualization capabilities. This software is manly used, in this thesis, 

for organize and building a geological framework which further analysis can build from. 

The framework consists of interpreted fault planes, surfaces and thickness-maps 

interconnected throughout the rock volume. These elements will eventually be exported 

and utilized in other software platforms for further analyzed.  

Move 2018 (a brand by Midland Valley) is a structural geological modeling software 

capable of giving information about fault kinematics. This software is used to get 

quantitative data about fault displacement and throw distribution in complex fault 

populations. The fault movement information is visualized in the form of throw profiles, 

fault dip direction, fault strike/azimuth diagrams and more. The exported elements from 

Petrel are imported into Move.   

4.1.2 Seismic data  

Seismic section is a way of visualizing acoustic impedance contrasts in the subsurface. 

Unless the data is depth converted the data is presented in TWT i.e. two-way travel time 

for the seismic signal. This is due during gathering the sensors measures the time it 

takes for the reflected signal to return (See section 3.3.1; Enwenode, 2014).   

Seismic reflection data has big limitations when it comes to display the subsurface in 

great detail. The limitations in quality is primarily compromised due to a combination 

of detectability limits affecting the resolution and signal processing (Herron, 2011). 

Despite the limitations, seismic reflection data it is still the best way of displaying the 

subsurface, but it is crucial to acknowledge the limitations while working and 

interpreting the data. The seismic detectability is confined by signal to noise ratio, but 

the vertical resolution is bounded by the wavelength (Brown, 2011). The vertical 

resolution limit is defined as ¼ of the seismic wavelength. When a seismic wave is 

traveling deeper in the subsurface it gets attenuated, resulting in progressively 
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increasing wavelength reducing the vertical resolution dramatically in the depth. One 

could argue that the use of higher frequency signal will increase the resolution, but the 

penetration depth is much lower as high frequencies get attenuated more than low 

frequencies (Gelius and Johansen, 2012).  

 

4.1.2.1 3D Cube: GN1101  

The quality of the GN1101 3D cube used in this study can be categorized as good to 

excellent as it is processed using the latest techniques. Figure 4.3 show the image quality 

of the 3D cube compared to an older 2D seismic line. The resolution is significantly 

higher which means that interpretations of fault and horizons can be performed with 

higher confidence. Figure 4.2 show that GN1101 covers a small part of Vette hanging-

wall, Smeaheia Fault Block and a six-kilometer wide zone of the ØFC footwall. Most 

emphasis is given the footwall zone. GN1101 covers two potential CO2 storage 

prospects named Alpha and Beta prospect. The two protentional CO2 prospects are 

marked in Figure 4.2 as well.  

Table 2. The table give an overview of which seismic 2D lines and 3D cube used in this study. 

Information of acquisition year, which company did the survey and the approximate depth the seismic 

reaches.    



Method: Seismic Interpretation Workflow and Fault Analysis 

44 

 

Before interpretation of the seismic data can initiation, it is important to have knowledge 

about the phase and polarity of the data. The Society of Exploration Geophysicists 

(SEG) defines the standard within seismic data where a red colored horizon represents 

a positive and blue represents a negative reflection coefficient in normal polarity. In a 

reversed polarity the opposite is true.  

To decide the polarity of the data a quick way is to look at the seabed reflector color. It 

is expected that there is an increase in acoustic impedance as the density and P-wave 

velocity of the medium increases from water to rock. A normal value for reflection 

coefficient between water and rock is positive and is around 0,5. If the color of the 

seabed reflector is red the seismic data is of normal polarity. The GN1101 3D cube is 

of reverse polarity configuration, meaning a red reflector is a “soft” response and a blue 

reflector is a “hard” response. It is also possible to determine the polarity from a flatspot 

(DHI), since hydrocarbons has a lower density than brine there will be an acoustic 

impedance contrast between the mediums and if the reflector is red the polarity is 

normal and if it is blue it is reversed.  

 

Figure 4.3. Comparison between the image 

quality of 3D seismic survey and a 2D 

seismic line. The both images show the 

exact same intersection with the ØFC 

footwall going in a NW-SE direction. The 

uppermost part of the Øygarden Fault are 

shown to the left in both images. A) is from 

the GN1101 3D survey and have a very 

high quality, resolution and clarity. B) is a 

2D line (SG8043-403A). By comparing the 

two sections to another it is clear that 3D 

seismic is superior to 2D. The with arrows 

point to an area with faults. The faults 

appear much clearer and are easier to 

distinguish while in the 2D the faults are 

more unfocused. The black arrows point to 

an area where the dramatic increase in 

resolution between 2D and 3D is evidential. 

By the number of layers imaged the 

resolution seem to be more than doubled. 

Even though the resolution is better it is the 

ability to interpret 3D surfaces that makes 

3D seismic that really makes the most 

important difference regarding fault 

analysis.  
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4.2 Seismic Interpretation Workflow and Procedure 

4.2.1 Data Screening and Initial Impressions  

Careful screening of the seismic data ahead of fault and horizon interpretation give the 

interpreter better prerequisite to do an accurate interpretation. During this process the 

most important objective was to get acquainted with all the data, look for interesting 

features, decide the phase and polarity of the seismic, get an initial impression and start 

visualizing what mechanism that have affected the rock volume resulting in this 

structural configuration.  

A fundamental assumption when interpreting seismic is that the reflection surfaces in 

the data mimic geological timelines. With other words, each induvial reflector 

represents a relatively short period of time where sedimentary mechanisms and 

depositions condition were similar.  Some authors have tested if this assumption is 

accurate. Johansen et al. (2007) studied this relationship on Svalbard by coupling key 

reflectors in a seismic section to stratigraphic timelines in outcrop data. What they 

discovered was that the assumption that seismic reflectors represents timelines was 

imprecise and may lead to uncertainties  (Johansen et al., 2007). To summarize, the 

interpreter should have this in mind while interpreting that reflectors not necessary 

represents a stratigraphic timeline.  

4.2.2 Fault Interpretation   

The first step in the interpretation work was to outline the faults in the ØFC footwall. 

Already at this point it is important to speculate and evaluate the size and ages of the 

faults. Best practice while interpreting faults is to start interpreting the major faults and 

later interpret the smaller faults. Fault interpretation can be challenging in such a 

complex fault system because the great amount of detail can compromise of the 3D 

overview and understanding. To decrease the uncertainties of fault interpretations it is 

very important to constantly switch between several cross section in the cube to view 

the same fault form several angles.  

Faults gets typically interpreted as thin planar 2D surfaces in interpretation workflows 

and in reservoir models. However, in reality faults are narrow three-dimensional zones 

or volumes of heterogeneously strained rock. The rock properties of the fault rock differ 

from the host rock. The internal structure of faults most often consists of one or several 
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slip surfaces, clay smear, lenses and fractures. The internal structure of a fault can be 

hard to predict but the fault-related deformation in the damage zone decreases away 

from the fault slip surface (Rotevatn et al., 2007; Botter, 2016).  

To be certain that the right fault is being interpreted, mapping out the fault in the Z-

plane (Time slice) first is an advantage. This procedure will help differentiate between 

fault segments and guide later vertical interpretation by constraining the extent of the 

fault. Due to noisy basement data in the footwall, it can be easier to distinguish the fault 

surface along the vertical axis. Interpretations along a cross-section that is perpendicular 

to the fault strike will provide minimum fault interpretation uncertainties. 

In the footwall basement there is a noisy area that is very little understood. This interval 

might be old Devonian basins. Either way the noisy area shows signs of being displaced 

and links well with the clearly visible fault in the Mesozoic strata. The displacement 

pattern in the basement is uses as a guidance when extrapolation the faults deeper down 

into the basement.  

If the fault population have an angle not perpendicular to the Inline or X-line the use of 

composite line (a user defined orientated cross-section) can be beneficial. The 

perpendicular section on the fault plane will make the fault plane appear as thin as 

possible and a more precise fault mapping can be carried out with reduction of 

uncertainties.  

In this study the faults were interpreted with a line spacing of 5. The main limitation 

when it comes to fault interpretation is the seismic resolution. The full extent of the fault 

will never be resolved in seismic as the fault tips have displacement under the seismic 

resolution (Herron, 2011).  

 

4.2.3  Volume Attribute to Ease Fault Interpretation 

To help enhance the appearance of fault in a 3D cube the use of volume attribute can be 

helpful. A very much used attribute during fault and structural interpretation is the 

variance volume attribute (Figure 4.4). What this attribute does is to check the 

neighbor’s seismic traces and compare the similarities to the initial trace. If the neighbor 

trace is similar it gets a low value and a white color, but if the trace is different it will 
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give it a black color that goes into red if an even higher dissimilarity is detected. This 

evaluation of traces is very useful in detection of faults in a sedimentary basin, as in an 

undisturbed sedimentary package a seismic trace and its neighbors will give a fairly 

similar seismic response. But if the layers are displaced by a fault there is suddenly a 

discontinuity in the traces and will appear black and resolving the fault.  

 

The limiting factor of the variance attribute is that is does not work well in basement 

rocks. Due to the lateral heterogeneity in the basement rocks the variance cube gets very 

noisy. The basement rock is not layered and has low coherence between traces and end 

up being extremely noisy to a point where no fault is being recognized. Several of the 

fault interpreted in the ØFC footwall are penetrating basement where the variance 

attribute is not giving useful information. It is however possible to distinguish some 

variations in the basement by using different color scheme on the seismic section. The 

color scheme “Black Grey White” helps visualize the fault extent also to some degree 

in basement rock. This can be enough to give an indication of the fault plane path down 

into basement, but the uncertainties are substantial. The parallel use of variance attribute 

and normal seismic with a color scheme gives the most precise results.  

Figure 4.4. Variance attribute along the Top Brent surface 

to illustrate the advantage of using variance during fault 

interpretation. The faults become much easier to trace in 

the seismic volume by utilizing this attribute. On this 

surface NW-SE striking regional faults area visible in the 

Smeaheia Fault Block. North is up in this figure.  
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4.2.4  Horizon Interpretation and Surface Generation 

When a detailed fault model is established, interpretations of seismic horizons can be 

carried out. It is important to have control on faults prior to interpreting horizons 

because different seismic horizons with similar appearance can line up when displaced 

by a fault and give the impression of a continuous layer. However, by having an already 

interpreted fault helps the interpreter to be more aware of displacement where the faults 

are present.  

In very dense fault populations it is important to switch between different viewing 

orientations (Inline, Xline and timeslice) to quality check the interpretation and 

gradually extend the interpretation horizon laterally. The best practice in horizon 

interpretation is to find the area where the horizon has the strongest appearance and 

cover this area fist, and later extend the interpretation to the more uncertain areas 

afterwards.  

Patience is needed when interpreting horizon in a highly faulted area. Miss- 

interpretation will most lightly occur, and adjustments has to be made as one gets more 

familiarized to the data set and start to understand how it all unfolds. It is when mistakes 

are discovered that the progression of the understanding evolves. The end stage is when 

the area is covered, and the horizon interpretations makes sense both visually, logically 

and fits the tectonically and sedimentary history.  

When the area is covered by a satisfying course interpretation grid, making a surface 

based on these interpretations is done. The use of Petrels 3D tracker can fill in the 

interpretation data missing in the grid. The resulting surface will also have a higher 

quality and more details when the 3D tracker is used before surface generation. The 

generated surfaces are great for continued analysis of the area, for example by use of 

surface attributes.  

4.2.5  Footwall Hanging-wall Correlation  

The high displacement of the ØFC makes correlation between hanging-wall and the 

footwall sedimentary units difficult. The sediment packages in the hanging-wall is well 

understood due to petroleum fields close by. However, the sediments on the footwall is 

very little examined. The possible to correlate the sediment packages in the hanging- 
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wall and footwall would help enhance the understanding of the footwall by 

extrapolating the knowledge about the hanging-wall sedimentary units.  

In the 3D cube the direct correlation between the hanging-wall and the footwall is not 

possible. The BPU is underlain by only at thin package of sediment in the ØFC footwall 

which makes correlation even harder due to fewer recognizable reflections. In this 

study, hanging-wall intersecting 2D seismic lines is interpreted southward to an area 

where it is possible to interpret the seismic reflection across the Øygarden fault onto the 

footwall and then north back into the 3D cube. Figure 4.5. show the 2D seismic lines 

were Top Brent Group and Top Sognefjord Formation was interpreted onto the ØFC 

footwall and into the 3D cube.  

The poor quality of the 2D seismic sections (Figure 4.3) makes it only possible to 

interpret very strong seismic reflectors which Top Sognefjord Formation and Top Brent 

Group represent. The intention of this was to prove that both of these reflectors is 

present in the ØFC footwall. Unfraternally, the Top Sognefjord horizon is truncation 

against the BPU and Top Brent Group horizon seems to onlap basement on the 2D lines. 

Still, an impression of the strata thickness and continuation on the footwall was obtained 

Figure 4.5. Overview of 

spatial location of the 2D 

seismic lines utilized for 

correlation of the hanging-

wall and the footwall. The 

coloured surface in the 

northern part of the figure 

represents the GN1101 3D 

cube to better show the 

hanging-wall and footwall. 

The green and red arrow 

points toward north.  
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and based on the observation these two horizons are interpreted to be present in the ØFC 

footwall graben. 

4.3 Surface Investigation  

The interpreted horizon can give geological information individually or in combination 

with other horizons e.g. time structure map, time thickness maps or as surface attributes. 

The essential information to quantify is thickness variation in the strata which can say 

something about fault activity. This can be achieved using surface attributes. In 

combination with the later fault analysis these surface maps can give indication of fault 

movement.  

4.3.1 Time-structure maps 

Time-structure maps represents one of the most important tools for three dimensional 

structural interpretation due to the ability to map and view the full three dimensional 

structure of a horizon (Groshong, 2006). The main reason of making time-structure 

maps in this study, is so these surfaces can be exported to Move and further used in the 

fault displacement analysis. The maps also serve other purposes, as visualizing the 

extent of different seismic horizon and where they are truncation against the BPU or by 

applying various types of surface attributes.  

4.3.2 Thickness maps  

Thickness maps are of great valuable both in structural and stratigraphically studies. It 

is a great tool to visualize thickness changes of a layer or between two reflectors. 

However, when interpreting these maps one have to have in mind that thickness 

anomalies can occur based on the thickness map type and dip variations (Groshong, 

2006).  

There are two main types of thickness maps, isochore and isopach maps, respectivly. 

Isochore and isopach maps projects the thickness of a sedimentary unit in slightly 

different ways. Isochore show the vertical thickness of a sedimentary unit while isopach 

show the true thickness (Groshong, 2006). In this study a third type of thickness map 

named isochron maps will be used.  
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 Isochron map 

Isochron maps is generally similar to isochore maps as it measure thickness along the 

vertical axis. The differences are that isochron maps measure the vertical time 

difference between two surfaces and can therefore applicable to seismic data due to the 

seismic time domain. An isochron maps is, by definition, a contour map showing the 

variation in time between to seismic reflection (Schlumberger, 2019). The strata are 

near horizontal in the ØFC footwall and therefore will isochron maps give a satisfying 

precise thickness trend. Isochron maps can be generated in Petrel in several different 

ways but the one used in this study is through the “Surface attribute” processes pane. In 

the window “Isochron thickness” is specified including the bounding surfaces, between 

which vertical distance will be measured.  

Figure 4.6. Effect of normal fault displacement on the appaired thickness of unit. a) Cross section view 
showing fault displacement and measured thickness between surface 1 and 2. b) A visualisation of how 
the thickness anomaly may appear on a thickness map. Remember that the thickness of the layer is not 
thinner due to the fault only displaced. Modified from Groshong (2006) after Hintze (1971). 
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Faults can interfere during thickness maps generation and cause characteristic thickness 

anomalies on the maps. Figure 4.6 illustrate this thickness anomaly and how it may 

occur in the finished thickness map. The general trend is that normal faults thins the 

apparent thickness giving a low thickness anomaly and vice versa for revers faults. This 

thickness artifact happens due to the vertical measurement method of the isochron map 

algorithm. When a normal fault cuts a layer obliquely and displace the layer, it will shift 

the layers top closer to the layers base and a thickness anomaly is recognized even 

though the layer itself is not thinner in this area as shown in Figure 4.6. 

The utilization of isochron is quick way to indicate positional syn rift strata which is 

significant for the geological model. Important to have in mind, is that it is only apparent 

thickness and not the true thickness of the sedimentary unit that are obtained. The 

thickness exaggeration will increase exponentially with increased dip, therefor this 

approach should be restricted to relatively horizontal layered strata. Isochron maps are 

mainly used to show thickness variation trends in sedimentary unit. The small 

inaccuracy in thickness due to gentle dipping layers are neglectable when evaluation 

broader areas (Groshong, 2006).  

4.4 Fault Analysis in Move  

4.4.1 Loading and Preparation of Data  

The interpreted faults and horizons, from Petrel, is first converted to points and later 

exported as ASCII files which is a text file that don’t include formatting and is 

sometimes referred to as plain text files (PC-Mag, 2019). The file includes three 

columns with values representing the X, Y and Z position of the point in 3D space. One 

object e.g. fault or surface, is comprised of several thousand points. The number of 

points varies with the detail level of the interpretation. In Move surface meshes is 

generated from the points for each of the objects.  

4.4.2  Construction of Cutoff lines  

The fault displacement analysis is based on the fault cutoff lines. The cutoff lines 

represent the intersection between the stratigraphic surface and the fault. This is 

achieved by projecting the faulted horizon onto the fault surface and map out the 

intersection (Groshong, 2006). There will be in total two line for each faulted horizon, 

one line for the footwall intersection and one for the hanging-wall intersection. Viewing 
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these lines as a graph in a diagram is known as an Allan diagram named after Allan 

(1989) who predicted fluid migration pathways and traps for hydrocarbon in faults 

zones (Groshong, 2006). Allan (1989) used the cutoff lines to visualize the juxtaposition 

of permeable sedimentary unit. The individual lines is also refed to as Allan lines 

(Groshong, 2006). In this study the cutoff lines will be used for another purpose, namely 

fault displacement analysis. By looking at several footwall hanging-wall cutoff line 

pairs from multiple surfaces intersecting a fault, displacement information along the 

fault surface can be obtained. This principle is illustrated in Figure 4.7.   

 

Cutoff line creation in Move require a fault and one or several interpreted horizons 

crossing the fault. To achieve the best results, one has to specify how wide a zone around 

the fault to calculate the line from. This zone is determined by a specified inclusion 

distance from the fault in Move. The inclusion distance should be as wide as possible 

but not extend beyond other structures or faults.  

As interpreted fault surfaces and horizon surface may not be perfectly joined together, 

a zone close to the fault are excluded from the calculations. The zone is defined by the 

Figure 4.7. The cutoff lines generated from the displacement of the acoustic basement reflector and the 
Top Krossfjord reflector is shown on the fault surface. The cutoff lines are used to calculate and make 
the colour maps attribute that show zones of the most displacement. These zones can be interpreted as 
nucleation points of the different fault segments. The red lines belong the basement horizon were the 
solid line is the projection of the footwall and the stippled line is the hanging-wall. The same goes for the 
orange lines that belong to Top Krossfjord horizon.  
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trim distance and it done to prevent artifacts on the cutoff line. The inclusion and trim 

distance can be specified on both sides of the fault for more specified constrains. To 

find the best inclusion and trim distance to get satisfying cutoff lines, a trial and error 

approach were used. The goal is to get cutoffs that follows the edges of the horizon 

surface.  

If the cutoff line makes turns that is way out of the expected lines, changes to the 

inclusion and trim parameters can be tested for better results. If this does not solve the 

problem changes to the original interpretations in Petrel can provide better cutoff line 

result. It is possible to manually edit the cutoff lines, this can be conducted to some 

extent but should be kept to a minimal as the manual edit are completely subjective to 

the interpreter and may affect the result.  

4.4.3 Displacement analysis and Visualization 

When all the cutoff lines for the faults are generated and quality checked, displacement 

analysis can be conducted. Move used det information for the fault cutoff lines to 

calculate fault displacement and display this information as throw profiles and as color 

map on the fault surface. In addition, Move can evaluate the shape of the fault surface 

as well to give supplementary information about the fault.  

4.5 Case study  

A few more methods to obtain information about the sediments and fault architecture 

have been conducted in the southern part of the footwall graben. This area has the most 

developed fault pattern and is therefore the main focus of this thesis. The additional 

analyses that has been conducted is Expansion Index (E.I.), Throw vs. Depth diagram 

(T(z)diagrams), fault abutting for different fault populations and net mass transport 

direction as an indication of extension direction.  

E.I. is the ratio between the measured thickness of a sedimentary units on opposing 

sides of a fault. By measuring several intervals, quantitative information about the fault 

movement can be obtained. The theory of E.I. is illustrated in Figure 4.8.  
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The T(z) diagrams is generated by measure the down throw of recognizable seismic 

horizons. The T(z) diagram can help indicate at what depth the displacement is larges 

thus at what depth the fault is likely to have nucleated. Fault abutting analysis was 

conducted by investigation of the fault plane intersections in three-dimensions. This is 

analysis will give quantitative information about fault population truncations and if one 

fault population is bias towards truncation against another fault population, hence, 

obtain the relative ages of the fault populations.  

The direction of the fault plane intersections can indicate the net mass transport 

direction which will portray the extension direction. This makes sense when 

decomposing the fault movement vector as shown in Figure 4.9. The red arrows in the 

figure cancel each other out while the green arrow point in the same direction giving 

the net mass transport direction towards the reader.  

  

Figure 4.8. The theory of how Expansion Index (E.I) can provide information of fault movement and 
when the fault growth was the fastest. A) show a simplified schematic illustration of a sedimentary unit. 
On the footwall side the layers have the same thickness. On the hanging-wall side, the layers are thicker 
due to the increased accommodation during fault growth. B) by dividing the hanging-wall thickness with 
the footwall thickness gives the E.I. and plotting this information in a diagram give a nice overview of 
the fault growth. Modified from Thorsen (1963).  
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4.6 Limitations and Uncertainties  

Because the footwall shows evidence of erosion and the fault is truncated by the Base 

Pleistocene Unconformity it is not possible to interpret the fault higher than this 

unconformity. This means that the interpreted fault surface will be smaller than what it 

originally was. Move uses these fault surfaces to display the displacement as a 

colormap. However, Move is limited to the extent of the fault surface and will therefore 

squeeze the recorded displacement onto the eroded fault but in reality, the displacement 

should be stretching over a wider zone on the fault. The colormap gets a laying D shaped 

appearance due to the missing areas of the faults. If the whole fault surface was 

preserved in the footwall the displacement would have a closer to elliptical shape for 

induvial fault segments.  

 

 

 

 

 

 

 

Figure 4.9. Schematic illustration of two fault that intersect. The black arrow indicates the fault 

movement direction. By decomposing this vector, the red and green arrow represent the movement along 

the x and y direction. The two red arrows are pointing in opposite direction and will cancel each other 

out. The two green arrows point in same direction and will make the net transport direction in this 

direction. The blue arrow represents the net mass transport direction. Notice that the fault intersection 

line is parallel to the transport direction.  
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Chapter 

 Results: Seismic Interpretation and 

fault analysis. 
 

In this chapter, the most relevant results obtained from the seismic interpretation and 

the fault analyses of the ØFC footwall will be presented. The results constitute 

interpreted key seismic profiles, time-structure maps, time-thickness maps, throw 

profiles, T(z) diagrams, expansion index diagrams, fault abutment analysis, mass 

transport direction and fault displacement attribute maps. The first part of this chapter 

will be used to concisely describe the ØFC footwall structural architecture and establish 

a spatial and temporal evolution of faulting.  Nomenclature, and fault terminology 

established in this section is utilized in the remainder of the study. Further, the results 

will be presented in chronological order, i.e. following a logical fault interpretation and 

analysis workflow.  

The study has focused on a case study of the southern part of the footwall graben where 

an intricate fault pattern is best developed. Key interpretations of each of the analysis 

results will be given as bullet points in the end of each subsection, to clarify the most 

important observations that will be consider in later chapters.   
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5.1 Structuring and Systemization of the ØFC Footwall 

As this volume represents the first detailed study of the ØFC footwall utilizing 3D 

seismic, nomenclature has been outlined to define the main structural elements of the 

area. To systemize the study area, a hierarchy system for faults is introduced based on 

fault throw. There are three conspicuous fault populations which will be systemized into 

three orders: 

• 1st order: >500 millisecond throw. First order of faulting is characterized by the 

largest faults in the 3D cube e.g. the ØFC and the VFZ.  

• 2nd order: <500 but >100 millisecond throw. Second order faults consist of the 

major faults in the ØFC footwall bounding the footwall graben. Their name is 

given in Figure 5.1. 

• 3rd order: <100 millisecond throw. Third order fault consist of the minor faults 

in between the major second order faults primarily inside the footwall graben. 

The third order fault population consist of two fault sets with differing strike. 

Fault set 3.A is categorized by N-S to NNE-SSW striking faults, whereas fault 

set 3.B is recognized by the NNW-SSE striking faults (Figure 5.1.).   

All the faults analyzed and used for interpretation in this study is marked with black 

lines in Figure 5.1, where the thickness represents the first, second and third order. The 

different areas of the ØFC footwall are further subdivided, named and displayed in 

Figure 5.1. The footwall graben continues in a N-S direction parallel to the ØFC 

throughout the 3D cube. The central northern part of the graben is about 400 ms deep 

and represents the deepest part of the graben. A natural subdivision of the footwall 

graben occurs along a horst in the middle of the graben (Figure 5.1). The two areas of 

the graben are named the “Northern Footwall Graben” (NFG) and the “Southern 

Footwall Graben” (SFG; Figure 5.1). On both sides of the graben two areas have been 

called the “Western flank” (WF) and the “Eastern Flank” (EF) which represents 100-

400 ms elevated areas relative to the bottom of the graben. The SFG shallows southward 

and becomes almost level with to these two flanks. In the north-west corner of the ØFC 

footwall, the basement forms a structural high which is named the “Basement High” 

(BH). The horst that subdivides the footwall graben is connected to a relay ramp 

forming between the two soft linked second order fault to the west.  
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Figure 5.1. Map showing the different areas on the ØFC footwall. Starting from the north, to the west 
there is an area categorized by the basement relief named “Basement High” (Red). The footwall graben 
extends N-S beyond the 3D cube (Blue) and is subdivided by a horst (Purple) into the “Northern (Dark 
blue) and Southern Footwall Graben” (Light blue). The two sides of the footwall graben are named 
“Western Flank” (Green) and “Eastern Flank” (Yellow), respectively. The interpreted and analysed faults 
in this study are marked by black lines. There are three order of faults, where the order is defined by the 
throw magnitude. The thickness of the black lines indicates the order. The four white lines show the 
location of the seismic profiles presented in Figure 5.3 (Profile 1), Figure 5.4 (Profile 2), Figure 5.5 
(Profile 3) and Figure 5.6 (Profile 4).  2.NW = Second order fault to the NW, 2.SW = Second order fault 
to the SW, 2.E = Second order fault to the East, 3.A = Third order fault set A striking in ~N-S direction, 
3.B = Third order fault set B striking in a NNW-SSE direction. 
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 Seismic Stratigraphy  
To give an overview of the stratigraphical framework in the area Figure 5.2. contains 

information about the regarding the ages, formation names, sedimentary boundaries and 

tectonic events. The information regarding the stratigraphy is obtained from well 32/4-

1 which is located in the VFZ footwall and penetrates the Alpha prospect and down as 

far as the acoustic basement (Lauritsen et al., 2018; NPD-Factpages, 2019).  

Figure 5.2. Stratigraphical framework containing geological ages, sedimentary 
units, sedimentary boundaries and tectonic events. TD= Mid Jurassic Thermal 
Dome.  Modified from Duffy et al. (2015), after Færseth (1996), Bell et al. (2014) 
and Whipp et al. (2014).  
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5.2.1 Seismic Interpretation and Key Seismic Profiles  

Four seismic profiles from the 3D cube were selected to exhibit the structural variation 

and fault appearance along the ØFC footwall. The seismic line strike is perpendicular 

to the fault strike and the profiles are displayed in Figure 5.3. (Profile 1), Figure 5.4. 

(Profile 2), Figure 5.5. (Profile 3) and Figure 5.6. (Profile 4), respectively. Both 

interpreted and non-interpreted profiles are included in addition to a 1:1 length versus 

height profile to show actual fault dips. The NFG is deeper than the SFG and has 

therefore preserved a thicker sedimentary column. The NFG has fewer faults relative to 

the SFG and most strain and displacement is accommodated on the second order faults 

that defines the intra-graben boundary (Figure 5.1). 

5.2.1.1 Profile 1.  

Profile 1 is located to north-most part of GN1101 3D cube and intersect the NFG, BH 

and continues partway through the ØFC hanging-wall (Figure 5.1.). The seismic profile 

(Figure 5.3.) in the footwall graben includes all the key seismic horizons interpreted 

herein which include the Top Brent Group, Top Krossfjord, Top Fensfjord and Top 

Sognefjord Formations. The Mesozoic succession thickens towards the 2.NW fault 

where basement is down faulted the most but must not be mistaken for a syn-rift wedge. 

There is no candidates for syn-rift strata in profile 1.  

Profile 1 captures in total three intra-graben faults which each have 50ms throw. The 

fault are antithetic to the 2.NW fault and equally spaced. The faults in the ØFC footwall 

is truncated by the BPU. On the BH the Mesozoic succession is almost completely 

removed by erosion and the BPU coincide with the basement in some areas. In the BH 

there is not recognized any faults intersection the basement which therefore is planar 

surface.    

5.2.1.2 Profile 2.  

Figure 5.1. indicates the location of profile 2 which is 4,5 km SSE of profile 1. Profile 

2 (Figure 5.4.) intersects the deepest part of the footwall graben and the southern tip of 

the BH. This profile differs from Profile 1 by having a slightly thicker Mesozoic 

succession on the BH in addition to a basement displacing fault with a throw of 75 ms 

in the BH. The intra-graben faults show increased complexity in an upward direction 

by branching. The 2.NW fault has the most throw 350 ms  and the 2.E fault has throw 
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of 230 ms. provides an overview of the footwall graben and the sediments preserved 

within. On the right the EF is shown. On this flank, it is uncertain if Brent Group is 

present due to the lack of a similar reflector found elsewhere the footwall graben.  

5.2.1.3 Profile 3. 

Profile 3 (Figure 5.5.) is located 2,5 km SSE of profile 2 (Figure 5.1). This profile 

Intersect both the NFG and SFG as well as the structural high (Horst) that subdivides 

the footwall graben into a northern and southern area. The horst can be seen in Figure 

5.1. and Figure 5.5. All key interpreted reflectors are only preserved in a narrow down-

thrown block close to the 2.SW fault. In the NFG all reflector except Top Sognefjord 

Formation is preserved. On the horst, the Top Brent Group and Top Krossfjord 

Formation is the only key reflector that are preserved. The blocky variation of basement 

surface elevation and the BPU influence which reflectors that are preserved or eroded.  

The interpreted faults intersected by Profile 3 are evenly spaced and encompass both 

synthetic and antithetic faults in relation to the 2.E and 2.SW faults. The throw in the 

NFG is low 35 ms compared to the SFG where the throw is 100-130 ms, respectively. 

The 2.SW fault has the highest throw of 250 ms and the 2.E has a throw of 160 ms  

  

5.2.1.4 Profile 4.  

There is a substantial change in the appearance of the footwall when moving from the 

NFG to the SFG. Profile 4 (Figure 5.6.) is located to the south of the GN1101 3D cube 

and shows how the footwall graben shallows and becomes almost level to its flanks (i.e. 

graben floor is 70 ms down thrown relative to WF and EF). In the SFG the strain and 

displacement is distributed on significantly larger number of faults that are more similar 

in length (2-4 km) and throw (10-70 ms) in contrast to the NFG where 2.NW and 2.E 

have accommodated most strain and displacement.  

As the footwall graben is not as deep towards the south of the ØFC footwall, this means 

that a much thinner sedimentary package is preserved on top of the basement (See 

section 5.2.3).  
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Figure 5.3. Profile 1 represents an expanded view of Inline 1077 of GN1101 3D cube. Profile 1 displays 
the uppermost part of the ØFC footwall in the Northern part of the 3D cube. A) Visualisation of the 
interpretations which form the basis for the geological model utilised herein. B) A non-exaggerated cross 
section which displays true dip of the structures. C) An uninterpreted seismic line of Inline 1077 for 
comparison purposes with A). Notice that A) and C) are vertically exaggerated (x 5) in order to emphasize 
undulations and thickness variations in the sedimentary fill. 
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Figure 5.4. Profile 2 represents an expanded view of Inline 1225 of GN1101 3D cube. Profile 2 displays 
the uppermost part of the ØFC footwall in the central north part of the 3D cube. A) Visualisation of the 
interpretations which form the basis for the geological model utilised herein. B) A non-exaggerated cross 
section which displays true dip of the structures. C) An uninterpreted seismic line of Inline 1225 for 
comparison purposes with A). Notice that A) and C) are vertically exaggerated (x 5) in order to emphasize 
undulations and thickness variations in the sedimentary fill. 
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Figure 5.5. Profile 3 represents an expanded view of Inline 1334 of GN1101 3D cube. Profile 3 displays 
the uppermost part of the ØFC footwall in the central south part of the 3D cube. A) Visualisation of the 
interpretations which form the basis for the geological model utilised herein. B) A non-exaggerated cross 
section which displays true dip of the structures. C) An uninterpreted seismic line of Inline 1334 for 
comparison purposes with A). Notice that A) and C) are vertically exaggerated (x 5) in order to emphasize 
undulations and thickness variations in the sedimentary fill. 
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Figure 5.6. Profile 4 represents an expanded view of Inline 1509 of GN1101 3D cube. Profile 4 displays 
the uppermost part of the ØFC footwall in the southern part of the 3D cube. A) Visualisation of the 
interpretations which form the basis for the geological model utilised herein. B) A non-exaggerated cross 
section which displays true dip of the structures. C) An uninterpreted seismic line of Inline 1225 for 
comparison purposes with A). Notice that A) and C) are vertically exaggerated (x 5) in order to 
emphasize undulations and thickness variations in the sedimentary fill. 
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5.2.2 Time-Structure Maps  

Figure 5.7. presents all Time-Structure Maps generated from the horizon interpretation. 

The structure maps display four horizon the Top Brent Group, the Top Krossfjord, Top 

Fensfjord and Top Sognefjord Formations, respectively. The maps highlight a complex 

fault pattern that is most developed in the SFG. These four surfaces form the basis of 

the generation of cutoff lines in Move for fault displacement analysis (See section 

4.4.2). Colors on the map indicate the TWT to the structure and all surfaces has the 

deepest point close to the 2.NW fault. The progressively constraint of the lateral 

extension for the surfaces going from A to D is due to erosion marked by the BPU.  
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Figure 5.7. Time structure maps of the four strongest reflectors present in the ØFC footwall sedimentary 
cover. A) show the interpreted extent of Top Brent Group surface. The white area to the north is an area 
where the BPU is coinciding with the acoustic basement. On the Western Flank, Top Brent reflector is 
interpreted to not be present or is very weak. B) An overview of the extent of the Krossfjord Formation 
in the ØFC footwall. It is almost completely eroded on the EF and the WF where only some small 
remnants are present. The Top Fensfjord Formation is displayed in C) and this horizon is only present in 
the deepest parts of the footwall graben. D) Show the lateral extent of the Top Sognefjord Formation 
which is only present in the deepest graben areas. The colours on the surfaces represents the time depth 
in milliseconds. 2.NW = Second order fault to the NW, 2.SW = Second order fault to the SW, 2.E = 
Second order fault to the East, BH = Basement High, WF = Western Flank, EF = Eastern Flank.  
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 Time thickness maps 
In Figure 5.8. three thickness maps illustrating the thickness between the four 

interpreted horizons in the ØFC footwall shown. The lack of colour variation in all the 

three thickness maps indicate uniform thickness across the entire ØFC footwall. The 

sedimentary unit do not thicken towards any faults.   

 No thickness variation indicate that no syn-rift deposits are present in the ØFC 

footwall.  

 No syn-rift deposits indicate faulting post deposition.  
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Figure 5.8. Time-thickness maps (isochron maps) derived from the interpreted key horizons. A) Shows 
the thickness between Top Brent and the interpreted Top Krossfjord horizons. From the colour bar it is 
clear that the thickness is close to 130 milliseconds across the whole surface. This implies that this 
sedimentary unit is uniform in thickness across the ØFC footwall. The thickness between Top Krossfjord 
and Top Fensfjord is shown in B) where the same trends are visible, i.e. the thickness is uniform (approx. 
100 milliseconds). The same applied for the thickness between Top Fensfjord and Top Sognefjord, shown 
in C) where a 55 milliseconds thickness are evident. 2.NW = Second order fault to the NW, 2.SW = 
Second order fault to the SW, 2.E = Second order fault to the East, BH = Basement High, WF = Western 
Flank, EF = Eastern Flank.  
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5.3 Major Second Order Faults  

Fault analyses in the Move software can contribute to a better understanding of the fault 

displacement and discover displacement changes. The result of the fault analysis for the 

2.NW, 2.SW and 2.E faults (Figure 5.1)  are presented in Figure 5.9. (2.E), Figure 5.10. 

(2.NW) and Figure 5.11. (2.SW). The displacement of key horizons is visualized as 

throw profiles, were the displacement of different seismic horizons are plotted in the 

same diagram, and as a color map attribute along the actual fault plane. The more 

intense erosion of the elevated BH, WF and EF areas and removal of key reflectors 

influence the fault analysis because both hanging-wall and footwall reflectors are 

needed to calculate the throw.   

5.3.1 The 2.E fault  

The 2.E fault is bounding both the NFG and the SFG to the east and the displacement 

analysis results are presented in Figure 5.9. Along the fault surface a decrease in throw 

is shown in Figure 5.9 when moving southward from NFG to SFG. A throw minimum 

(white arrow in Figure 5.9) is located in the intersection of the graben-crossing horst 

(Figure 5.1). The throw profile, the upper part of Figure 5.9, show that that the basement 

reflector has higher throw than the Top Krossfjord reflector. The throw difference in-

between Top Krossfjord and basement reflectors is up to 50 ms. 

• The throw difference between Top Krossfjord and basement reflectors prove 

that the 2.E fault is thick skinned (basement involved).  

• The faults which bounds the horst (Figure 5.1) accommodates strain and makes 

a throw minimum on the 2.E fault in the transition between the NFG and SFG. 

5.3.2 The 2.NW fault 

The 2.NW fault is the fault with the highest throw in ØFC footwall within GN1101 3D 

cube. The throw profile in the uppermost of Figure 5.10 show that fault maximum has 

a throw of 475 ms.  The 2.NW faults follows the eastern edge of the BH. On the BH, 

immediately west of 2.NW, no fault has been identified. The Mesozoic strata been 

completely eroded on the BH close to the 2.NW thus throw analysis can only be 

conducted on the top basement reflector.  
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• No faults on the BH indicates that the 2.NW fault has accommodated the strain 

applied to this area. This is also consistent with this fault’s high throw obtained 

in throw analysis conducted herein.  

 

5.3.3 The 2.SW fault  

The 2.SW fault is has the second largest throw (315 ms) of the three second order faults 

(Figure 5.1). The throw analysis (Figure 5.11) of this fault reveals that the displacement 

is higher to the north. In the southern part the fault plane makes a bend and the throw is 

dramatically reduced. The bend represents a ~40° direction change of the fault plane. 

In the 2.E fault a similar bend is observed but without the dramatic decrees in throw 

(Figure 5.1; Figure 5.9). The throw profile of the basement (Figure 5.11), show that the 

basement reflector is overall more displaced than the Top Brent Group and Top 

Krossfjord reflectors. In the northern part of the fault there is a decrease in throw of 

more than 300 ms over a distance of 2,2 km which is a significant decrease.  

• The higher displacement of the basement reflector compared to the other key 

reflectors are evidence for a thick skinned (basement involved) fault.  

• The wavy throw profile (Figure 5.11) for several of the reflectors indicate that 

the 2.SW is comprised for several linked fault segments.  

• The dramatic decrease in displacement associated with a bend on the fault plane, 

supports the interpretation that this fault comprises of several fault segments.  

• The large decrease in throw observed in the northern part of the 2.SW fault is 

probably evidence of strain transfer to the 2.NW fault that is soft-liked to 2.SW 

(Figure 5.1).  
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Figure 5.9. This figure shows the 2.E fault and the displacement along it. In the top part of the figure 
the throw profiles of this faults are presented. The red line represents the basement throw profile, 
while the orange line represents the Top Krossfjord Formation. A similar trend in both profiles is 
evident but the basement has a considerable amount more displacement. In the lower part of the figure 
a throw attribute map is projected to the fault surface. The dashed line corelates the results from the 
different methods. This second order fault shows most displacement in the north and displacement 
decreases southward. The lowest amount of displacement is found slightly to the right of the centre. 
This coincides with the footwall graben crossing horst. The vertical scale of the fault is exaggerated 
by 3.  
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Figure 5.10. This figure shows the northernmost second order fault which restrict the footwall graben to 
the west. In the top part of the figure the throw profiles of this fault are presented. The red line represents 
the basement. Complete erosion of the sedimentary strata in the footwall means that no more cutoff lines 
can be made. This fault has the largest amount of throw of all ØFC footwall faults. The deepest part 
correlates to the dashed line to the left of the figure. In the lower part of the figure a displacement attribute 
map is projected to the fault surface. This second order fault shows most displacement towards the centre 
and displacement decreases laterally. The vertical scale of the fault is exaggerated by 3.   
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Figure 5.11. This figure shows the southernmost second order fault which restricts the footwall graben 
to the west. In the top part of the figure the throw profiles of this faults are presented. The red line is the 
basement, yellow is Top Brent surface and orange is the Top Krossfjord surface. This fault has the second 
largest amount of throw of all ØFC footwall faults. The deepest part is highlighted and correlated by the 
dashed line to the right. On top of the most down thrown fault block in the zone of most displacement on 
2.SW, all key horizons, Top Brent Group, Top Krossfjord, Top Fensfjord and Top Sognefjord Formations 
are preserved. In the lower part of the figure a displacement attribute map is projected to the fault surface. 
This second order fault shows most displacement in northern part and displacement suddenly decreases 
towards the south. The sudden drop in displacement is due to other faults of the 3.A population, abutting 
against 2.SW and accommodate the stain. The vertical scale of the fault is exaggerated by 3.   
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5.4 Case Study – Southern Footwall Graben (SFG) 

A more detailed analysis of the SFG has been conducted because this area holds the 

most developed fault architecture. Both the third order fault sets (3.A and 3.B; Figure 

5.1) are well presented in this region. In the following subsections a presentation of the 

results obtained from fault abutment analysis, mass transport direction analysis, 

expansion index diagram, T(z) diagrams and throw profile for a few selected third order 

fault the SFG are given.  

5.4.1 Fault Abutment Results 

By conducting fault abutment analysis on the two fault populations in the SFG their 

relative age can be indicated. The fault interaction is evaluated by studying the fault 

surfaces in 3D using Petrel. In Figure 5.12. the result of this analysis is displayed. In 

total 26 fault intersections have been evaluated and color-coded. Two colors are used 

on the dots to indicate NW-SE trending faults (3.B) abutting against N-S trending faults 

(red dots) and N-S oriented faults (3.A) abutting against NW-SE striking faults (green 

dots). There are 15 red dots and 11 green dots.   

• There seem to be no clear bias towards fault set 3.A abutting 3.B or vice versa. 

This indicate that the two fault sets (3.A and 3.B) formed contemporaneously.  

• The contemporaneously development indicate that fault set 3.A and 3.B are of 

same age.  

• There is a small predominance favoring abutment of 3.B against 3.A. This might 

be due to the fault sets orientation. Fault set 3.A is parallel to the N-S faults 

which is inherited from Permo-Triassic extension. A more rapid lateral 

development parallel to this pre-existing weakness zones is likely and may 

explain the predominance in the fault abutment analysis. 
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  Fault intersection lines  
In the SFG, a network of two third order fault sets (3.A and 3.B) are recognized. How 

the induvial faults from 3.A and 3.B intersect can give valuable information about the 

regional stress axis and movement by examining the fault intersection line. However, it 

is important to have evidence that the two fault sets did move at the same time during 

the same extensional event. If one fault set is older than the other they might represent 

two different transport directions. This method cannot be conducted if the fault sets are 

of different ages. The Fault Abutment Analysis, conducted herein, indicates that fault 

sets 3.A and 3.B are of the same age and formed contemporaneously. This will be 

assumed to be true during the fault intersection line investigation, but the uncertainties 

are acknowledged.   

Figure 5.12. Map showing the results of fault 
abutment analysis. The red dots indicate fault 
intersection point where NW-SE trending 
faults are abutting against N-S trending 
faults. The green dots indicate the opposite 
where N-S trending faults are abutting 
against NW-SW trending faults. The total 
amount of red dots is 15 and green dots are 
11.  
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A 3D investigation of the fault interaction lines has been conducted and the results are 

presented in Figure 5.13. In this figure the intersection lines are seen from above and 

flattened, but it is important to remember that these lines represent three dimensional 

lines that curve at depth with the faults. Some of the intersection lines cross the fault 

intersection points as the fault intersection line continues up section of the Top Brent 

horizon shown in this figure. The intersection lines can give information of the net mass 

transport direction and thus can indicate the extension direction. The lines have a 

perpendicular to sub-perpendicular direction to the 2.SW fault (Figure 5.13; Figure 5.1). 

As the 2.SW fault bends the fault intersection lines also turn so that they are 

perpendicular to the 2.SW.   

 

Figure 5.13. The green lines on the horizon indicate the direction of net mas transport between faults 

that are connected. The yellow circles show which fault intersecting and the green line is representing 

the fault intersection line.  
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• The fault intersection lines give an indication of mass transport direction to the 

WSW which is also the extensional direction for the ØFC footwall in the SFG.  

• The fault line intersection lines changes direction depending on the orientation 

of the 2.SW indicate that the fault sets 3.A and 3.B are dominated by the 2.SW 

fault.  

 

5.4.3 Expansion index and T(z) diagrams 

Expansion index and T(z) diagrams are both methods that is used to determine the 

timing of faulting. The workflow of how this method are conducted are described in 

subsection 4.5. As calculation of E.I. requires the same horizons in both the hanging-

wall and the footwall of the fault to be mapped, the BPU makes it impossible to perform 

this kind of analysis on the second order faults as the footwalls have too much missing 

stratigraphy.  

The analysis has been conducted on four faults located in the SFG and faults from both 

the 3.A and 3.B fault sets. The results of the analysis are shown in the Figure 5.14. All 

the analyzed third order fault have an increased displacement down section towards the 

basement.  

• The increase in throw when moving down section on these faults, indicate that 

the faults are in fact thick skinned (basement involved).  

• The importance of this discovery is significant as this implies that there is a 

dense and extensive fault network in the basement because even the smallest 

faults (third order) are basement involved.  

• The E.I. confirms what is observed in the thickness maps that the sediment 

succession in the SFG has a uniform thickness.  
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Figure 5.14. Results from E.I. and T(z) measurements. There are large uncertainties associated with 
these results due to the very thin sediment cover. Erosion has truncated the uppermost part of the faults 
and tracing the faults in basement is difficult. The result are measurements from a vertically restricted 
part of the whole fault plane and can only provide limited information. What is seen, however, is that the 
throw increases slightly towards the basement in all diagrams. 
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5.4.4 Throw profiles for selected faults 

The faults of the 3.A and 3.B fault sets connects and affect each other in the SFG by 

accommodating stain and retarding displacement in the intersection points. Figure 5.15. 

show how the throw profile gets affected by an incoming abutting fault and how the 

displacement is distributed along the fault for different seismic horizons. Even though 

the throw profiles are a bit noisy they follow the same trend 

Figure 5.15. Throw profiles for two of the faults in the Southern Footwall Graben and correlation to 

the Top Brent horizon to help visualise the three-dimensional appearance and interaction between 

3.A and 3.B faults. The white arrow points to a 3.A faults that are abutting against a 3.B fault. There 

is a clear decrease in throw on the 3.A fault’s throw profile where the fault is being abutted (right 

dashed line). The same applies for the uppermost throw profile. The black arrow indicates a 3.B fault 

abutting against a 3.A fault. On the throw profile only two of the three horizons are affected. The 

Top Krossfjord show higher displacement. This can be explained by interaction of the faults at depth. 

Over all the different horizons follows the similar displacement trends.  
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Chapter 
 

 Discussion: The ØFC footwall faults and 

their relation in time and space. 
 

The seismic interpretation study, fault analysis, literature study and results, described 

in previous chapters, have created the basis for understanding the structure and 

evolution of the ØFC footwall. In this chapter an evaluation and discussion of the 

obtained results will try to answer the main question regarding the formation of the 

intricate step-like fault pattern observed in the third order faults. There are large 

uncertainties due to the lack of well control for dating and the Base Pleistocene 

Unconformity (BPU) place great limitations on using a stratigraphic approach to fault 

age determination. The only data source available is seismic.  

By using information and observation from adjacent areas some of the uncertainties in 

the ØFC footwall can be reduced. The elevated basement relief, of which the ØFC 

footwall represent the start of, continues onto mainland Norway. It is assumed and 

supported by literature, that the ØFC footwall and coastal areas of onshore Norway 

shares somewhat similar geological histories. Discovery of Jurassic sediments onshore 

are of great significates and will be evaluated in combination with the results of this 

study.  
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6.1 ØFC footwall sedimentary units and correlation   

The seismic horizon interpretation, structural and time-thickness map generation has 

provided important information regarding the sedimentary unit present in the ØFC 

footwall. The structural maps provided lateral three-dimensional understanding of the 

area and Figure 5.8 show how all the thickness maps have uniform thickness long the 

whole footwall graben. These results are interpreted as an indication of sediments 

deposition before the faulting occurred. This result is significant for the understanding 

of how and when the ØFC footwall was subjected to the basin margin ward progradation 

of the strain during Jurassic-Cretaceous extension. To say something about timing when 

the fault was active in the ØFC footwall it is essential to know what sediments are 

present in the footwall graben.  

Since there is no well control in the footwall, an attempt to correlate the hanging-wall 

and the footwall is conducted using regional 2D lines. From this analysis it is believed 

that the sediment cover in the footwall is at least of Jurassic age. It is not possible to 

follow the Top Sognefjord reflector and Top Brent reflector all the way into the footwall 

graben due to reflector truncations, but a sense of Jurassic sedimentary unit continuity 

into the graben is still evident. There are still uncertainties associated with the sediment 

assemblage in the footwall, and the only way to be completely sure is by drilling. By 

flattening the cube along the assumed related horizons, a second attempt of correlation 

was made (Figure 6.1.).  

Figure 6.1. Flattened seismic section along the interpreted Krossfjord Formation to show the similar 

seismic amplitude signature in the haningwall and the footwall. This seismic section is not depth 

converted which mean that the sediment unit on in the footwall graben appears a bit thicker but when 

using the measure tool in Petrel the units are given the same thickness.  
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The surface analysis described above establish a general overview of the order of 

geological events. By utilization of several analysis methods in the SFG, more details 

have been obtain about fault sets 3.A and 3.B. In Figure 5.14, E.I. diagrams and T(z) 

diagrams are presented. The E.I. is in theory one very simple yet powerful method to 

visualize periods of fault activity by use of sedimentary thickness on opposing sides of 

the fault. During fault growth it is expected that the hanging-wall side gets increased 

accommodation and thus thicker sedimentary units compared to the footwall side. In an 

ideal case one can decide when that fault was growing but also at what stage the growth 

was fastest (Thorsen, 1963; Groshong, 2006).  

In the ØFC footwall the eroded thin sediment cover does not hold the information about 

fault growth because the syn-rift strata are not preserved. A lot of the faults in the ØFC 

footwall had even too few key horizons on each side to do this analysis properly. For 

example, it was not possible to do this analysis on the second order faults because the 

sedimentary units on their footwalls was way too thin.  

6.1.1 The Implication of Base Pleistocene Unconformity  

The Base Pleistocene Unconformity puts constrains on the result of the fault analysis 

and therefore limits to information possible to obtain from footwall using 

tectonostratigraphic fault analysis. The erosion of the faults and strata have removed 

positional syn-rift strata which could be used for dating. Since the fault surface is not 

possible to interpret to its full extent will also affect the results in the fault analysis.  

6.2 Fault formation in the ØFC footwall  

As described in Chapter 2, the Øygarden Fault was first initiated during Permo-Triassic 

extension. During this period, a broad zone of fractures and minor faults was established 

around the ØFC in the damage zone. These fault and fractures are the ones that becomes 

reactivated in the ØFC footwall and displace the Jurassic strata.  

Assuming the horizon correlation between footwall and hanging-wall is accurate, the 

presents of the Late Jurassic Sognefjord Formation and lack of wedge-shaped syn-rift 

deposit implies that the activity of the faults must be later than the age of Top Sognefjord 

Formation (Late Jurassic). Established weakness zones in the ØFC footwall during 

Permo-Triassic extension is inevitable as the ØFC has several kilometers throw and 

represents one of the biggest faults on the Horda platform. The ØFC footwall faults are 
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likely affected by polyphase extension during Permo-Triassic and Jurassic-Cretaceous 

extension. The extension direction during the Permo-Triassic was W-E and the N-S 

striking fault in the ØFC footwall must have formed during this period as the Jurassic-

Cretaceous extension was to the NW-SE (Færseth et al., 1997; Bell et al., 2014). The 

diachronous nature of the Jurassic-Cretaceous rift event resulted fault activity migrating 

eastward towards the basin margin through time (Færseth, 1996; Bell et al., 2014). So, 

the results of rather late reactivation of the faults in the ØFC footwall is consistent with 

this hypothesis.   

The ØFC footwall has three second order faults that define the footwall graben. These 

N-S trending faults most likely developed as a result of reactivation of inherited 

basement faults from the Permo-Triassic extension based on the fault plane orientation. 

The pre-existing basement faults were probably already laterally extensive (Odinsen et 

al., 2000; Whipp et al., 2014), which made faults segments in the Late Jurassic grow 

laterally very quickly, almost instantaneously in a geological time perspective. In this 

scenario faults likely evolved from being under-displaced to over-displaced as they 

evolved (e.g. Walsh et al., 2003).  

All fault populations found in the ØFC footwall extend into the basement. This is an 

interesting observation as the throws of many of the third order faults are relatively 

small. This indicates that reactivation of basement structures dominates and controls the 

Jurassic-Cretaceous extensional style. Faults are envisaged to propagate up-section 

from the basement. This is consistent with the T(z) diagrams described in section 5.4.3.   

From the throw profiles a general trend is that the basement surface has the highest 

amount of throw compared to other horizons. This can be an indication that the 

nucleation point during reactivation of the faults is in the basement, see section 3.1. 

However, in reactivated systems this trend can be masked and give rise to more complex 

displacement configuration (Deng et al., 2017b). Most displacement in the basement is 

also consistent with the results from the T(z) plots in Figure 5.14. which also suggest a 

slightly increase in displacement towards the basement. It is fair to conclude based on 

these results that nucleation points are in the basement as expected when there are 

present pre-existing weakness zones.   
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6.3 An Onshore Analogue to the ØFC footwall:  

The Bjorøy Formation 

During construction of the Bjorøy subsea tunnel onshore Norway an approximately 10-

meter-wide zone of Jurassic sediments was encountered. The tunnel crosses the 

Vatlestraumen near Bergen in the Øygarden gneiss complex (ØGC) and was 

investigated by Fossen et al. (1997) before the tunnel was cemented and the sediments 

covered. The observation and information obtained from this outcrop, can be off 

significant value and will be used as an analog to the offshore ØFC footwall as the 

geological framework in both locations are fundamentally quite similar. They are 55 

km apart and contain Jurassic sediments covering crystalline basement relief in small 

subsided graben or half graben. 

Fossen et al. (1997) subdivided the Bjorøy Formation into several units, a basal gneiss 

breccia, conglomerate, sandstone, coal and unconsolidated sand, respectively. The 

sediments are surrounded by gneiss. The gneiss belongs to the ØGC which is a part of 

the Bergen Arc system (Kolderup and Kolderup, 1940; Fossen and Rykkelid, 1990; 

Larsen et al., 2003). The gneiss is heterogeneous with predominantly granitic to 

granodioritic composition (Weiss, 1977; Fossen et al., 1997).  

6.3.1 Dating of the Bjorøy Formation  

Results from palynological analysis suggest that the sandstone is of an early to middle 

Oxfordian age (late Jurassic). A similar age is also suggested for the coal fragments 

present in the unconsolidated sand. The coal fragments may be reworked and older than 

the sandstone itself, but this is unlikely due to the fragile nature of coal, where the 

fragments would be rapidly destroyed during physical reworking (Fossen et al., 1997).  

The sedimentary breccia and conglomerate underlying the sandstone in the Bjorøy 

Formation show evidence of being unconsolidated or weakly consolidated when the 

sandstone was deposited. Due to this observation it is assumed that the breccia and 

conglomerate is of similar age to the sandstone, a general late Jurassic age (Fossen et 

al., 1997).  

The dating of the sediments, as described above, makes the Bjorøy Formation time 

equivalent to the Sognefjord Formation on the Horda Platform. The Top Sognefjord 
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Formation is represented by a strong seismic reflector in the Semaheia Fault Block due 

to the strong acoustic impedance between the formation and the overlying shale 

dominated Draupne Formation. From hanging-wall footwall correlation conducted 

herein, the Top Sognefjord reflector has been recognized in the deepest part of the ØFC 

footwall graben. The BPU has eroded and removed the formation elsewhere. The 

seismic hanging-wall footwall correlation is based on seismic amplitude signature 

recognition, only. Well data would be required in order to prove this interpretation. In 

this thesis, the assumption is made that the Top Sognefjord Formation is present in the 

uppermost part of the sedimentary unit, however, there are uncertainties associated with 

this assumption.  

The close proximity (55km) of the ØFC footwall and the Bjorøy tunnel, makes it fair to 

assume that the geological history of these two locations is similar to some extent. The 

Bjorøy Formation is preserved in a pre-Jurassic fault zone associated with the 

Hjeltefjord Fault zone (HFZ) which is comparable to observations of the offshore ØFC 

footwall. The sediments in both locations are of Jurassic age and are lying directly on 

top of crystalline basement implying that little erosion of the basement has occurred 

since the Jurassic time (Fossen et al., 1997).  

6.3.2 Deposition and burial of the Bjorøy Formation 

The provenance area of the Bjorøy Formation seems to be the immediate surrounding 

area. The presence of clast from the Bergen Arc indicate short transport distance of the 

sediments and findings for dinocysts indicate deposition or reworking in a marine 

environment. Presence of coal suggest a close association with a terrigenous 

environment implying that the sand was deposited close to the shoreline during a 

transgressional period (Fossen et al., 1997).   

In the western part of the Horda Platform, uneroded Cretaceous and Cenozoic strata 

have a thickness of 1,5 km and overlies the Jurassic sediments. However, the unit thins 

towards the basin margin and become completely removed by erosion (Base Pleistocene 

Unconformity). No Cretaceous nor pre-Quaternary Cenozoic sediment are present on 

the footwall. The estimate of 1,5 kilometer Cretaceous and Cenozoic sediments 

represents the maximum overburden thickness (Fossen et al., 1997). Riis (1996) 

suggested the uplift to be have ranged between 500-1000 meters which coincides with 

the values from vitrinite reflectance of the coal fragments found in the Bjorøy Formation 
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(0,29 R0). The vitrinite reflectance data indicate a temperature of less than 50°C and 

from this it is unlikely that the overburden thickness exceeded 1 kilometer, at least in 

the Bjorøy area (Fossen et al., 1997). 

Post-Oxfordian reactivation of the HFZ and lead to compression of the sediments 

forming the sub-vertical bedding observed in the Bjorøy tunnel. From observation of 

fault gouge along the HFZ, it can be distinguished that Late Jurassic or younger fault 

movement generate a non-cohesive gouge zone and that cohesive fault rocks are 

associated with older structures.  

The faulting in the footwall must have occurred post-Oxfordian due to the absence of 

syn rift strata. It is interpreted that most syn-rift deposits has been eroded.  

6.4 The Mesozoic Paleic surface  

Synthesis of literature suggests that the crystalline basement of the Caledonian Orogen 

was eroded down to a peneplain in Jurassic (Riis, 1996; Fossen et al., 1997). Holtedahl 

(1960) was among the first authors to interpret this dissected surface as a peneplain. 

Apatite fission track studies of two deep onshore wells performed by Green (1991) 

support the model of a Jurassic peneplane. One of the wells is located in Tananger, 

southwest Norway, and yielded a fission track age of 171 ± 9 Ma. The other located in 

Fosdalen, central Norway, gave a fission track age of 170 ± 33 Ma. Green (1991) 

interpreted the samples to have cooled from a temperature greater than 110°C between 

220 and 180 Ma, based on the fission track lengths at both locations. These results are 

consistent with the Triassic-Jurassic cooling event described by Van der Beek (1994) 

and (Rohrman et al., 1995) who correlated this event to a rapid erosion of western 

Fennoscandia (Riis, 1996).  

In the northeastern North Sea, several exploration wells have penetrated Jurassic 

sediments that rest on tilted weathered basement platforms that have been correlated 

with the onshore peneplain (Riis, 1996). The observations in the Bjorøy tunnel and at 

the ØFC footwall, where the Jurassic sediments of the Bjorøy Formation are lying on 

top of the metamorphic basement suggest that the Mesozoic peneplain most likely 

represents exposure during the Jurassic, after which Jurassic sediments accrued (Fossen 

et al., 1997).  
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The large Triassic sedimentary package in the northern North Sea has a likely 

provenance area in Scandinavia to the east (Riis, 1996). However, the building of the 

Jurassic Brent delta shows an increase in sediment supply from the south during the 

Bajocian-Bathonian (Helland-Hansen et al., 1992). This change in sediment supply and 

distribution, from Triassic to Jurassic, seems to agree with the peneplane discussed 

above.  

Riis (1996) suggested a transgressional stage initiated in the Middle Jurassic drowning 

the weathered basement in the present offshore area. This suggestion coincides with the 

findings in the Bjorøy tunnel by (Fossen et al., 1997). The transgression is believed to 

have completely drowned southern Norway during the Middle (Doré, 1992) or Late 

Cretaceous (Riis, 1996). From the vitrinite data gathered from coal fragments in the 

Bjorøy Formation, the possibility of deposition and late erosion of several hundred 

meters of Cretaceous sediments is credible (Fossen et al., 1997).  

From offshore seismic and well data, a rapid Neogene uplift of the Jurassic peneplain 

is suggested. Patterns of incised sub-aerial valleys in the eastern basin margin of the 

northern North Sea suggest considerable and fast uplift (Rundberg et al., 1995; 

Gregersen, 1998; Gabrielsen et al., 2005). The uplift has been interpreted by several 

authors to have occurred from the Late Oligocene to Pliocene (e.g. Riis and Fjeldskaar, 

1992; Stuevold et al., 1992; Jensen and Schmidt, 1993). The mainland was uplifted 

relative to the North Sea and generated a basin ward dip (2-3°) of Jurassic and 

Cretaceous sediments (Fossen et al., 1997). By assuming a vertical shear mechanism of 

the Neogene upliftment Fossen et al. (1997) reconstructed the approximate appearance 

of the Mesozoic peneplain in the Cretaceous. Figure 6.2. shows this reconstruction and 

how sediment could have been deposited in southern Norway during the Jurassic-

Cretaceous transgression (Fossen et al., 1997). This reconstruction visualize that 

Jurassic sediments was deposited on top of the weathered basement.  
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6.5 Case Study: Discussion and evaluation of results 

obtained in the Southern Footwall Graben.  

The ØGF footwall has an intricate history which needs further investigations to be 

properly understood. To get be best evaluation of the complex step-like fault pattern the 

most emphasize has been given the SFG, where the pattern is most developed. A variety 

of different method has been utilized to understand this area in greater detail. In the 

following subchapters the methods used, results obtained and interpretations from the 

Southern Footwall Graben will be evaluated and discussed in order to highlight 

significant information about footwall evolution in time and space.  

6.5.1 Deciding the relative ages of the fault populations 

Determination of the relative age of 3.A and 3.B in the SFG was conducted using fault 

abutment analysis (See sections 4.5 and 5.4.1). In theory, if a bias towards one fault 

population truncating against another fault population is found, this may imply that the 

truncating faults are younger. One fault population must already be present before a 

new fault population can truncate against it.  

The color coding of the fault intersections in Figure 5.12 show that there is no significant 

bias towards 3.A faults butting against 3.B faults or vice versa. This indicate that the 

3.A and 3.B formed contemporaneously. However, the results showed that 3.B faults 

abutting 3.A faults are a bit more abundant. The small inconstancy might be due to the 

orientation of the fault sets. The parallel N-S orientation of 3.A faults to the second 

order reactivated faults may have been a more favorable orientation for lateral growth 

compared to the NW-SE orientation of 3.B faults. These results are in accordance with 

the research of Deng et al. (2017b).  They showed that weakness zones in the subsurface 

will give rise to rapid formation of faults in the area above the reactivated fault and that 

a step-like fault patterns can form above pre-existing faults.  

6.5.2  Indication of extension direction in the footwall  

In the Smeaheia Fault Block a regional fault array with strike in a WNW-ESE indicating 

an extension direction to the SSW-NNE (Figure 4.4).  These faults are also found further 

out on the Horda Platform. The stress field direction is pointing towards the center of 

the thermal dome where the thermal subsidence is the largest. On the other hand, the 
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extension direction of the Jurassic-Cretaceous rift event is suggested to be in a NW-SE 

direction (Doré et al., 1999; Christiansson et al., 2000; Whipp et al., 2014). Moreover, 

the faults in the ØFC footwall and Smeaheia Fault Block are not parallel, indicating that 

different stresses are dominating in the different areas. 

By looking at the intersection line between two obliquely linked fault segments, will 

give an indication of the net mass transport direction which again can give an indication 

of extension direction (See section 4.5). Figure 5.13. show the results of the mas 

transport direction analysis in the SFG. The fault intersection lines points in a West to 

WSW direction which is also interpreted as extension direction. The intersection lines 

tend to be more or less perpendicularly orientated to the 2.SW fault. This makes reason 

to believe that the third order faults in the ØFC footwall is mainly dominated by the 

major reactivated faults and not so much by the far field stresses  associated with the 

regional WNW-ESE oriented fault in the Smeaheia Fault Block forming during Early 

Cretaceous (Bell et al., 2014).   

 

 

6.5.3  ØFC Footwall faults evolution model  

Based on all the observations and interpretations in the ØFC footwall a model of how 

the faults developed through time is presented in Figure 6.3. The figure shows how 

major second order faults initiated where the todays larges throw is observed (Figure 

6.3. A). It is interpreted that these faults connected laterally very rapidly due to the 

already established weakness zone from Permo-Triassic rift event in the basement 

(Figure 6.3. B). As more strain is accommodated the tow third order fault sets 3.A and 

3.B develop to an intricate step-like fault pattern, especially in the SFG (Figure 6.3. C 

and D).  
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A) B)

GN1101
GN1101

5 km0 km 2,5 km

C) D)

GN1101
GN1101

Figure 6.3. Schematic illustration showing how the ØFC footwall developed through Post-Oxfordian 
time. The grey shades indicate the depth of the horizon where a darker shade represents negative features 
and lighter shades represents positive features. Scale and orientation are shown in (A) and the red line 
indicates the outline of GN1101 3D cube. A) represents the footwall during the initial nucleation stage 
of the major graben bounding faults. The nucleation zones are based on the areas along the fault plane 
with the most amount of displacement. B) shows that the reactivated faults connect rapidly laterally, and 
subsidence of the footwall graben initiated. Also, the development of smaller faults to accommodate 
strain applied from the displacement of the major faults has started. C) Continuous lateral and vertical 
fault growth with systematic increase in subsidence. D) Represents the pre-Quaternary final 
configuration of the ØFC footwall.  
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6.5.4 Oblique reactivation? 

The major N-S oriented second order faults are likely have reactivated from older 

Permo-Triassic structures. The regional WNW-ESE striking faults found in the 

Smeaheia Fault Block indicative of extension direction in an SSW-NNE direction. 

Oblique reactivation in the second order ØFC footwall faults can therefore not be 

excluded. However, no clear evidence of a dip-slip component has been recognized in 

the ØFC footwall but the oblique reactivation of faults may not have a very strong 

sideways component because it is more favorable to continue to grow in the same 

direction as before (Deng et al., 2017b).  

Around the outside of the Bjorøy tunnel it is possible to observe a pronounced fault-

sets. The pronounced fault-set has a strike in a North-South direction with a steep angle, 

similar to what is observed in the ØFC footwall. This fault orientation indicates East-

West extension direction and may correlated to the Permo-Triassic extension. Along 

the fault surface of this North-South trending structures, a sub-horizontal South-

plunging lineation indicate a significant oblique component (Fossen et al., 1997).  

In the ØFC footwall no obvious indication of dip-slip is observed. However, seismic 

resolution limits the possibility of resolving these features. If there were an oblique 

component it would probably be associated with the north south trending faults similar 

to what is observed in the Bjorøy area.  

6.6 Fault displacement  

It can be quite challenging to interpret fault propagation and linkage based on 

displacement distribution, especially when younger faults interact and link with 

inherited structures. According to Deng et al. (2017b) the displacement maxima of 

initially isolated fault segments can be masked after linkage with a larger structure.  

Figure 5.9, Figure 5.10 and Figure 5.11 show faults draped with a color map 

representing displacement. This color map, however, is not completely representative 

of the real displacement on the actual faults. This is due to original faults 

removed/truncated by erosion up-section.  

This will affect the result in Move in several ways. The most apparent is that areas of 

displacement on the fault will be more focused because Move must put all the 
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displacement information within the fault surface. The result is that when the fault is 

truncated by erosion the displacement gets a D shape while faults normally tend to have 

elliptical. Areas in the uppermost part of the fault were the color indicate low 

displacement is wrong.  

 

6.7 Implications for CO2 storage and migration  

The results in this thesis have shown that all three fault orders (first, second and third 

order) are thick skinned (basement involved) faults (e.g. seismic profiles, T(z) diagrams 

and throw profiles). This implies that there is a dense fault network in the basement that 

have the potential to dramatically enhance the fluid flow in the basement rock. From 

literature the basement under paleic surface is believed to be heavily weathered 

(Roaldset et al., 1993). The weathering has made the basement porous and permeable.  

The severe erosion of the Cretaceous and Jurassic sediments in the footwall of the ØFC 

has removed the main sealing unit, the Draupne Formation, more or less completely. 

The lack of a sealing sedimentary unit in the ØFC footwall could mean that fluid 

migrating up section along faults will escape at the surface.  

During CO2 vertical migration the supercritical fluid will have a phase change to gas 

and expand if the pressure from the overburden decrease (see section 3.4.1). In this 

scenario fractures may be opened as the pore pressure increases which will additionally 

enhance the fluid flow along the fault surfaces. One important aspect to de-risk is 

whether reactivation and fault movement of the ØFC faults have retarded the fluid flow 

capabilities by grain size reduction or increased migration potential by opening 

fractures. To reduce the large uncertainties regarding the sealing capabilities, further 

work and analysis must be conducted to properly predict potential CO2 migration in the 

basement.  
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One of the largest pockmark field (>7000 pokmarks) in the whole world are located 

above Smeaheia and the ØFC footwall. Pockmarks form at the seafloor by gas seepage 

(Mazzini et al., 2017). Is this an evidence that CO2 could leak in the Smeaheia area? In 

Figure 6.4 a part to the pockmark field are visible in GN1101 3D cube. Mazzini et al. 

(2017) found no signs of active gas seepage. Dating of the carbonate collected form the 

pockmark floor, gave an age of 9,59 ± 1,38 Ka which correspond to Holocene. This is 

also consistent with the age for the microfossil assemblage. Mazzini et al. (2017) 

suggested pockmark formation due to dissociation of gas hydrates during the last 

deglaciation.  This means that the pockmarks don’t represent any threats toward leakage 

after injection.  

 

 

 

 

Figure 6.4. A) Timeslice of the variance attribute cube at TWT -396 ms. The timeslice shows hundreds 

of pockmarks. B) High resolution bathymetry of a pockmark found in the Troll field area. This pockmark 

is about 15 m deep. This image is obtained from Mazzini et al. (2017).  
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6.7.1 A potential scenario and consequences of CO2 

injection regarding the ØFC faults  

Predicting the migration pathways of injected CO2 can be challenging due to the large 

amounts of uncertainties. However, by utilizing geotechnical analysis the uncertainties 

can be reduced. From the literature, results and interpretations obtained herein, the 

consequences of a CO2 injection scenario is outlined below.  

• Migration of injected CO2 towards the ØFC from the filled to spill Alpha 

prospect.  

• The CO2 encounters the ØFC. Depending on the hydraulic sealing capabilities 

of the ØFC the fluid could take different paths. If sealing, CO2 might migrate 

along the fault surface. If the ØFC is leaking, cross-fault migration is a 

possibility.  

• The basement is fractured, weathered and porous making fluid flow in the 

basement rock possible.  

• The ØFC footwall faults may represents high permeable zones and CO2 is 

guided vertically along these zones.  

• The vertically migrating CO2 may spread in the Jurassic strata to some extent, 

but a continued vertical movement of the fluid is expected.  

• The lack of stratigraphic seal in the ØFC footwall strata make reason to believe 

that the CO2 may reach the surface and escape.  

• CO2 phase change from supercritical fluid to gas will provide a higher pore 

pressure resulting in opening of fracture which again can improve the overall 

fluid flow.  

There are large uncertainties associated with this suggested scenario. Information about 

the hydraulic sealing capabilities of the ØFC footwall faults are unknown and need 

further investigation. Due to the different ways that CO2 can be trapped (see section 

3.4.2), the leaking in the ØFC footwall may not be a deal breaker for Smeaheia 

becoming a future CCS site. Dynamic CO2 storage could be a solution.  
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 Conclusion  
This thesis represents the first attempt to understand the structuring of the ØFC footwall 

fault architecture. A geological model informs the structural evolution and the 

development of different fault populations above a reactivated basement.  The model is 

subjected to a rigorous structural analysis and informs elements of structural de-risking 

of Smeaheia CCS site. The main conclusions of this thesis are listed below, including a 

concise structural evolution model of the ØFC footwall.    

 Hanging-wall to footwall correlation using seismic facies and amplitude 

similarity suggest the oldest sedimentary units preserved in the ØFC footwall 

grabens is the Brent Group, whereas the youngest sediments is likely the 

Sognefjord Formation (Late Jurassic). Between these sediments, two other 

prominent seismic reflectors likely representing the top of Krossfjord and 

Fensfjord Formations.  

 The Draupne Formation, a regional seal for the Troll Field and the Smeaheia 

CO2 site, was completely removed from the ØFC footwall by erosion as a result 

of Neogene uplift of Scandinavia. If injected CO2 migrates into these basins, 

there is significant risk of leakage to the surface.  

 The uniform thickness of the preserved Mesozoic sediments in the ØFC footwall 

suggest fault activity after deposition (post-Oxfordian to Neogene). No syn-rift 

sediments are preserved due to the erosion of the Neogene uplift of Scandinavia. 

As such, precise dating of fault movement is not possible from seismic alone.  
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• The ØFC footwall faults are likely to have nucleated from pre-existing inherited 

structures of Permo-Triassic age that has been obliquely reactivated in post-

Oxfordian.   

• Fault abutment analysis between 3.A and 3.B indicated that there is no 

significant bias of one fault set butting against the other. This indicate that 3.A 

and 3.B formed contemporaneously.    

• Mass transport direction analysis of the third order SFG faults indicate extension 

to the WSW. The third order faults are dominated by the 2.SW fault as the 

obtained transport direction changes with the orientation of 2.SW.  

 

Geological history of the ØFC footwall based on observations and 

interpretations herein:  

1. The establishment of the ØFC during the Permo-Triassic extension generated a 

dense network of faults and fractures in the basement rock.   

2. A tectonically quiescence post-rift period followed dominated by thermal 

subsidence of a broader area in the Triassic.  

3. A mantel plume created a thermal dome in the center of the North Sea and 

generated the existence of the triple graben junction in the Middle Jurassic.  

4. The Jurassic-Cretaceous extension was initiated by this thermal dome and the 

Viking Graben became the zone of most subsidence during this extensional 

event. The ØFC was reactivated and continued to grow. Sediments constantly 

filled in the increased accommodation. 

5. Southern Norway was subaerial exposed in a ~250 My dry period, resulting in 

erosion and weathering of the basement rock in the Jurassic.  

6. In the Middle Jurassic, the basement relief was exposed and peneplained.  
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7. A eustasy change initiated in the Jurassic resulted in a transgression which 

covered most of the peneplain in south western Norway by the Cretaceous. 

Jurassic and Cretaceous sediments were deposited on top of the peneplained 

basement. During this transgression the ØFC footwall sediments and the Bjorøy 

Formation were deposited as a horizontal layer. The area was buried by 

approximately 1 km of Jurassic and Cretaceous sediment.   

8. The Jurassic-Cretaceous extension was diachronous shifting from the central 

part of Viking Graben towards the eastern basin margin and potentially 

reactivated the pre-existing faults in the ØFC footwall in the Early Cretaceous.  

9. Faulting in the ØFC footwall occurred in the period between post-Oxfordian 

(late Jurassic) to Neogene. 

10. The inherited Permo-Triassic faults in the weathered basement were reactivated 

and represent nucleation zones for displacement of the sedimentary units in post-

Oxfordian to Neogene period.  

11. Rapid Neogene uplift (Late Oligocene into Pliocene) relative to the North Sea 

resulted in erosion which persisted until Pleistocene, which is marked by the 

Base Pleistocene Angular Unconformity. Simultaneously, sedimentary wedges 

built westward into the North Sea.   

12. Deposition of Quaternary sediments occurred on top of the Base Pleistocene 

Angular unconformity.  

 

This thesis has shown that there are large uncertainties regarding the risk of CO2 

migration in the ØFC footwall. There are room for advancement of the geological model 

by integrated analysis, so it is suggested that further analysis and investigations is 

conducted to reduce the uncertainties to an expectable level.  
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Chap  
 

 

 Suggestions for further work 
In this section some suggestion for further work are proposed, to enhance the 

understanding and accuracy of the geological model presented in this study.  

 To get a better understanding of fluid migration pathways between Smeaheia 

and the ØFC, juxtaposition analysis of the sedimentary packages is 

recommended.  

 Following juxtaposition analysis, the fault sealing potential also needs 

consideration to confidently say something about the CO2 migration pathways. 

In the Bjorøy Formation, fault activity post-deposition (late or post Jurassic) has 

developed unconsolidated gouge zones (Fossen et al., 1997). The information 

obtained from these faults can be used to predict the potential seal properties of 

the faults in the ØFC footwall.  

 A more detailed study of the ØFC footwall NFG should be conducted. This 

region has not been studied in greater detail herein due to prioritized 

investigation of the SFG.  

 A more detailed comparison between the onshore Bjorøy Formation and the 

offshore ØFC footwall to confirm if that these two areas in fact share similar 

geological histories.  

 Determine the hydraulic seal properties of the faults in the ØFC footwall. This 

is a challenging task but important for CO2 migration prediction.  
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The target of the GN1101 seismic cube was primarily the Jurassic strata in the hanging-

wall of the ØFC. Accordingly, this interval was prioritized during processing. Different 

processing algorithms affects the final seismic section and since the deeper part of the 

hanging-wall is prioritized, the quality in the footwall is compromised. Reprocessing of 

the data with special consideration for the footwall it is possible to get a higher quality 

seismic image of the footwall which resolves finer details, thus could enhance the 

geological understanding.   
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