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Abstract 

The northern Horda Platform and Stord Basin is a part of the multi-phase North Sea rift system. 

Crustal extension of the area have taken place since the Devonian, in several pulses of rift activity. 

This study focuses on the development of the Permo-Triassic rift structures and the implications for 

sediment accumulation in relation to the large-scale structures. To achieve this, the region is studied 

via the interpretation of a large network of 2D and 3D seismic surveys and correlated to a limited 

number of wellbores. A selection of seismic sections, time-structure maps and thickness maps are 

produced to elucidate the underlying structures as well as how and where Permo-Triassic faults 

created accommodation, providing further insight into the temporal history of the Permo-Triassic 

northern North Sea rift phase (Rift Phase 1 – RP1). 

Devonian orogenic collapse shear zones are mapped to investigate relationships between inherited 

structures and fault zones being formed during RP1. The study area is divided into three distinct 

structural domains (northern, central and southern) based on characteristics inherited from 

Devonian structures and onshore-offshore correlation. Furthermore, relationships between RP1 fault 

zones and Devonian shear zones are established and described as exploitative, cross-cutting, 

detachment-style and non-interaction modes. The inherited structures are shown to have had a 

profound effect on the basin development during RP1 by controlling fault positions, fault 

displacement, fault plane polarity and large-scale strain transfer between the domains of the study 

area. A rigid structural element, the Utsira High, is shown to have influenced the development of the 

Stord Basin by strain localization east and west of the rigid block. Zechstein evaporites, found in 

basins to the south of the study area, is shown to have been blocked by footwall uplift on the 

Hardangerfjord Shear Zone and hinterland uplift resulting from continuous uplift from the late 

Carboniferous. 

Sediment accommodation was created in the RP1 rotated half-grabens. The sedimentary units are 

divided into tectonostratigraphical units and tied to well-log interpretations, providing a spatial and 

temporal framework for the RP1 deposits. RP1 initiation is proposed to be Permian, with cessation in 

the early Late Triassic Carnian age. Post-rift deposits revealed a reactivation of major faults in the 

early Norian age. 

Sediment dispersal systems are discussed and major drainage systems are revealed by applying fault 

growth theory and palaeotopography. The Hardangerfjord and Sognefjord drainage systems are 

proposed to be the major systems of drainage into the Stord Basin and the Horda Platform, 

respectively. 
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This study documents improved understanding of multi-phase rift basins and the influence of 

inherited structures that can be applied to future work. More specifically, the temporal development 

of the Permo-Triassic rift phase in the northern North Sea is discussed. This study contributes to 

constrain the temporal aspects of RP1, and provides several large-scale sediment supply routes to 

the basins of the study area. The Horda Platform and Stord Basin are currently being evaluated for 

CO2 sequestration (CCS), and the >5 km thick Permo-Triassic strata are one of the target groups for 

reservoir rocks. Understanding the structures and deposits in these systems are therefore vital for 

identifying and assessing new reservoirs. 
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Preface 

This thesis was completed as part of a two-year master program in Geosciences at the Department of 

Geosciences, University of Oslo (UiO) in candidacy of the M.Sc. in Geology: Structural geology and 

tectonics (120 credits). The thesis is the result of a one year research period ending in the spring 

semester of 2020 (15.06.2020) counting for 60 credits. 

This thesis is a contribution to the NCCS (Norwegian Carbon Capture and Storage) project, Task 9 – 

Structural De-risking. The aim of Task 9 is to reduce the structural risk related to the injection of CO2 

for permanent storage in the subsurface. Additional storage sites in the Permo-Triassic successions of 

the northern North Sea would be a vital contribution for large-scale CO2 sequestration. 
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1 Introduction 

The northern North Sea rift system is a prolific hydrocarbon province, currently also in the spotlight 

for Carbon Capture and sequestration (CCS). Much of the work done in this area have been focussed 

on the hydrocarbon resources, which to a large degree resides in the Jurasssic and younger strata. 

There is, however, a thick succession of Permo-Triassic strata (and maybe even older) preserved in 

the tilted half-grabens of the area. This study aims to further the understanding of the Permo-Triassic 

interval on the Horda Platform and in the Stord Basin. This chapter will introduce the motivation, 

concepts and aims for this thesis. Figure 1.1 shows the North Sea Rift system and the study area. 

 

Figure 1.1 Overview of the North Sea rift system modified from (Faleide et al., 2010). Approximate position of the study 
area is bounded by the red rectangle. Important abbreviations: CG = Central Graben, ESP = East Shetland Platform, HP = 
Horda Platform, HSZ = Hardangerfjord Shear Zone, NSDZ = Nordfjord-Sogn Detachment Zone, LD = Ling Depression, SB = 

Stord Basin, SH = Sele High, UH = Utsira High, VG = Viking Graben, WG = Witch Ground Graben, ÅG = Åsta Graben.  
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1.1 Motivation 

The Wilson Cycle (Burke and Dewey, 1975) of plate tectonics, based on the idea that oceans opened 

and closed as the tectonic plates drifted on the viscous lower mantle (Wilson, 1966), is a 

fundamental discovery, although later revisions have shown the tectonic interactions to be more 

complex than the almost two-dimensional model of the Atlantic Sea opening and closing (Dalziel and 

Dewey, 2019). The latter phases in the cycle (5-1, Figure 1.2) illustrates the collision of continents and 

the processes leading to separation of the continents, involving the building of an orogen, the 

collapse of the orogen and the continental rifting leading to a new ocean being formed. The 

Caledonian orogen and the Atlantic margins were described in Wilsons ground-breaking article “Did 

the Atlantic Close and then Re-Open” (Wilson, 1966). This study will address parts of the extensional 

phases of the Wilson Cycle. Specifically, structures from orogenic collapse and their influence on the 

formation of a multistage rift basin on continental crust, and a description of the Permo-Triassic rift 

phase in the Northern North Sea, the first of two main rift phases prior to the continental break-up in 

the Norwegian-Greenland Sea at the Palaeocene-Eocene transition (Ziegler, 1992).  

 

 

Figure 1.2 The Wilson Cycle as presented by (Wilson et al., 2019), describing the phases of the Wilson Cycle. 
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The North Sea is one of the most mature areas for petroleum exploration and production, and the 

economic benefits to the neighbouring countries are of great importance. It is also one of the best-

covered areas with regards to geological and geophysical data. Exploration targets include the 

Jurassic and younger strata and the research is therefore mostly focused on these successions. The 

structural style of the North Sea with numerous half-grabens and rotated fault blocks, puts the 

typical hydrocarbon-traps on the footwall crests of the fault blocks. This has primarily led to drilling 

on the footwall crests, leaving the deep hanging-wall basins and thereby much of the early deposited 

sediment volume, poorly investigated (Hardman and Booth, 1991; Bolle, 1992; Færseth, 1996). 

The formation of the Caledonian orogeny in the Middle Silurian to the Early Devonian epochs, and its 

subsequent collapse have left its marks on the basement of the Eurasian plate. Inherited structures 

created a heterogeneous basement composition (Færseth, 1996;; Fossen and Hurich, 2005; 

Fazlikhani et al., 2017; Fossen et al., 2017; Phillips et al., 2019). Basement involvement and inherited 

structures from the Caledonian Orogeny and Devonian orogenic collapse in the northern North Sea 

have been the focus of some excellent recent publications (Gabrielsen et al., 2015;; Phillips et al., 

2016; Fazlikhani et al., 2017; Fossen et al., 2017; Phillips et al., 2019), who mapped and outlined the 

interactions between the Devonian extensional structures and the later rift events.  

Two main rift stages are recognized in the Mesozoic to Early Cenozoic development of the northern 

North Sea. The first, termed Rift Phase 1 (RP1), in the Permo-Triassic, and a later stage in the Middle 

Jurassic to Early Cretaceous epochs termed Rift Phase 2 (RP2) (Ziegler, 1992; Nøttvedt et al., 1995; 

Færseth, 1996; Fazlikhani et al., 2017; Phillips et al., 2019). A Permo-Carboniferous extensional event 

is debated, but not confirmed in the northern North Sea, unlike in the central North Sea and the Oslo 

Rift, where Permo-Carboniferous sedimentary basins are found (Ziegler, 1992). RP1 structures are 

clearly linked to the underlying Devonian shear zones, that acted as zones of weakness, focusing the 

generation and development of RP1 faults (Færseth et al., 1995; Fossen et al., 2014; Fossen et al., 

2017; Fazlikhani et al., 2017; Phillips et al., 2019) (Figure 1.1).   

Permo-Triassic sedimentary rocks, deposited in the RP1 basins represent the earliest proven 

sedimentary rocks known in the study area, with exceptions of some Devonian low grade 

metasediments encountered on e.g. the Utsira High(Færseth et al., 1995). There are also records of 

Devonian and Carboniferous metasediments in basins west of the Viking Graben (Marshall and 

Hewett, 2003). Early Permian Rotliegend clastics are found at the southern margin of the study area 

(Berthon, 1970) and southward in the Permian basins of the North Sea, where they are overlain by 

Late Permian Zechstein evaporites (Ziegler, 1992). The Zechstein Sea did not transgress the basins of 

the study area (Fazlikhani et al., 2017). 
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The Permo-Triassic sedimentary rocks in the study area are mainly continental deposits from fluvial 

systems (Steel and Ryseth, 1990; McKie, 2014; Nystuen et al., 2014). The continental character of the 

deposits is void of the regular markers used for both sequence-stratigraphic analysis and 

biostratigraphy. Therefore, other factors and methodologies must be used to subdivide the Permo-

Triassic successions. Jarsve et al., (2014) used seismic facies and regionally continuous seismic 

reflections to subdivide and map the Triassic deposits of the central North Sea. Regional correlation 

and nomenclature of North Sea stratigraphy is also non-uniform even though attempts have been 

made to unify the work done in the different sectors. Lervik (2006) compared and systemised the 

different schemes of nomenclature and stratigraphy, that was based previously on the preferences of 

the interpreters. Most of the available well data is, unfortunately, older than the unified stratigraphy 

by Lervik (2006), and does therefore not comply to present day nomenclature and stratigraphic 

subdivisions. This represents an uncertainty in interpreting and correlating well data to seismic 

interpretations. 

1.2 Aim of study 

The aim of this study is to present a comprehensive tectonostratigraphical model of the Permo-

Triassic succession on the Horda platform and in the Stord Basin. A vast network of seismic 2D lines 

and additional 3D seismic coverage has been investigated and interpreted by subdividing the Permo-

Triassic succession into units based on marker horizons, traceable throughout the study area, 

disregarding the former conventions on the stratigraphy of the area. The units are also distinct by 

their internal reflectivity patterns (seismic facies) where the seismic surveys are of adequate quality 

for facies interpretation. Well data are correlated to seismic reflections to constrain the temporal 

distribution of RP1, and a series of interpreted seismic lines, time-structure maps and thickness maps 

outline the spatial development of the study area.  

In addition, Devonian structural fabrics are mapped to provide insight into the development of intra-

continental multi-stage rift basins, and to evaluate their control on the development of basin 

bounding faults, basin morphology and controlling structural style by separating structural domains 

within basins. Probable drainage pathways to the basins and topographic controls on the distribution 

of the Zechstein Sea at the southern Stord Basin is evaluated.  
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2 Geological setting 

2.1 Location of the study area 

The North Sea rift system situated between Scandinavia, the British Isles and northern Central 

Europe, consists of three rift regions, the Viking Graben, the Moray Firth Basin and the Central 

Trough (Figure 2.1). The trilete rift system constitutes an aulacogen, a failed rift that never reached 

the stage of seafloor spreading (Ziegler, 1975; Burke, 1977; Ziegler, 1992; Lervik, 2006; Ravnås et al., 

2000).  

 

 

Figure 2.1. Map modified from Fazlikhani et al. (2017). Base Permo-Triassic Rift phase in colour scale with main structural 
elements. Yellow rectangle marks the study area of this thesis. Stippled black lines outline inferred domain boundaries. 

Wellbores used for this study are marked with red squares. Abbreviations: BASZ = Bergen Arcs Shear Zones, BEF = Brage East 
Fault Zone, HSZ = Hardangerfjord Shear Zone, NSDZ = Nordfjord-Sogn Detachment Zone, KSZ = Karmøy Shear Zone, SSZ = 

Stavanger Shear Zone, TFZ = Tusse Fault Zone, TAFZ = Antithetic fault South of Tusse Fault Zone, UFZ = Utsira Fault Zone, VFZ 
= Vette Fault Zone, ØFZ A = Antithetic part of Øygarden Fault Zone, ØFZ N = Northern segment of Øygarden Fault Zone, ØFZ 

S = Southern segment of Øygarden Fault Zone 



  Geological setting 

6 
 

 

The Horda Platform and the Stord Basin is located on the eastern flank of the North Sea rift system, 

bordered in the south by the Sele High and the Åsta Graben, in the west by the Utsira High and the 

Viking Graben, while the Måløy slope and the Øygarden Fault Zone (Øygarden FZ) represents the 

northern and eastern limits, respectively. This study is concentrated on the Horda Platform and the 

Stord Basin between the Brage Horst and the Øygarden FZ to the south of the Måløy slope in the 

northern part of the study area, and between the Utsira High and the Øygarden FZ north of the Sele 

High in the south (Figure 2.1).  

The Palaeozoic-Mesozoic North Sea rift system was created by three major rifting events; 1) in the 

Late Carboniferous to Early Permian epochs, 2) Late Permian to Early Triassic epochs (RP1) and 3) the 

Late Jurassic to Early Cretaceous epochs (RP2). The latter two events formed the northern North Sea 

rift where the study area is located (Ziegler, 1975; Badley et al., 1988; Faerseth et al., 1995; Færseth, 

1996; Heeremans and Faleide, 2004; Whipp et al., 2014; Duffy et al., 2015; Deng et al., 2017a).  

2.2 Structural and stratigraphic framework 

The northern North Sea Rift System consists of multiple linked grabens and half-grabens from the 

Norwegian mainland to the Shetland Platform to the west (Nøttvedt et al., 1995; Færseth, 1996). The 

grabens are bounded by rotated fault blocks, deeply filled and buried under potentially Late 

Palaeozoic to recent strata, outlining the typical structural style of the northern North Sea (Steel and 

Ryseth, 1990; Færseth, 1996) (Figure 2.2, Figure 2.3). Half-graben infill can measure up to 5 km 

compacted thickness (Færseth, 1996).The tilted faultblocks within the study area overlays a post-

Caledonian fabric of extensional structures, formed during Devonian orogenic collapse (Færseth et 

al., 1995; Gabrielsen et al., 2015; Fazlikhani et al., 2017; Fossen et al., 2017; Phillips et al., 2019).  

2.2.1 Structural elements 

The Permo-Triassic basin of the northern North Sea is split by the Brage Horst in the north and by the 

Utsira High in the south (see Figure 2.1). The Eastern boundary of the Basin, the Øygarden FZ is 

mainly north-south trending in the northern part of the study area, but takes a more northeast-

southwest trend in the Stord Basin aligning to the Hardangerfjord Shear Zone (Hardangerfjord SZ). As 

the Horda Platform terminates to the North, the Øygarden FZ curves dramatically towards the West 

and tips out. This westward curve is suggested to be caused by a continuation of the onshore 

Nordfjord-Sogn Detachment Zone, the Lomre Shear Zone (Lomre SZ) (Færseth, 1996; Fazlikhani et al., 
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2017; Phillips et al., 2019). The Øygarden FZ is also split in  northern and southern sections 

delineated by a shift in polarity west-southwest of Bergen. On the western edge of the study area, 

the Brage East Fault Zone (Brage East FZ) creates a boundary in the northern section of the basin 

(Figure 2.1). In the southwestern part, the Utsira Fault Zone (Utsira FZ) separates the Stord Basin 

from a prominent basement structure, the Utsira High. In the central section, a possible relay or 

accommodation zone separates the northern Horda Platform basin from the southern Stord Basin, as 

the Utsira FZ bends to the Northeast and fades out towards the middle of the Study area. The Brage 

fault zones (east and west) also diminish in throw southwards, leaving a topographic high trending 

east-west, separating the Northern and Southern domains of the study area (Figure 2.1). The thickest 

sediment packages occur in the Stord Basin along the Utsira FZ and the Southern Øygarden FZ 

segment as well as in the interior of the basin (Figure 2.4). On the Horda Platform, the Permo-Triassic 

sediment accumulations are mainly in the hanging-walls of the northern Øygarden FZ, the Vette Fault 

Zone (Vette FZ) and the Tusse Fault Zone (Tusse FZ) along with some accumulation in the hanging 

wall of the Brage East FZ (Færseth, 1996; Phillips et al., 2019). Færseth (1996) describes Permo-

Triassic sediment thicknesses of up to 5 km in the hangingwalls of the easterly tilted faultblocks on 

the northern Horda Platform, up to 5 km accumulations along the Brage East FZ and more than 5 km 

in the interior of the Stord Basin.   

 

 

Figure 2.2 Seismic interpretation of the Horda Platform by Bell et al., (2014), displaying the structural style of the Horda 
Platform and the typical well positioning of the study area. The fault zones are Øy1 = Øygarden FZ, V1 = Vette FZ  and T1 = 

Tusse FZ. 
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Figure 2.3 Line drawings of crustal transects of the northern North Sea Rift System (Christiansson et al., 2000), 
demonstrating the structural style of the northern North Sea basins and the crustal structure. The upper transect (1) 

corresponds to the northern domain of this study, and the lower transect (2) corresponds to the central domain. 

 

  



  Geological setting 

9 
 

 

Figure 2.4. Thickness maps between RP1 and RP2 by Phillips et al. (2019). Abbreviations: NSZ = Ninian Shear Zone, BSZ = 
Brent Shear Zone, TSZ = Tampen Shear Zone, LSZ = Lomre Shear Zone, USZ = Utsira Shear Zone, ØSZ = Øygarden Shear Zone, 

HSZ = Hardangerfjord Shear Zone, KSZ = Karmøy Shear Zone, WBF = Western Boundary Fault, TF = Tusse Fault, VF = Vette 
Fault, ØF (C and S) = Øygarden Fault (Central and Southern), ÅF = Åsta Fault. 

 

2.2.2 Chrono- and tectonostratigraphy 

Understanding the tectonic and stratigraphic evolution of the North Sea rift system have been the 

focus of a vast number of publications during the later decades. There have clearly been a 

development due to both technical and academic advances (Ziegler, 1975; Gabrielsen, 1986; Badley 

et al., 1988; Steel and Ryseth, 1990; Ziegler, 1992; Steel, 1993; Nøttvedt et al., 1995; Færseth et al., 

1995; Færseth, 1996; Fossen et al., 2000; Odinsen et al., 2000; Ravnås et al., 2000; Gabrielsen et al., 

2001; Lervik, 2006; Jarsve et al., 2014; Phillips et al., 2016; Fazlikhani et al., 2017; Fossen et al., 2017; 

Phillips et al., 2019). Figure 2.5 summarizes the chronostratigraphy of the North Sea area with an 

outline of the Permo-Triassic tectonic phase.  
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Figure 2.5. Chronostratigraphy of the North Sea area modified from (Halland et al.)(NPD). Permo-Triassic tectonic events to 
the right. 

2.3 Geological evolution  

2.3.1 The Caledonian orogeny 

The study area was greatly affected by the Scandian event of the Caledonian orogeny in the Mid 

Silurian to Early Devonian epochs (Roberts, 2003). The plate divergence following the breakup of the 

Rhodinian Supercontinent switched to convergence between the Baltican and Laurentian plates in 

the Middle to Late Ordovician epochs (Domeier, 2016) (Figure 2.6). During the Silurian Period at 

approximately 430 Ma, the continent-continent collision was initiated as the Baltican margin was 

subducted underneath Laurentia. Nappes ranging from proximal Baltican margin in the Lower 

Allochthon, via the distal hyperextended Baltican margin in the Middle Allochthon, microcontinents 

and oceanic features like island arc systems and ophiolites in the Upper Allochthon to Laurentian 

continental margin in the Uppermost Allochthon, was thrust onto the Baltican continental crust 

creating a highly heterogeneous crustal composition (Gee et al., 2013; Corfu et al., 2014) (Figure 2.7). 
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The orogeny was at its peak sometimes between the Middle Silurian (430 Ma) to the Early Devonian 

epochs (400 Ma) (Corfu et al., 2014). 

 

Figure 2.6. Plate tectonic maps by Domeier (2016). a) Early stages of the Caledonian Orogeny. b) Climax of the Caledonian 
Orogeny 
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Figure 2.7. Caledonian Allochthons (Fossen,  https://folk.uib.no/nglhe/caledonides.html, visited 13.06.2020) 

2.3.2 Devonian orogenic collapse 

As the orogeny reached its maxima in the Middle Silurian to Early Devonian epochs (Corfu et al., 

2014), the contractional stress regime gave way to extension through the initial reactivation of the 

Basal Caledonian Thrust decollement. As the decollement failed to accommodate more deformation, 

large (10-100 km scale) detachment shear zones formed, like the low-angle Nordfjord-Sogn 

Detachment Zone and the steeper Bergen Arcs and Hardangerfjord shear zones formed (Figure 2.8). 

These shear zones downlap onto, or cross-cut the Caledonian decollement (Fossen et al., 2017). The 

next stage involved brittle high-angle faulting rooting in, or cross-cutting the lower angle shear zones 

(Fossen et al., 2017). The Devonian extensional structures influenced the younger extensional faults 

of the North Sea by creating a structural grain that affected the later stages of the formation of the 

North Sea rift system (Duffy et al., 2015; Fossen et al., 2017; Fazlikhani et al., 2017; Phillips et al., 

2019; Osagiede et al., 2020). Devonian sedimentary rocks are found in onshore basins, like the 

Hornelen, Kvamshesten and Solund basins in the hanging-walls of these detachment faults (Steel et 

al., 1977; Osmundsen and Andersen, 2001), and some Devonian strata are also found in wells 

penetrating into some of the highs of the North Sea rift (Christiansson et al., 2000; Lervik, 2006). 

https://folk.uib.no/nglhe/caledonides.html
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Figure 2.8. Devonian shear zones in the northern North Sea area (Fazlikhani et al., 2017). 

2.3.3 Permo-Carboniferous extension in the southern and central North Sea  

Following a period of clastic and carbonate deposition in the southern and central North Sea during 

the Late Devonian to Early Carboniferous epochs, a foreland basin to the Variscan Orogen formed 

during the Carboniferous Period. In the Late Carboniferous to Early Permian time, wrench-tectonics 

induced extensional events e.g. the Oslo Rift and the Permian basins of the southern and central 

North Sea (Ziegler, 1992). Major volcanism characterized the Oslo Rift and the offshore rift systems 

as well, and continued into the Triassic Period in the Oslo Rift and western Norway. In the northern 

North Sea, the Permo-Carboniferous extensional event is debated, but intrusions onshore western 

Norway and the thickness of sedimentary rocks in the half grabens on the Horda Platform, suggests 

tectonic activity during Permian time (Heeremans and Faleide, 2004).    

2.3.4 Permo-Triassic extensional phase (RP1) 

The first observable stage of Late Palaeozoic to Late Mesozoic rifting in the northern North Sea is 

known as the Permo-Triassic rift phase or Rift Phase 1 (RP1) (Færseth, 1996; Duffy et al., 2015; 

Fazlikhani et al., 2017; Phillips et al., 2019). During RP1 a limited number of faults created a wide 

basin encompassing the East Shetland Basin, the Horda Platform, the Stord Basin, the Åsta Graben 

and the South Viking Graben (Figure 1.1). Færseth (1996) proposed the western Horda Platform as 
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the main rift axis during RP1. Other Permo-Triassic basins that developed southeast of the Viking 

Graben (Åsta and Horn grabens) might strengthen this theory. East-west extension is suggested, 

creating north-south trending structural features (Færseth, 1996; Odinsen et al., 2000; Bell et al., 

2014; Osagiede et al., 2020). The Triassic strata in the northern North Sea are reported to be 

continental deposits of alluvial, fluvial and floodbasin origin, with only a few marine incursions (Steel 

and Ryseth, 1990; McKie, 2014; Jarsve et al., 2014) (Figure 2.9). Steel and Ryseth (1990) and Nystuen 

et al. (2014) describe a transition from arid/semiarid to humid during the latest Triassic to the 

earliest Jurassic. The southwestern part of Baltica, containing Scandinavia, drifted from the equator 

into the dry 30˚ zone from the Carboniferous to the Permo-Triassic periods (Domeier and Torsvik, 

2014), which supports the observations of arid to semi-arid deposits in Scandinavia. Larsen et al. 

(2008) describes the climate in southeastern Norway during deposition of the aeolian sediments 

within the Oslo-rift in the Lower Permian as arid. The Permian Rotliegendes sandstones are 

characterized as arid climate deposits (Verdier, 1993). 

 

 

Figure 2.9. Example of a North Sea depositional system by McKie (2014), displaying deposition types, probable source areas 
and sediment routes during the Triassic Period. The study area of this thesis is situated in the middle of the northern extent 

of the maps. 
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2.3.5 Middle Jurassic doming in the central North Sea 

As the North Sea basins subsided throughout the Late Triassic and the Early Jurassic epochs following 

RP1, an uplifted arch between southern Scotland and Denmark rose (Ziegler, 1992). The topographic 

relief of the Central North Sea dome is suggested to be 1500–2500 m. Major erosion of the uplifted 

areas peeled off Early Jurassic down to even Permian deposits, and redeposited the sediments in the 

still subsiding neighbouring areas. The Brent Sandstone Group in the Northern North Sea is proposed 

to be one of the deltaic sequences deposited from erosion of the Central North Sea Dome  (Helland-

Hansen et al., 1992). Major volcanism is also recorded in the triple junction of the Viking, Central and 

Moray Firth–Witch Ground grabens (Ziegler, 1992).     

2.3.6 Late Jurassic to Early Cretaceous rift phase (RP2) 

Following a long interval of thermal subsidence in the Late Triassic to the Middle Jurassic epochs, the 

Kimmeridgian age of the Late Jurassic showed renewed extensional tectonics (Ziegler, 1992). The 

second rift phase is known as the Late Jurassic to Early Cretaceous rift phase or Rift Phase 2 (RP2) 

(Færseth, 1996; Duffy et al., 2015; Fazlikhani et al., 2017; Phillips et al., 2019). During RP2, the focus 

of rifting changed to a more western position in the northern section, concentrating extension on the 

North Viking Graben. In the south, where RP1 rifting was separated by the Utsira High, the western 

section continued to record extension, as the eastern section (Stord Basin) experienced little to no 

rifting in RP2 (Figure 2.10). In general, only minor extension was recorded in the Study area during 

the syn-rift interval of RP2, but the post-rift phase shows some reactivation of the Øygarden FZ, 

Vette FZ and Tusse FZ (Phillips et al., 2019). During the Late Jurassic (Oxfordian to Kimmeridgian) 

Epoch the whole North Sea Rift was inundated and deep marine conditions prevailed in the Viking 

and Central grabens (Ziegler, 1992). The Late Callovian to Late Oxfordian Sognefjord Formation, is 

interpreted as a shallow marine spit-system, and the overlying Draupne Shales of Kimmeridgian age, 

as deeper marine deposits, marking the initiation of RP2 (Dreyer et al., 2005). The syn- to post-rift 

transition of RP2 is marked by the Base Cretaceous unconformity (BCU), a composite unconformity 

surface cutting the rotated faultblock crests of RP2 (Zachariah et al., 2009). Phillips et al. (2019) 

noted a northward shift in rifting activity during the later phases of RP2 which might be connected to 

the continued rift activity in the Norwegian-Greenland Sea, leading to continental break-up in the 

Palaeocene to Eocene epochs (Ziegler, 1992). Figure 2.11 shows a summary of some characteristics 

for RP1 and RP2. 
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Figure 2.10. Model of astenospheric upwelling through RP1 and RP2 by Phillips et al. (2019). A) The Permo Triassic RP1. B) 
The Jurassic-Cretaceous RP2. Note the focusing of the astenospheric upwelling in the north and the westward shift in the 

south. 

 

Figure 2.11. Summary of the two main rift phases of the Northern North Sea by Phillips et al. (2019). Red stippled lines 
represents maximum depocentre formation and rifting activity. A) RP1: Main depocentres and rift activity in the East 

Shetland and Horda Platform/Stord Basins. B) RP2: Westward shift in rift activity. Little to no activity in Horda Platform and 
Stord Basin. C) Late RP2 to RP2 post rift phase: Northward shift of rifting due to Norwegian-Greenland Sea rifting. Slight 

reactivation of Horda Platform faults (ØFZ, VFZ and TFZ) 

2.3.7 Post-RP2 stages 

Gabrielsen et al. (2001), describes the post-RP2 subsidence by a three stage model: 1) Initial post-rift 

stage where sediment distribution is defined by structural features like faultblock crests, hanging wall 

depressions, relay ramps and sub-platforms. 2) Medial stage where sedimentation rates outpaces 

creation of accommodation, with widespread onlaps to major basin shaping elements like basin 

margins and platforms. Slight reactivations on some faults are evident based on displacement 

analyses. Structural elements are mostly blanketed by sediments. 3) Structural elements are covered 

by sediments and thermal subsidence is in equilibrium. At last a wide saucer-shaped basin is formed.  
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The post-rift development in the Northern North Sea is, however, a bit more complex. The basin 

bounding masterfaults, the Øygarden and East Shetland fault zones, were also active in the post-rift 

history of the northern North Sea (Bell et al., 2014). The bounding faults of the Viking Graben and a 

few interior basin faults show evidence of additional activity after RP2 cessation. Subsidence rates 

varied throughout the study area at this time, and are attributed to plate separation in the 

Norwegian-Greenland Sea, intraplate tectonics and basin-flank tectonics (Nøttvedt et al., 1995). The 

uplift history of the Fennoscandian Shield reveals several phases of increased uplift, attributed to e.g. 

rift to drift in the Norwegian-Greenland Sea and plume related effects, eustacy following glaciations, 

intraplate stresses (?ridge push) and flexure of the thinned plate (Faleide et al., 2002; Redfield et al., 

2005a; Redfield et al., 2005b).  
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3 Theory, Data and Methodology 

3.1 Theory 

This section outlines the theoretic basis for the tectonostratigraphic interpretations in the following 

chapters of this study. 

3.1.1 Tectonostratigraphy of rift basins 

Rift basins are elongate depressions of the Earth’s crust, bounded by basement-involved or detached 

faults on one or both sides. Rift systems, e.g. the North Sea rift system, consists of several linked rift 

basins, forming the larger system. Continental rift basins are often associated with passive 

continental margins during continental break-up, but can form in several tectonic regimes, as local 

extension also can occur in compressional and strike-slip regimes (Withjack et al., 2002). The rift 

basins and systems act as sediment traps, which have great potential for the preservation of e.g. 

sediment fills, structures and hydrocarbons (Gawthorpe and Leeder, 2000).  

Tectonostratigraphic analysis is the analysis of rock units based on tectonically derived 

characteristics. Sedimentary rocks in the subsurface carry information about the environment of 

deposition. Tectonic events are no exception, as they shape the surface of the Earth. The topography 

is changed as e.g. normal faults create topographic relief that controls accommodation, erosion and 

thereby the drainage systems transporting sediments into the system (Prosser, 1993; Nøttvedt et al., 

1995; Gawthorpe and Leeder, 2000; Ravnås et al., 2000). Rift basin development 

Rift basins develop as faults grow and link up to form composite fault zones. The evolution of a rift 

basin can as such be described by phases of development based on fault growth (i.e. length and 

displacement) and linkage (Gawthorpe and Leeder, 2000). The initial stage is characterized by 

numerous small faults covering a large area. As extension prevails, the rift climax phase is initiated by 

faults in close proximity to each other linking up to form longer composite faults (Gawthorpe and 

Leeder, 2000). As the tips of neighbouring, parallel faults approach each other, relay ramps or 

accommodation zones may develop in areas where the initial faults are not oriented so they intersect 

over time. Eventually the relay ramps and accommodation zones are breached, and through-going 

composite faults created (Figure 3.1). Observations of composite (linked) faults infer transverse 

folding of both footwalls and hanging-walls during fault linkage. The footwall is uplifted at sites of 

maximum fault displacement, as the hanging-wall subsides, creating a footwall anticline and a 
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hanging-wall syncline. At linkage sites, fault displacement is at the lowest, hence, footwall synclines 

and hanging-wall anticlines are inferred (Figure 3.1) (Schlische, 1995).   

 

Figure 3.1 Modified from Gawthorpe and Leeder (2000). The three-stage fault development in rift basins. A) Initiation stage 
involving numerous small faults bounding isolated basins. B) Fault linkage and development of larger fault zones. Transverse 

folds in footwalls and hanging-walls (see text above for details). C) Through-going fault zones as displacement is 
accumulated on the linked faults. 

3.1.1.1 Architecture of tectonic sedimentary units in rift basins 

The strata deposited during the different phases of a rift basin development inherit shapes and 

internal fabrics directly linked to the phase of rift evolution (Prosser, 1993). Nøttvedt et al.  (1995) 

describes the evolution of a sedimentary basin using a three-stage model comprising  pre-, syn- and 

post-rift strata (Figure 3.2). The pre-rift strata are characterized by parallel stratal boundaries with a 

relatively uniform thickness distribution, and are deposited in slowly subsiding basins, or in the case 

of mantle-upwelling induced tectonics, a doming event with erosion of the domal feature that 

creates a pre-rift unconformity. Pre-rift unconformities can also be found at the margins of the slow 

subsiding basins. Syn-rift strata are more disorganized, with discontinuous and diverging internal 

fabrics, and its geometry is a direct result of the tectonic event itself. The new-born relief following 

footwall uplifts produce course grained erosional products to fill the incipient basin. The rotation of 

fault blocks is generally away from the rift axis during the syn-rift stage. The wedge-shaped 

geometries of syn-rift successions are the result of fault block rotation, which provides 

accommodation in the hanging-wall block, while uplift occurs in the footwall block (Nøttvedt et al., 

1995). Prosser (1993) applied a more detailed model to subdivide the syn-rift strata into an initial rift 

phase where alluvial activity on the footwall slope is small, allowing bedding surfaces to onlap the 

footwall (Figure 3.3). The initial rift phase bedding covers the entire hanging-wall surface, as 

sediment availability is not yet limited by new-formed topography. The internal fabrics of the initial 

rift strata are generally hummocky and discontinuous, reflecting longitudinal channel systems as the 

main drainage, if the system is not submerged. In the rift-climax stage, the subsidence and rotation 

will likely outpace sedimentation, and rift climax strata is characterized by alluvial fans or talus along 
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the footwall slope, and progradation followed by aggradation on the hanging-wall surface. Internal 

bedding onlaps the hanging-wall slope, as sediment availability is commonly low, attributed to 

topography limiting and diverting the drainage. Divergence of internal bedding reflects faultblock 

rotation during deposition (Prosser, 1993). Post-rift strata are more organized, with parallel and 

more continuous internal bedding than the syn-rift strata, but especially in starved basins where 

sediment supply is low, wedges can be found in initial post-rift strata as well. Longitudinal drainage 

systems might lead to a more hummocky internal fabric, as channels meander. Internal bedding will 

onlap the hanging-wall slope and the footwall slope until initial relief is filled (Prosser, 1993). As 

thermal relaxation becomes the main subsidence mechanism and the rift topography is filled, well 

organized sedimentation with thickening of strata towards the rift axis and is expected, creating a 

wide saucer-shaped basin in the late post-rift stage. As the thermal subsidence is largest towards the 

basin axis, rotation of the fault blocks turns toward the basin axis in the post-rift stage (Figure 3.4) 

(Nøttvedt et al., 1995). The sag towards the basin axis is reflected by onlaps toward basin margins 

(Prosser, 1993).  
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Figure 3.2. Rift development in three main stages and the stratal geometries expected during the rift phases (Nøttvedt et al., 
1995). 
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Figure 3.3. Modified from Prosser (1993). The rift initiation and climax sedimentary units as viewed in seismic sections. 
Coloured lines marks the unit boundaries. 

 

 

Figure 3.4. Conceptual figure showing fault block tilting during A) the syn-rift stage. B) the post-rift stage (Nøttvedt et al., 
1995). 

3.1.1.2 Drainage and deposition 

Drainage through sedimentary basins has a fundamental control on routing and distribution of 

deposits in the basin, while tectonically derived relief controls the drainage into basins (Gawthorpe 

and Leeder, 2000).  
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The climate of the northern North Sea throughout the Permo-Triassic interval is characterized as arid, 

with a change in the Late Triassic to a semi-humid to humid climate (Verdier, 1993; Nystuen et al., 

2014). Leeder and Gawthorpe (1987) and Gawthorpe and Leeder (2000) developed conceptual 

models for deposition in several environments including continental rifts in arid climates. The models 

describe several facies that in many cases can be interpreted from seismic images and mapping. 

These facies include footwall alluvial fans and hanging wall alluvial cones on the side distal to the 

footwall, with aeolian, fluvial or lacustrine sedimentation in the area between the fans and cones 

(Figure 3.5). Sediment routes into the basin are often found at sites of fault linkage, as they represent 

lower topography along the footwall scarp, and may represent the most important entry points for 

transverse drainage. Large alluvial fans or submarine fans, if the basin is submerged, are often found 

at sites of fault linkage (Gawthorpe and Hurst, 1993; Gawthorpe and Leeder, 2000).  
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Figure 3.5. Conceptual block diagrams from Gawthorpe and Leeder (2000) showing typical facies associations in Continental 
arid rift systems. a) Initial phase. b) Linkage phase. c) Through-going fault stage. 
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3.2 Data set 

Seismic data, of especially 2D seismic reflection lines, are well suited for interpreting the geology of 

large areas. This regional study comprises the Horda Platform and the Stord Basin of ~25 000 km2, 

making the use of seismic data, ideal, especially when correlated to deeply drilled wellbores. The 

primary dataset for this study is comprised of a large number of time-migrated 2D seismic reflection 

lines and three 3D seismic volumes, which cover the entire Horda Platform and Stord Basin (Figure 

3.6). Seismic reflection data and wellbore data were collected from the NPD Diskos data repository 

and the NPD Fact Pages, respectively. Figure 3.6 provides specific information about each survey 

used, and their relative image quality (see also Figure 3.7). In addition to the seismic data used, 

information from the few wellbores drilled within the survey area that penetrate the thick Permo-

Triassic interval were used to provide important interpretation constraints (Figure 3.6 and Table 3.2). 

The oldest ages of rocks encountered by the seven wells range from pre-Devonian to Early Permian 

and most wells are located on structural highs.   

 

Figure 3.6. Overview of the seismic reflection data and wells used for this study. The blue rectangle represents the 
approximate limit of the study area. Structural elements, well positions and background image are collected from NPD Fact 

Pages (https://factmaps.npd.no/factmaps/3_0/, visited 13.06.2020). 

https://factmaps.npd.no/factmaps/3_0/
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3.2.1 Seismic reflection data 

21 2D seismic reflection data surveys and three 3D surveys of varying quality (Figure 3.7 and Table 

3.1) were used for this study (Figure 3.6). Most of the surveys were chosen because of their relative 

quality and overall coverage of the study area. The relative quality of a seismic survey depends on its 

resolution and frequency. The higher frequencies are vital to discern thin layers in the subsurface as 

their wavelengths are shorter. High frequensies, however, are incerasingly attenuated with depth, 

lowering the resolution of the seismic data (Veeken, 2007). Additional surveys were added despite 

their lower quality in order to to fill gaps in the interpretation. An important factor for this study is 

the Z (time, ms TWT) axis of the surveys, as the base Permo-Triassic surface and internal Permo-

Triassic reflectors were mapped down to more than 6000 ms TWT in the Stord Basin. Petroleum 

exploration has targeted the Jurassic strata, hence, the datasets are migrated to image the Jurassic 

and upper rocks, not favouring interpretation of base RP1 and the lower Permo-Triassic strata, but 

excellent for interpreting the Late Triassic - Lower Jurassic Statfjord Group, which is used as top 

Permo-Triassic for this study. E.g. the SG9202 3D seismic cube is limited to 5000 ms TWT and 

migrated to image the Troll Field, sacrificing deep image quality. Most 2D surveys, however, have a 

sufficient time axis to image the Base RP1 and the Permo-Triassic reflections. Seismic surveys used, 

are listed in Table 3.1. 

Table 3.1. Seismic surveys used for this study. 

Survey Year 2D/3D Company Relative quality 

GN1101 2011 3D Gassnova SF Excellent 

SG9202 1992 3D Saga Petroleum ASA Excellent, but shallow 

NH0301 2003 3D Norsk Hydro ASA Good 

NSR + NSR06  2D TGS Very good 

TLGS80 1980 2D Unknown  Poor 

NVGT-88 1988 2D Unknown Poor 

NVGTI-92 1992 2D Unknown Good 

GNSR-91 1991 2D Unknown Good 

GSB-85R97 1997 2D Unknown Good 

HRT91 1991 2D Unknown Poor 

HRT93 1993 2D Unknown Poor 

MN88-3 1988 2D Unknown Good 

MN89-6,10 1989 2D Unknown Good 

MN9101 1991 2D Unknown Good 

MN9103 1991 2D Unknown Poor 

NOA-92 1992 2D Unknown Good 

SBGS-87 1987 2D Unknown Good 

SH8001 1980 2D Unknown Poor 

SH8401 1984 2D Unknown Poor 

SHP91 1991 2D Unknown Poor 

ST8201 1982 2D Unknown Good 

ST8301 1983 2D Unknown Good 

TE90 1990 2D Unknown Good/very good 
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Figure 3.7. Examples of relative seismic image quality. The best quality surveys are significantly more detailed and have 
more continous reflections, allowing intra-Permo-Triassic reflections to be interpreted. Poor quality seismic data is only 
functional for the brightest reflectors. All images are from the approximately same position in the Smeaheia fault block. 

GN1101 seismic data is courtesy of Gassnova SF. 

3.2.2 Wellbore data 

The density of wellbore penetrations varies in different parts o the study area. Numerous wellbores 

have been drilled on the Horda Platform, as several significant petroleum discoveries have been 

made there (Troll and Brage fields). The Stord Basin, however, has experienced very little drilling 

activity, as there have been no sizeable hydrocarbon discoveries and possibly an absent petroleum 

system due to the structural setting, lack of source rocks within the basin and/or unfavourable 

migration pathways from the mature source rocks in the Viking Graben, among other factors 

(Sørensen and Tangen, 1995). Additionally, there are very few deeply-drilled well that penetrate 

below the Statfjord Group within the study area.  

Wellbores without checkshot data were used during the interpretation and analytical phases of the 

study (Figure 3.11) to evaluate the presence of stratigraphic elements from the Permo-Triassic 

periods, especially whether the entire Permo-Triassic sequence was present, or just parts of it. Well 

17/4-1 was also used to evaluate the substratum of the Permo-Triassic sucsession, as it penetrated 

Permian Rotliegend conglomerates (Berthon, 1970). The wells used for this study is listed in Table 

3.2. Figure 3.6 shows the distribution of the used wells in the study area. 
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Table 3.2. List of key wells used in this study. Oldest penetrated ages as listed by operator. * denotes wells with available 
checkshot data. 

Wellbore 
no. 

Position Operator Oldest 
penetrated age 

Well tops 
available 

31/2-4 R * Svartalv Fault Zone 
footwall crest, Troll West 

field 

Norske Shell A/S Early Triassic 
Hegre Group 

Yes 
 

31/4-3* Brage East Fault Zone 
hangingwall, Brage field 

Norsk Hydro 
Produksjon A/S 

Early Permian 
(?Rotliegend 

Group) 

No 

31/6-1 * Tusse Fault Zone 
footwall crest, Troll East 

field 

Norsk Hydro 
Produksjon A/S 

Pre-Devonian 
basement 

Yes 

32/4-1 T2 * Vette Fault Zone crest Phillips Petroleum 
Company, Norway 

Pre-Devonian 
basement 

Yes 

25/6-1 Utsira High Fault Zone 
footwall crest 

Saga Petroleum ASA Pre-Devonian 
basement 

No 

17/3-1 Horst between Stord and 
Åsta basins 

Elf Petroleum Norge 
A/S 

Pre-Devonian 
basement 

No 

17/4-1 Ling Depression between 
Utsira and Sele highs 

Elf Petroleum Norge 
A/S 

Early Permian 
Rotliegend Group 

No 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  Theory, Data and Methodology 

29 
 

3.3 Methodology 

This section describes the methods and methodology used for the interpretation of the data set 

available for this study.  

3.3.1 Seismic interpretation 

This section will focus on the procedures and constraints used for interpreting the seismic data and 

correlating the interpreted intervals bounding reflections to geology interpreted from wellbore data. 

The seismic data is in the time-domain, measured vertically as two-way-time in milliseconds (ms 

TWT), while the well data is measured in depth (m). Using checkshot verified wells, with a confirmed 

time-depth relationship to tie the seismic data is regarded as crucial. The interpretations presented 

in this study is not depth-converted, so depth referenced in the text are in ms TWT, unless otherwise 

is noted. 

The Petrel 2019.1 software package (Schlumberger, 2019), was used for the seismic interpretation, 

modelling and analysis. Adobe Illustrator CS6 (Adobe Systems Inc, 2012), was used to create 

illustrations for this study. 

3.3.1.1 Characterization of tectonostratigraphic units 

It is important to have robust and consistent criteria for interpreting the different strata within the 

study area. A seismic reflection represents a physical boundary in the subsurface, separating 

mediums with different density * velocity relationships (Veeken, 2007). Sediments are deposited 

containing different grain sizes, fluid content and mineralogy/petrography under different physical 

conditions, assigning different densities and velocities to the different depositions. The deposition 

environments change through time on a large scale, and the changes are considered to be laterally 

extensive, such that a regional seismic reflection originating from a density and velocity difference, 

can be considered a timeline in the subsurface (Jarsve et al., 2014). Hence, the Permo-Triassic units 

of this study are not considered specific lithological units, but rather boundaries in time, separating 

strata affected by gross changes to the deposition environment across the study area. Such changes 

can be, for example, tectonic processes and/or climate changes. 

  

 

 

 



  Theory, Data and Methodology 

30 
 

The criteria used for the Permo-Triassic subdivision are listed below: 

1. Seismic reflection relationships: Prominent seismic reflections with high degree of 

continuity throughout the study area was selected, representing surfaces of gross 

depositional environment changes, as suggested by Jarsve et al. (2014). This was used as a 

basis for establishing the Permo-Triassic unit subdivisions. 

2. Unit shape: Subdivision geometry and internal fabric according to tectonostratigraphic 

characteristics (pre-, syn- and post-rift units), (see section 3.1.1 for details).    

3. Internal seismic reflections and fabric: The intervals between the selected reflections were 

examined in excellent quality 3D seismic (GN1101) and their characteristics were used to 

guide interpretation where the unit bounding reflections were unresolvable or weak. 

3.3.1.1.1 Horizon mapping 

The seismic data set was interpreted by initially identifying and interpreting the base Permo-Triassic 

(Base RP1) and top Statfjord Group throughout the study area. Checkshot constrained well tops were 

used to pick the reflections in the GN1101 3D cube, and the reflections were 2D-autotracked with 

medium correlation quality. The NSR seismic surveys was used as a base for the interpretations, as it 

covers the entire study area with very good seismic quality (Table 3.1, Figure 3.6 and Figure 3.7). The 

NSR recording depth reaches 9200 ms and sufficient imaging abilities down to 7-8000 ms, along with 

resolution of 20-40 meters (Jarsve et al., 2014). The line spacing of the NSR survey is 10 km in most of 

the study area, but a few existing gaps of up to 30 km were filled with other seismic surveys. In 

particularly complex areas, several extra surveys were used, and other surveys were also applied to 

tie wells to the NSR survey network. The Base RP1 reflection was interpreted manually in 2D, as 

reflection continuity is low, especially in the deeper basinal areas. The top Statfjord Group and top 

Hegre Group was tracked using seeded 2D autotracking with low setting on correlation quality, as the 

Statfjord and Hegre groups are relatively discontinuous. In addition to the Statfjord and Hegre 

groups, the Brent Group, Sognefjord and Draupne formations was mapped using seeded 

autotracking with medium correlation quality, as their reflections are relatively continuous. The 

Permo-Triassic reflections were mapped using both autotracking and manual interpretation, as 

reflection continuity and amplitude strength varies throughout the study area. The 3D seismic data, 

however, offer superior resolution compared to the 2D seismic data. 3D data was interpreted on 

every 25 inline sections and every 100 crossline sections, and autotracked. 



  Theory, Data and Methodology 

31 
 

3.3.1.1.2 Fault mapping 

The faults of the study area were mapped on mainly 2D seismic lines. The NSR seismic survey was 

used as a base for interpretation, as coverage of the area is close to complete, the time axis is 

sufficiently deep and the angle to faults is favourable, although not completely perpendicular. The 

gaps in the NSR network were filled in by adding favourably positioned lines. Structurally complex 

areas were evaluated by adding seismic lines, preferably perpendicular to the faults, but along strike 

sections were also used. Detailed mapping of the faults in 3D seismic was not carried out, as detailed 

fault analysis is beyond the scope of this thesis. The fault population is well constrained due to 

previous work in the area (e.g. (Færseth, 1996; Bell et al., 2014; Duffy et al., 2015; Jonassen, 2015; 

Whipp et al., 2014).  

Shear zones, appearing in the seismic data as packages of dipping subparallel reflections, below the 

Base RP1 were mapped in 2D lines based on the approach used by Fazlikhani et al. (2017). The NSR 

surveys were mainly used, as their long time axis images deep structures well.  

Faults and shear zones were examined in 3D windows after the interpretation process, and co-

evaluated with the Base RP1 surface to examine relations between shear zones, faults, basin 

development and eventual links to onshore structures. 

3.3.1.2 Analyses 

The seismic data interpreted on 2D lines and in 3D cubes constitutes networks of interpreted lines. 

The networks were reviewed post-interpretation to evaluate the spatial and temporal accuracy of 

the interpretations. Revisions and refinements of the interpretations were then applied where the 

results were inadequate. 

3.3.1.2.1 Time structure mapping 

A time structure map is a representation of the depths of an interpreted network of reflections in the 

time-domain. The software allows surface grids to be created from interpretation network by way of 

surface interpolation between the interpreted lines, using a griddig algorithm. The convergent 

interpolation method was used for this study. Grid increments were set to 1 km2, as the area covered 

is large, and lower increments produced erratic surfaces. Smoothing is a low pass filter, removing 

unwanted noise and spikes in the data. A reasonable level of smoothing were applied (maximum two 

iterations of filter width 1), to remove irregularities. Smoothing should, however, be applied with 

care, as the results become inaccurate at high values of filtering. The time-structure maps are 

presented in section 4.3. 
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3.3.1.2.2 Isochron maps 

Isochrons are given by the distance in TWT between two time-structure maps and represents the 

time-thickness difference between surfaces and are often referred to as thickness maps. Isochrons 

can reveal internal differences in sediment accumulation between surfaces. Erosion can be inferred 

as thickness approaches zero in certain areas, syn-rift wedges are revealed as thickening towards 

faults, sediment routing and outbuilding of sedimentary wedges can be observed and palaeo-relief 

inferred. For this study, isochron maps were calculated for all Permo-Triassic intervals and the 

inferred syn-rift and post-rift intervals. A Permo-Triassic total isochron map was also created. The 

representative Isochron maps are presented in section 4.4. 

3.3.1.2.3 Surface flattening 

Vertically shifting the seismic images to the datum of mapped surfaces provides valuable information 

for assessing the validity of interpretations through faults or other discontinuities. The shifted seismic 

line is a representation of the basin geometry at the time of deposition of the flattened surface, 

giving the interpreter feedback on the quality of the interpretation. Another benefit of flattening 

surfaces is that it is easier to determine thickening or thinning in syn-rift or post-rift packages above 

and below the flattened datum, (e.g. Whipp et al. 2014). Seismic reflectors tilted out of their original 

position can be difficult to assess, and the application of surface flattening can aid in interpretation. 

The relationship between the Statfjord and Hegre groups is an example. The outbuilding of dipping 

reflections from the Statfjord Group is not evident in standard view, but the flattened surface 

provides the original horizontality at the time of deposition, revealing the outbuilding sediment 

wedge basinward. 

3.3.1.2.4 Seismic to wellbore correlations 

Geological formations encountered by boreholes in the depth domain must be correlated to seismic 

data in the time domain in order to interpret and map representative reflections. The most common 

technique is well ties by synthetic seismograms, based on a calculated response of the observed 

lithological boundaries encountered in boreholes. This was not applied in this study, as the overlying 

Jurassic rocks are well documented, and their positions are constrained by well-tops available from 

the NPD Diskos repository. The study is also regional, and minor offsets in the order of a single 

reflector are negligible. 

The seismic reflections were tied to two checkshot constrained wells, outlining the top and base of 

the Permo-Triassic interval (Figure 3.8 and Figure 3.9). Well 32/4- 1 T2 in the GN1101 3D cube and 

Well 31/6-1 on the SG8043-REP91_401A 2D-line both contain a Base RP1, top Statfjord, Brent and 
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Hegre groups well tops. Two more wells were used to constrain the overlying reflections (the lower 

Jurassic Brent and Statfjord groups) and the Hegre Group. Well 31/2-4 R is not drilled to Base RP1, 

but have checkshot verification and constrains the Jurassic interval and the Triassic top Hegre Group. 

Well 31/4-3 is also checkshot verified and reports Permian strata at in the hangingwall of the Brage 

East FZ, and is included for discussion on the presence of Permian strata in the study area (Figure 

3.10). There is no official Permo-Triassic subdivision available from reported well tops, except the top 

Hegre Group, available at some wells. The wells used for this study are listed in Table 3.2.   

The distribution of wells within the study area is more concentrated on the northern Horda Platform, 

where they target the numerous hydrocarbon accumulations. Two wells on structural highs around 

the Stord Basin are used to investigate the presence of Permo-Triassic rocks and erosion of the 

structural highs (Figure 3.6). Well 25/6-1 is situated on the Utsira High and well 17/3-1 lies on a horst 

between the Stord Basin and the Åsta Graben close to the Sele High. Well 17/4-1 in the Ling 

Depression, between the southern Utsira High and the Sele High, is used to evaluate the relationship 

between the Ling Depression and the Stord Basin (Figure 2.1 and Figure 3.6). The lower Jurassic 

strata reported in the aforementioned wells are also used to constrain the top Triassic surface in the 

Stord Basin. The deeper parts of the Stord Basin has few wells and none of which are included in the 

dataset available for this study.    

     

 

Figure 3.8. Seismic well ties for well 32/4-1 T2 32/2-1 with the GN1101 3D survey, inline 1023. Tentative stratigraphic 
interpretation of the well 32/4-1 T2 gamma-ray log is courtesy of Würtzen et al. (in prep.). GN1101 seismic data is courtesy 

of Gassnova SF. 
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Figure 3.9. Seismic well tie for well 31/6-1 and 31/6-5 on 2D-seismic line SG8043-REP91_401A. 

 

 

Figure 3.10. Seismic well tie for well 31/4-3 and 31/4-11 in the Brage East Fault Zone hanging wall. Seismic line: NVGT88_22 

3.3.2 Well data interpretation 

No formal well data interpretation in the form of sedimentary logs have been performed as part of 

this study. Würtzen et al. (in prep) have contributed with tentative interpretations of Wells 31/2-4 R, 

31/6-1 and 32/4-1 T2. Further well data is collected from the NPD Diskos repository and the NPD Fact 

Pages, and consists of well positions and well tops from NPD Diskos and completion reports and 

interpreted logs from the NPD Fact Pages. The wells used for this study is listed in Table 3.2. 
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3.3.3 Workflow 

The workflow for this study is outlined in Figure 3.11. The study was initiated with a review of 

relevant literature. Rift basins and particularly the North Sea Rift System are covered by numerous 

studies (e.g. (Ziegler, 1975; Færseth, 1996; Nøttvedt et al., 1995; Gawthorpe and Leeder, 2000; 

Fossen et al., 2000; Gabrielsen et al., 2015; Deng et al., 2017a; Fazlikhani et al., 2017; Phillips et al., 

2019; Osagiede et al., 2020). The next step was to review and evaluate the available seismic data. 

The top (Jurassic Statfjord and Brent groups) and base (Base RP1) reflections of the Permo-Triassic 

interval was picked from well tops, and traced throughout the study area, to constrain the interval in 

question for this study. Faults were also mapped in the development phase. The interpretation phase 

was initiated by subdividing the Permo-Triassic interval into sub-units based on tectonostratigraphy 

and reflection quality. This work was aided by the tentative well-log interpretations by Würtzen et al. 

(in prep). As reasonable subdivisions were established, the reflections were mapped throughout the 

study area. Continuous revisions of the interpretations were performed to quality proof the 

interpretations. A final analytical phase contained the production of time-structure maps, Isochron 

maps and flattening horizons to balance interpretations. Relevant literature was applied throughout 

the process. 

 

Figure 3.11. Workflow chart for the metodology applied for this study. 
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4 Results and seismic interpretations  

A representative selection of seismic interpretations in cross-sections, time-structure maps and 

thickness maps is presented to illustrate the development of the Permo-Triassic basins on the Horda 

Platform and in the Stord Basin.  

4.1 Base RP1 surface and basin bounding features – The geometry of the Horda 

Platform and the Stord Basin 

To best evaluate the development of the Horda Platform and the Stord Basin through the Permo-

Triassic periods, a Base Permo-Triassic Rift Phase (Base RP1) map was created by interpolation 

between seismic line interpretations throughout the study area (Figure 4.1). The surface was picked 

from well-tops where Devonian strata (well 32/4-1) or crystalline basement (well 31/6-1) were 

encountered (Norsk Hydro Produksjon, 1984; Phillips Petroleum Company, 1996a). The surface is 

characterized by a strong seismic reflection, which is readily mappable throughout most of the study 

area. There are, however, some areas where the reflector is deeply buried and some areas where 

underlying, presumably Devonian, sedimentary rocks do not provide a clear contrast to the Permo-

Triassic succession. The Base RP1 surface exhibits the expected rotated fault block configuration, 

where local half-grabens combine into full grabens on a basin-wide scale, bounded by higher 

topography basement highs.  

The basins of the study area are flanked by higher structural areas bordered by the master faults of 

the basin system (Figure 4.1). The Øygarden FZ separates the Norwegian hinterland from the North 

Sea rift to the east. To the west, the Brage fault zones and the Utsira FZ separates the basins of the 

study area from the Jurassic Viking Graben by the Brage Horst and the Utsira High. The southern 

Stord Basin is delineated by the Path Bank Ridge and the Sele High, while the Ling Depression 

provides a slight NE-SW trending depression between the Stord Basin and the Norwegian-Danish 

Basin. The northern boundary of the study area is the transition into the Northern Viking Graben 

through the Svartalv and Troll Fault systems and the Lomre Terrace. 

A three-fold subdivision of the study area is established, as the structural styles are different in the 

northern, central and southern sections of the area (Figure 4.1). The northern section is 

characterized by mainly west-dipping fault zones. In the central domain, the fault zones are mainly 

east-dipping, and in the south, a slight tendency of easterly dips are noted. The base level of the 

domains are also different, as the northern and southern domains exhibit a gross tilt to the west, 



  Results and seismic interpretations 

37 
 

while the central domain stands out as more flat lying or even grossly eastward tilted. In the far 

south, the offshore continuation of the Hardangerfjord SZ  outlines a fourth domain, as it aligns to 

the Ling Depression.     

The thickest sediment accumulations are found along the faults accumulating most throw and are 

likely to represent the rift axis of the Permo-Triassic North Sea Rift (Færseth, 1996). In the Northern 

Horda Platform the largest fault offsets are found along the Tusse FZ and the Brage East FZ. The 

Svartalv and Troll fault systems creates a stepped-down base-surface towards the Viking Graben, also 

accumulating a large combined Base RP1 offset, while the Øygarden, Vette, Tusse and Svartalv-Troll 

fault zones creates a larger scale staircase dipping westward. The northern domain full graben is 

completed by the Brage East FZ. The central domain of the study area is somewhat different, as the 

master fault is almost centred between the basin margins in the middle of the basin. The Tusse 

Antithetic FZ is antithetic to the Øygarden FZ, and recording a large amount of Permo-Triassic offset 

and sediment accumulation. There is a significant break in the Øygarden FZ, represented by a flip of 

fault polarity from the west-dipping orientation to the north and south, to an east-dipping style. This 

inversion of polarity fits seemingly well with the split between the two segments of the Bergen Arcs 

SZ, recorded onshore Norway (Figure 2.1). This split feature seems to continue westwards as it 

wedges out between the Brage Horst and the Utsira High. The Stord Basin records the deepest base 

of the entire study area along the east-dipping Utsira FZ, bordering the Utsira High. There is also a 

deep section in the central basin along the Stord Basin FZ. The Øygarden FZ returns to the typical 

west-dipping style in the Stord Basin, completing a full graben structure.  

The Brage Horst, Utsira High and the Sele High are basement-cored highs (Hospers and Ediriweera, 

1991; Fazlikhani et al., 2017; Phillips et al., 2019) (Figure 2.1), where at least the Utsira High appears 

to have been a topographic feature from the Devonian (Phillips et al., 2019). 
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Figure 4.1. Base RP1 time-structure map with main structural elements. Basin controlling faults are marked by thick black 
lines and minor faults are marked with thinner black lines The numbered lines across the map represents the seismic lines 

presented in this study. Red dotted lines are domain boundaries. Southernmost domain boundary coincides with the 
Hardangerfjord SZ (HSZ). Contour lines are set at 300 ms. Abbreviations: BEF = Brage East Fault Zone, SBFZ = Stord Basin 

Fault Zone, TAFZ = Tusse Antithetic Fault Zone, TFZ = Tusse Fault zone, UFZ = Utsira Fault Zone, VFZ = Vette Fault Zone, ØFZ 
A, N, S = Øygarden Fault Zone Antithetic, North and South, respectively. 

4.1.1 Base RP1 shear zones 

A network of subparallel dipping reflection packages were mapped throughout the study area (Figure 

4.2 and Figure 4.3). The reflection packages are inferred to represent shear zones of Devonian origin 

(Fazlikhani et al., 2017; Fossen et al., 2017; Phillips et al., 2019). The shear zones interact differently 

with the major faults of the study area. The Utsira FZ in the southern domain exploits the Utsira SZ by 



  Results and seismic interpretations 

39 
 

rooting into it at depth, and curves similarly to the northeast towards the central domain. The Brage 

SZ and the Brage West FZ of Jurassic age seems to follow a similar relationship in the northern 

domain. In the south, the Øygarden FZ curves to align to the Hardangerfjord SZ in a NE-SW strike, 

while a more NNE-SSW shear zone termed the Øygarden SZ controls the trend of the northern part 

of the southern Øygarden FZ (ØFZ S). The Utsira, Hardangerfjord and the Øygarden shear zones 

outlines an elongated bowl-shape trending NE-SW. The northern domain shows somewhat different 

relations between shear zones and basin controlling faults. The Øygarden, Vette and Tusse fault 

zones seem to interact with the Northern Horda Platform SZ by offsetting it, as the shear zone shows 

dip changes where the faults link up to it at depth (Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5). 

The structural relationship is, however, somewhat resembles a detachment fault facilitating a minor 

domino-style block arrangement in the Troll area, Vette and Smeaheia faultblocks. The Øygarden FZ 

has different relationships to the shear zones in the Northern, central and southern domains. In the 

north and centre, the fault crosscuts the shear zone to some degree (Figure 4.2, Figure 4.4 and Figure 

4.6), but in the south, the fault exploits the strike and dip of the shear zones (Figure 4.2 and Figure 

4.7). 

 

Figure 4.2. Left: Shear zone distribution (red areas) and relation to major faults (blue with yellow trace-lines). Right: Base 
RP1 topography with fault trace-lines in yellow. Domain boundaries in green (left) and red (right). Seismic sections of this 

chapter are denoted as white lines. Abbreviations outlined in Figure 4.1. 
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Figure 4.3. The Base RP1 surface and the Top Statfjord Group. surface, bounding the Permo-Triassic strata, shown in section 
view. Small black arrows points along onlapping reflections. Large black arrows are sub-perpendicular to the observed shear 

zone/detachment. Red arrow points to the bedding of the lower strata of the Smeaheia faultblock. Note the parallel lower 
reflections, and the divergence of the upper stippled reflections. Line location is shown in Figure 4.1 (line 1). 

4.2 Seismic lines 

Four seismic lines and a 3D-seismic inline, displaying cross-sections of the study area have been 

selected to give the best representation of the geometry and sedimentary infill of the Horda Platform 

and Stord Basin. The location of the seismic lines are shown in Figure 4.1. The lines are selected by 

comparison of their orientation with regards to structural elements, quality of the seismic images 

and coverage of the distinct domains of the study area. A set of seismic lines perpendicular to the N-S 

trending rift axis would normally be preferred, but the quality and clarity of the seismic images was 

inadequate. Line 1 represents the northern domain along with the inline from the GN1101 3D-cube 

(Figure 4.4 and Figure 4.10), Line 2 represents the central domain (Figure 4.6) and Line 3 is from the 

southern domain (Figure 4.7). Line 4 is an oblique cross-section across the southern and middle 

domains (Figure 4.9). Inline 1023 from the GN1101-cube provides more detail than the 2D-lines, and 

gives some information about the depositional style and sedimentation of the half grabens of the 

study area (Figure 4.10, Figure 4.11, Figure 4.12 and Figure 4.13). 

4.2.1 Line 1: NSR-11176 

Line 1 is a WNW-ESE profile of the northern structural domain (Figure 4.4 and Figure 4.5). The 

Øygarden FZ, Vette FZ and Tusse FZ are all represented along with the prominent Brage East FZ, 

bounding the eastern culmination of the Brage Horst, in the western part of the section. Each major 
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fault bounds a rotated fault block, but the Tusse Fault Block is also bound to the west by the Brage 

East FZ, creating a complex zone of minor basement faults between the bounding faults.  

The Øygarden, Vette and Tusse fault zones are all west-dipping and listric, rooting into and offsetting 

a basement shear zone or detachment (Figure 4.4 and Figure 4.5). The detachment is interpreted as a 

Devonian shear zone observed under large areas of the northeastern Horda Platform. On the Brage 

Horst, another shear zone is observed. Fazlikhani et al. (2017) named it the Brage SZ. The Vette FZ 

and Tusse FZ are accompanied by subsidiary faults displaying the same vergence as the parent faults.   

The Brage Horst records some Permo-Triassic strata, but there is no clear record of which formations 

that rests there (Figure 4.4). Deng et al. (2017a) reported two Permo-Triassic formations, which 

include the entire Triassic and the uppermost Permian sedimentary section. Steel & Ryseth (1990) 

seem to also have the entire uppermost Permian to top Triassic surfaces present, but the figure in 

which it is presented, does not include the Brage East FZ, which might obscure the picture 

somewhat. The Statfjord Group is, however, present on the Brage Horst, overlying a significant 

volume of strata, without any sign of unconformity, which certainly implies that at least the upper 

Triassic subdivisions is present. During the Permo-Triassic, the Brage Horst would have been the 

footwall to the Brage East FZ, as the Brage West FZ is a Jurassic feature (Færseth, 1996). As the RP1 

syn-rift interval is recorded on the other footwall crests of the northern Horda Platform basin, except 

the Øygarden FZ footwall crest, the syn-rift Tr1 interval is perceivable also on the Brage Horst. 

Sedimentary syn-rift wedges are present along all major fault zones, and on most of the minor faults 

(Figure 4.4). The Tr1 interval is clearly of syn-rift affinity, as syn-rift wedges and growth over faults 

are observed. There is also more chaotic internal fabric in the Tr1 interval than in the other intervals, 

suggesting a syn-rift origin. Onlaps to the tilted Base RP1 surface is observed, representing deposition 

during block tilting in the syn-rift phase.  

The Tr2 interval is more orderly arranged than the Tr1, as internal reflections are more parallel and 

continuous. There is a tendency of wedging in Tr2 as well, especially in the lower subdivision (Figure 

4.4). The internal reflector represented by the yellow dotted line, intersects the top of what is 

reported as Permian sediments in the Brage hydrocarbon discovery well completion log (Norsk Hydro 

Produksjon, 1980), but it’s actual Permian affinity is unclear, as the reflector correlates to Lower to 

Middle Triassic strata further east in well 31/2-4R (Norske Shell, 1982). Some onlaps to the Tr1 

surface is noted, implying continued block rotation in the lower Tr2 interval. The upper Tr2 interval is 

of a more tabular nature, suggesting post-rift deposition. Compaction synclines are interpreted as 

originating within the upper Tr2 interval (Figure 4.5). 
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Tr3 is a somewhat strange interval as the time of deposition suggests a tectonically quiet post-rift 

deposition, but the geometry of the interval implies at least some reactivation of the northern Horda 

Platform faults (Figure 4.4). Internal reflectors are ordered and continuous, but they are displaying a 

divergence towards the footwalls, also suggesting a small rift pulse in this interval. Tendencies of 

onlapping to the top Tr2 surface might be present in the Tusse fault block, but the quality of the 

seismic data does not allow an unequivocal conclusion.  

The Tr4, upper Triassic interval, presents a typical post-rift geometry, as it is thinner towards the 

marginal fault zones and thickens towards the rift-axis, where the thermal relaxation and subsidence 

is more pronounced (Figure 4.4). Internal reflections are well organized and continuous, with a 

tendency of divergence and increasing reflector count basinwards. There are offlaps from the top Tr4 

surface, which imply either truncation by erosion of the upper surface, or possibly outbuilding from 

the Øygarden FZ footwall into the basin.   

 

 

Figure 4.4. Seismic line NSR-11176 (line 1) across the northern Horda Platform and the northern structural domain. For line 
location and abbreviations see Figure 4.1. 
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Figure 4.5 Seismic line NSR-11176 (line 1). Main faults of the northern domain and their relationship to the northern Horda 
Platform Shear Zone. Note the banded reflectors between the fault offsets marked by arrows. Base RP1 surface is barely 

visible as a yellow dotted line. Compaction synclines below the blue arrows. For line location and abbreviations see Figure 
4.1. 

 

4.2.2 Line 2: NSR06-11168 

The second line chosen to represent the study area is also a WNW-ESE trending line (Figure 4.6). It 

crosses the central domain, showing a different structural style and fault dip orientation than Line 1, 

as most of the major fault zones are east-dipping contrary to the west-dipping major fault zones of 

the northern domain. The Tusse Antithetic FZ (TAFZ), named because of its similar strike and 

alignment to the Tusse FZ, is along with the Utsira FZ and the Tusse FZ recording one of the largest 

offsets of the study area and capturing ~2500 ms of Permo-Triassic sediments.  

The fault geometries are listric in this section also, but the relationship to the underlying shear zones 

are of a different nature, as the interplay seems to be dominated by cross-cutting of the shear zones 

at high angles, not the rooting into or offsetting seen in the previous line. Note the polarity flip of the 

Øygarden FZ. This feature appears in the split between the onshore Bergen Arcs SZ and the 

Sunhordland detachment (SD in Figure 5.2). The polarity of the Øygarden FZ shifts back to the typical 

west-dipping fault plane in the southern domain. 

The lower Permo-Triassic interval (Tr1) is clearly presenting syn-rift wedging, with onlaps to the Base 

RP1 surface and somewhat disorganized internal reflections. Tr1 is not recorded at the central horst 

structure, which probably was relatively elevated, and a site of non-deposition, during the initial syn-

rift phase. 
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Tr2 records the same features noted in the previous section. A tendency of wedging, especially in the 

lower subdivision, and a more (but not entirely) tabular upper section. Onlaps are recorded at Base 

RP1, Tr1 and intra Tr2 surfaces. The hanging-wall to the Tusse Antithetic FZ records a somewhat 

thicker wedge of Tr2 strata than what is observed in the northern domain, which may suggest a 

longer lasting or later onset rift event in the middle domain. 

Tr3 wedges slightly towards the Tusse Antithetic FZ, Øygarden Antithetic FZ and the Brage East FZ. 

There might be a slight tendency of onlaps to the top Tr2 surface, but discontinuous reflectors and 

poor image quality diffuses the perception, and no conclusion thereof is made. 

Tr4 has the same thickening toward the basin centre observed in the previous line (1). The offlaps or 

erosional truncation of the top Statfjord/top Hegre Group seen at Line 1 is also present here. 

 

Figure 4.6. Seismic line NSR06-11168 (line 2) crossing the central structural domain. For line location and abbreviations, see 
figure 4.1. 

4.2.3 Line 3: NSR06-31154 

Line 3 is also WNW-ESE trending, and crosses the Stord Basin in the southern structural domain. The 

Utsira FZ is the most prominent feature as it records almost 4000 ms of Permo-Triassic strata (Figure 

4.7). The preferred fault plane dip direction is east-facing like in the central domain, but the main rift 

axis seems to have stepped westwards, as the deepest Base RP1 surface is found along the Utsira FZ. 

The Utsira SZ seems to control the Utsira FZ, as the fault roots in the shear zone. In the East, the 

Hardangerfjord SZ, a feature mapped onshore for great distances (Fossen and Hurich, 2005), appears 

as a package of subparallel reflectors in the lower right corner of Figure 4.7 and Figure 4.8. The 
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Hardangerfjord SZ acts as a root for the southern section of the Øygarden FZ, accounting for the 

westward curve of the southern Øygarden FZ in the southeastern Stord Basin. 

The Utsira High (Figure 4.7) is a prominent basement high defining the western boundary of the 

Stord Basin and the study area. Fossen (2017) describes the Utsira High as a topographic high since 

the Caledonian orogenic collapse in the Devonian, bounded by Devonian shear zones. The basement 

of the Utsira High is reported to be granitic, which confirms the status as a true crystalline basement 

high. Well 25/6-1, which is close to line 3, reports the Triassic sediments on the Utsira High to be 

comprised of the Smith Bank and Skagerrak formations (Saga Petroleum, 1986). The Smith Bank and 

Skagerrak formations are a representation of the entire Triassic in the North Sea Stratigraphy by 

Deegan & Scull (1977). If this is the case, the succession must be significantly condensed.   

The Tr1 interval possesses pronounced syn-rift geometry, wedging, mainly westwards, but also on 

the Øygarden FZ and the minor faults to the east (Figure 4.7). Internal reflectors are somewhat 

warped in the Utsira FZ hanging-wall, which might be expected in the syn-rift strata next to the 

largest offset fault in the study area. Tr1 strata onlaps the Base RP1 surface in all fault blocks. 

Tr2 shows syn-rift geometry beneath the intra Tr3 reflector, as seen in the other line descriptions 

(Figure 4.7). The upper Tr2 interval is reasonably tabular, and is interpreted as post-rift deposits. The 

thicker Tr2 strata observed in the central domain is also present in the southern domain, particularly 

on the Utsira FZ, suggesting a prolonged rift phase in the central and southern domains. 

The Tr3 section displays a mainly tabular character, except in the Utsira FZ hanging-wall, where it 

wedges towards the footwall (Figure 4.7).  

Tr4 thickens basinwards (Figure 4.7). Tendencies of truncation or outbuilding from the Øygarden FZ is 

observed by offlapping at the top Tr1 surface.   

 



  Results and seismic interpretations 

46 
 

 

Figure 4.7. Seismic line NSR06-31154 (line 3) across the Stord Basin and the southern structural domain. For line location and 
abbreviations, see Figure. 4.1. 

 

Figure 4.8. The southern domain represented by NSR06-31154 across the Stord Basin. The Øygarden, Utsira High and 
Hardangerfjord shear zones and their relation to the basin bounding southern Øygarden FZ and Utsira FZ. Base RP1 is 

outlined in red and the top Statfjord Group is outlined in purple. 

4.2.4 Line 4: NSR06-22356 

The fourth line crosses the Stord Basin in a NE-SW trend (Figure 4.9). The northeastern limit is close 

to the inverted Øygarden Antithetic FZ, crossing the southern tip of the Tusse Antithetic FZ into the 

Stord Basin, culminating slightly northwest of the Patch Bank Ridge in the southern Stord Basin. All 

faults are somewhat oblique to the line, but the Utsira FZ is close to perpendicular. 
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The geometry of the strata is more tabular as expected in a more along-strike view. There are still 

some wedges noted at the Utsira FZ, Tusse Antithetic FZ and the inner Stord Basin fault in the middle 

left of Figure 4.9.  

Tr1 displays syn-rift wedges towards the fault zones, and onlaps to the Base RP1 reflection, 

suggesting a distinct syn-rift affinity (Figure 4.9).  

The Tr2 interval is thickening significantly towards the Tusse Antithetic FZ and the Utsira FZ, which 

reinforces the observations of larger fault movements in the Tr2 interval in the southern domain, and 

probably a prolonged rift phase (Figure 4.9). It should be noted that the reflections of the seismic line 

is distorted by warping and of partially poor quality in the southwestern end. 

Tr3 and Tr4 are both reasonably tabular throughout Line 4 (Figure 4.9). Tr4 is slightly thicker between 

the Øygarden Antithetic FZ and the Tusse Antithetic FZ, possibly displaying progradation from the 

Øygarden FZ area into the basin. 

 

Figure 4.9 Seismic line NSR06-22356 (line 4). Oblique section from the Stord Basin (SW) to the central domain and the 
Øygarden Antithetic FZ (NE). For line location and abbreviations, see figure 4.1. 

 

4.2.5 Line 5: 3D-Seismic - GN1101 – Inline 1023 

The GN1101 3D seismic cube presents a more detailed view of the Øygarden fault block (Figure 4.10, 

Figure 4.11, Figure 4.12, Figure 4.13 and Figure 4.14). Along the northern Øygarden FZ, alluvial fans 

appear to be occupying the inner hanging-wall next to the fault plane, and on the Vette FZ footwall 

side, hanging-wall cones propagated towards the half graben centre as the fault block rotated during 

rift pulses. Two phases of large-scale extension have affected the dip of the strata. The horizontality 

of the internal Tr1 interval is due to first rotation towards the Øygarden FZ in the syn-rift phases, 
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before beeing rotated back towards the basin axis in the thermal relaxation stages, ending up beeing 

back to horizontal (Nøttvedt et al., 1995).  

An initial rift phase is observed as slightly wedging reflections above Base RP1. The alluvial activity 

along the Øygarden FZ is not evident on these lower reflections (Figure 4.14).  

Syn-depositional wedging is observed in the three lower Permo-Triassic successions (Tr1, 2 and 3) 

(Figure 4.10). This could also be an effect of erosion of the fault block crest, but no evident truncation 

of strata is observed, as internal reflections are largely continuous over the fault block crest. The 

Øygarden FZ is a basin margin fault, which could have experienced slight reactivations during thermal 

subsidence post-rifting, partly acting as a hinge zone for the entire basin. However, there is growth 

on the Tr3 interval at several faults throughout the Horda platform and the Stord Basin.  

Truncation of the top Hegre Group, or downlapping from the top Statfjord Group surface is evident 

in this line (Figure 4.12 and Figure 4.13). The reflectors of Tr4 is thickening and multiplying westward, 

and there is no suggestion of an unconformable surface between top Tr4 (top Hegre Group) and the 

Top Statfjord Group, which implies outbuilding of a sedimentary unit during Tr4 and the deposition 

of the Statfjord Group.  

 

Figure 4.10. Inline 1023 from the GN1101 3D-seismic cube. Basement-drilled well 32/4-1 T2 constrains the Permo-Triassic 
interval. Note the reflectors dipping off the Top Statfjord surface (marked by black arrow). For 3D cube location, see figure 

4.1. Seismic data are courtesy of Gassnova SF. 
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Figure 4.11. GN1101 inline 1023 with wells (32/4-1 T2, 32/2-1), well tops and horizons as thin dotted lines for comparison to 
figure 4.8.  A zoomed version of the black rectangle is shown in figure 4.10. Seismic data are courtesy of Gassnova SF. 

 

Figure 4.12. Zoomed view of the middle section of the GN1101 inline 1023. The area represents the black rectangle in the 
previous figure (4.9). Note the reflectors dipping obliquely downwards off the top Statfjord Group surface (thin red dotted 

line), through the top Hegre Group surface (blue dotted line). The dipping reflectors in the Tr4 interval suggests outbuilding 
from the Norwegian hinterland. Seismic data are courtesy of Gassnova SF. 
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Figure 4.13. GN1101 inline 1023 flattened on the top Statfjord Group surface to emphasize the dipping reflectors in the 
Statfjord and Hegre groups (Tr1 interval – non-coloured). Thin red dotted lines and arrows mark the dipping 

reflectors.Seismic data are courtesy of Gassnova SF 

 

Figure 4.14. Tectonostratigraphical subdivision of the Permo-Triassic strata. Arrows shows onlaps to previous horizon. Grey 
shaded area represents alluvial fans. Note reflections diverging in syn- and inter-rift phases. Seismic data are courtesy of 

Gassnova SF.  

4.2.6 Additional seismic line 

An additional seismic line represents the shear zones of the central and southern domain. The Utsira 

SZ and the shear zone interpreted in the northern domain links up to form a bowl-like graben 

structure in the Stord Basin (Figure 4.15). The downward continuation of the linking shear zones is 

not resolved. A model where the Utsira SZ cross-cuts the west-dipping shear zone might be more 
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likely, based on observations in the northern domain, where the shallow-dipping shear zone is offset 

by younger faults.   

 

Figure 4.15. NSR06-32358 passing from the middle to the southern domain through the Tusse Antithetic FZ. Note the 
undulating banded reflectors dipping to the SSW and rooting the Utsira High Shear Zone. Base RP1 is marked with a red 

dotted line and a purple dotted line marks the Statfjord Group. Position of the line is found in Figure 4.2. For abbreviations 
see Figure 4.1 

4.3 Time-structure maps 

Time-structure maps is a representation of the surface topography of a seismic horizon presented in 

TWT (ms). A series of time-structure maps can illustrate how the basin topography have developed 

through time, and reveal, among others, probable sites of deposition, erosion and sediment routing. 

The time-structure map of a geological formation, or unconformity, connects a time, represented by 

a distinct deposition style, to structures at depth. In a multi-stage rift such as the North Sea Rift 

System, one must account for the effects of later rift stages, as faults might have been reactivated, 

and imprinted on the present day topography at depths. Some Jurassic-Cretaceous fault activity, 

although limited in this area (Færseth, 1996), should be considered. The time-structure maps 

produced for this study is presented in Figure 4.1 and Figure 4.16. 
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Figure 4.16. Time-structure maps of the Permo-Triassic intervals of the study area. Colour scales adhere to upper or lower 
sections of the figure. Thin black numbered lines represents the seismic sections presented in section 4.2. Black or white lines 

outline faults. For abbreviations see Figure 4.1. 

4.3.1 Top Tr1 surface 

The top Tr1 surface represents the surface at the climax of the Permo-Triassic rift phase (Figure 

4.16). Syn-rift deposition is thickest at this rift phase (Figure 4.18), and the major faults were active. 

There is still some relief on the faults, suggesting continued rifting onwards from this stage. The 

Norwegian hinterland, Utsira High and the Brage Horst are high topography areas, but later rifting 

should be accounted for, especially at Brage, as the west side fault is reported as a Jurassic feature 

(Færseth, 1996), implying a more terrace-like topography westwards from the Brage Horst during the 

Permo-Triassic. Particularly, the Norwegian hinterland is a likely source of sediments to the study 

area. The Lomre Terrace at the top left of figure 10. (beyond the Svartalv/Troll fault zones) is also 

affected by the formation of the mainly Jurassic Viking Graben (Færseth, 1996), and a large portion 

of the subsidence observed there is probably of Jurassic origin.    

.  
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4.3.2 Intra-Tr2 surface 

The Intra-Tr2 surface recorded less topography over the fault zones than the top Tr1 surface, as the 

rift-phase intensity had waned (Figure 4.16). All major faults were probably still active, as 

accommodation was still created throughout the interval, but to a lesser extent than in the previous 

interval (Tr1). 

4.3.3 Top Tr2 surface 

At the top Tr3 surface the topographic gradients are lower, making the elevation-differences smaller, 

and the surface smoother than the Intra-Tr2 surface (Figure 4.16). This implies lower activity on the 

faults, suggesting a transition into the post-rift phase.  

4.3.4 Top Tr3 surface 

The top Tr2 surface is quite smooth, suggesting the fault-related relief is filled up (Figure 4.16). 

Gentle slopes towards the basin centres implies post-rift subsidence. Light fault activity is observed, 

but can be of Jurassic-Cretaceous origin.  

4.3.5 Top Hegre Group surface (Intra-Tr4) 

The top Hegre Group surface is smooth and bears only small signs of fault reactivation (Figure 4.16). 

A gentle sag towards the basin axis, particularly in the Stord Basin, implies deposition during thermal 

relaxation and subsidence. The interval is interpreted as post-rift. Slight relief from RP2 extension is 

observed. 

4.3.6 Top Statfjord Group surface (Top Tr4) 

The top Statfjord Group surface is the upper surface in the Permo-Triassic interval (Figure 4.16). The 

Statfjord Group deposition initiated during the Late Triassic and finished during the Early Jurassic. A 

general smoothness and slightly lower relief towards the basin centres is noted at the Statfjord 

Group surface, revealing a post-rift nature.  
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4.4 Time-thickness maps 

Time-thickness maps are a representation of the volume between two time-structure maps. 

Thickness maps inform about the volume of accumulated sediments between surfaces, and can be 

used to assess the creation of accommodation during a geological time interval. If no erosion of 

strata is recorded, and sediment supply is adequate, the thickness maps will disregard the impact of 

later tectonic events, providing a robust understanding of the subsurface. The creation of 

accommodation reflects the basin development and the rift phases during a span of sedimentary 

deposits. Active faults will reveal themselves by accommodation creation towards faults, shown as 

increased thickness. The time-thickness maps of the relevant intervals of this study is presented in 

Figure 4.17 and Figure 4.18 

4.4.1 Permo-Triassic thickness map (Top Statfjord Group – Base RP1) 

The Permo-Triassic thickness distribution covers the entire interval, spanning from the Base RP1 

surface to the top Statfjord Group surface, also encompassing the lowermost Jurassic of the upper 

Statfjord Group (Figure 4.17). The thickness distribution reveals the deepest depocentres created 

during the Permo-Triassic. The Stord Basin along the Utsira FZ accommodates more than 4000 ms of 

strata, the northern curve of the southern segment of the Øygarden FZ captures ~2750 ms, the 

central domain at the Tusse Antithetic FZ hanging-wall ~2750 ms, and the Tusse FZ hanging-wall 

~2500 ms. A notable feature is the area of the western central domain. The area protrudes as an 

intra-basin high, and is bound by the curves of the Brage East FZ and the Utsira FZ, inferring 

underlying basement structures, controlling the Permo-Triassic rift phase. The intra-basin high 

coincides with the polarity-flip of the Øygarden FZ. 
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Figure 4.17. Thickness distribution of Permo-Triassic sediments on the Horda Platform and the Stord Basin. Contours at 250 
ms. For abbreviations see Figure 4.1. 

 

Figure 4.18. Thickness distribution for syn-rift deposits (left), post-rift (middle) and the reactivation phase during the post-rift 
deposition (right). Note the slight thickening near several faults in the right map, while the post-rift phase records more 

evenly distributed deposition. Figure 4.14 shows the interpreted tectonostratigraphic units in section view. For abbreviations 
see Figure 4.1. 
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4.4.2 Syn-rift deposits (intra Tr2 – Base RP1) 

The syn-rift deposits, spanning the Intra-Tr2 surface to the Base RP1, comprises more than half of the 

accommodation created during the Permo-Triassic rift phase, recording at least 1600 ms of strata 

along the Utsira FZ and the northern south Øygarden FZ (Figure 4.18). The wedge-shapes of the syn-

rift deposits is observed as thickening of strata towards the footwalls. There is a difference in 

sediment thickness in the different domains. The southern and central domains records significantly 

thicker deposits than the northern domain, which infers larger fault throws, and presumably 

increased stretching compared to the northern domain, as the number of major faults is almost the 

same (four major fault zones pr. domain).    

4.4.3 Post rift thickness (Top Statfjord Group – Intra-Tr2) 

The post-rift interval comprising the top Statfjord Group to the Intra-Tr2 reflector records ~1800 ms 

of strata at its thickest (Figure 4.18). The thickness distribution is significantly smoother than the syn-

rift interval, as the creation of accommodation is based on basin-scale thermal relaxation, providing a 

less fault influenced distribution. There is still greater amounts of subsidence along the largest fault 

zones, which can be owed to both smaller reactivations on the faults, and the fact that a larger 

stratal thickness, increases subsidence locally.  

4.4.4 Tr3 thickness 

The Tr3 interval records a small amount of growth on the major faults, which implies a small 

extensional phase during the Late Triassic (Figure 4.18). The growth is also observed and described in 

the seismic lines of section 4.2.  

4.5 Major Fault population 

Relevant data for the major faults of the study area are summarized in Table 3.1. The two largest 

offset faults (Utsira FZ and the southern Øygarden FZ) are found in the southern domain. 

Accumulated major fault-offset is also larger in the southern domain by ~1350 ms TWT, implying that 

more extension took place there. The distribution of shear zones beneath the northern and southern 

domains could be a factor, as the northern domain is underlain by a low-angle shear zone with an 

easterly dip, while the southern domain is bound by the steeper Utsira SZ to the west, dipping 

eastward, and the Hardangerfjord and Øygarden shear zones to the east, dipping westward, creating 

weaker zones in the basement, allowing faults to propagate easier (Figure 4.2). Note that the faults 

are measured in a crude fashion, by applying the distance tool in Petrel to the Base RP1 reflection in 
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hangingwall and footwall at corresponding seismic lines, in the place with most apparent offset in the 

Base RP1 time-structure map (Figure 4.1).    

Table 4.1 Fault characteristics for the study area 

Fault zone Domain Basement offset 

(TWT, ms) 

Trend Fault plane 

Dip-direction 

Øygarden North (ØFZ N) North ~2250 N-S West 

Vette (VFZ) North ~1950 N-S West 

Tusse (TFZ) North ~1900 N-S West 

Brage East (BEF) North ~1800 N-S East 

Tusse Antithetic (TAFZ) Middle ~1750 N-S East 

Øygarden antithetic (ØFZ A) Middle ~700 N-S East 

Øygarden South (ØFZ S) South ~3000 NNE-SSW West 

Utsira (UFZ) South ~3450 Curved NNE-SSW East 

Inner Stord Basin Eastward dip 

(SBFZ) 

South ~1400 Slight NNE-SSW East 

Inner Stord Basin westward dip South ~1400 NNE-SSW West 

Total Northern Domain  7900 N-S Generally West 

Total Southern Domain  9250 NNE-SSW None preferred 

 

4.6 Erosion and non-deposition 

Erosion of the Permo-Triassic strata of the Horda Platform and the Stord Basin is not observed in the 

study area. No angular unconformities or truncation are apparent, but the Base RP1 highs present 

challenges for interpretation. The occurrence of erosion on the tilted fault block crests during the 

rift-climax phase is likely. 

Wells on the Base RP1 highs are also difficult to interpret as different stratigraphic schemes are used, 

where some stratigraphic units are used in different fashions in the different stratigraphic schemes. 

E.g. The Smith Bank Formation, which is just the lowermost Permo-Triassic in Lervik`s (2006) 

stratigraphy, overlain by four formations, while Deegan & Scull (1977) applies it as most of the 

Permo-Triassic, interfingering with the Skagerrak Formation. The drilling companies use different 

schemes, without defining which scheme used, making interpretation of the thin successions on the 

highs difficult. Well 25/6-1 (Saga Petroleum, 1986) on the Utsira High reports the Smith Bank 
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Formation and the Skagerrak Formation, which could both be an entire condensed Permo-Triassic 

interval, or merely parts of it. On The Brage Horst, no basement penetrating well is found, but Deng 

et al. (2017a) reports two Triassic formations, that could also include the uppermost Permian. Well 

17/3-1 at a horst feature between the ØFZ S and the Åsta Graben reports The Smith Bank Formation 

deposited on metamorphic basement (Elf Petroleum Norge, 1995), which is also non-informative.     
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5 Discussion 

The North Sea rift basin developed through several phases of extension, which all contributed to the 

present day basin characteristics. This chapter aims to present a comprehensive tectono-

stratigraphical model for the Permo-Triassic rift evolution (RP1) of the Northern North Sea rift 

system. The fault-bounded sedimentary successions of RP1 is investigated by seismic interpretation, 

providing seismic horizons, time-structure maps and thickness distribution maps to further the 

understanding of the Permo-Triassic rift development in the North Sea. The North Sea multi-phase 

rift development is based on complex interactions from the Caledonian orogeny to the Middle 

Jurassic – Early Cretaceous rift phase. Understanding such complex systems is vital to understanding 

rift basin development in general.  

5.1 Devonian structures and the Base RP1 surface 

The development of the Northern North Sea rift basins was affected by several tectonic events on a 

regional scale from the convergence of the Baltican and Laurentian plates during the Caledonian 

orogeny via Devonian orogenic collapse, a possible Carboniferous extensional event, and two events 

in the Late Palaeozoic and Mesozoic.  

During the Caledonian orogeny, the plate convergence led to thrusting of autochthonous and 

allochtonous nappes over the Baltican foreland and the erection of an orogen proposed to be the 

size of the present day Himalayas (Andersen, 1998) (Figure 2.7). In the Early Devonian (~400 Ma), the 

orogenic collapse commenced as the basal thrust was reactivated as a décollement for the back-

sliding of the orogenic wedge built during the convergent phase of the orogeny. The back-sliding on 

the décollement surface locked up, and more localized shear zones were created to accommodate 

the strain inflicted by the orogenic mass (Gee et al., 2008) (Figure 2.8). Fossen et al. (2017) reported 

an onshore-offshore correlation for the shear zones, as bands of dipping reflectors observed in 

seismic images throughout the North Sea rift system. During the interpretation phase of this study, 

several bands of dipping reflections were observed at depth throughout the study area (Figure 4.2, 

Figure 4.3, Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9 and Figure 4.15). The 

shear zones were mapped and displayed in Petrel 3D windows to evaluate their relationships to the 

Permo-Triassic fault population and the relief of the Base RP1 surface.  
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5.1.1 Base RP1 surface and structural elements 

The Base RP1 surface has been mapped by Fossen et al. (2017) and Fazlikhani et al. (2017) and was 

modified by Phillips et al. (2019) for their articles on Post-Caledonian structures on- and offshore, 

basement structure, and structural inheritance versus multiphase extension, respectively. Fault 

tracing is slightly different among the works, and since the map used by Fazlikhani et al. (2017) is the 

most detailed, it is chosen to represent the previous work done in the area. A Base RP1 map was also 

constructed for this study (Figure 4.1). Figure 5.1 is a comparison between the base rift map of this 

study and the Fazlikhani et al. (2017) map to validate the interpretations done for this study. The 

similarities are many, and there is a general agreement on the distribution of structural elements. It 

should be noted that the study area of Fazlikhani et al. (2017) is larger, and comprises the entire 

width of the Permo-Triassic northern North Sea rift system, which would suggest a better 

representation of the Base RP1 at the fringes of the study area of this thesis. The marginal areas of 

this study are largely interpolated by the software, as the extent of interpreted seismic lines differs, 

and areas (e.g. the west side of the Brage Horst and Utsira High) were not in focus for this study, 

meaning just a few lines were interpreted all the way to the margin of the study area. There is, 

however, a general similarity also at the margins. A note to be taken is that the colour-scales used to 

portrait depth is different, making the differences seem larger than they in fact are.  

 The fault distribution is similar, but Fazlikhani et al. (2017) outline some smaller faults, that are not 

included in the surface map of this study. They are, however, shown in the interpreted seismic lines 

(Figure 4.4, Figure 4.6, Figure 4.7, Figure 4.9 and Figure 4.15). The difference is fortunately just a 

matter of scale chosen to portrait the faults, and the drainage implications of the differences non-

existing. The segmentation of the Vette FZ, the Tusse FZ and the central domain high hosts the main 

differences between the maps.  

Fazlikhani et al. (2017) mapped the Vette FZ in more detail with relay zones between individual fault 

segments (Figure 5.1) The relay zones are also observable in the map of this study, as areas of slightly 

higher topography in the immediate hangingwall of the Vette FZ. Relay structures can be of 

importance to sediment distribution, as they create low topography points of entry to the basin 

(Gawthorpe and Leeder, 2000). These relays and transverse footwall synclines (subsequent to 

eventual relay breach) was, however discovered by accurate surface tracking and time-thickness 

maps, and are displayed as low topography points on the footwall fault trace and hangingwall highs 

across the fault trace (Figure 4.1, Figure 4.17 and Figure 4.18).  

The Tusse FZ is also shown in greater detail on the Fazlikhani et al. (2017) map (Figure 5.1). The splay 

in the southern Tusse FZ is not displayed on the map of this study, but is included by Fazlikhani et al. 
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(2017). Fossen et al. (2017) and Phillips et al. (2019) display the Tusse FZ without the splay. Seismic 

line 1 of this study shows several smaller faults surrounding the main Tusse FZ (Figure 4.4), 

acknowledging the presence of splays or subsidiary faults in this part of the Tusse FZ. Overall, the 

differences are small and scale-dependant. The surface topography in the inner basins is very similar, 

and fault traces are generally the same (Figure 5.1).  

 

Figure 5.1. Base RP1 comparison between this study (a) and Fazlikhani et al. (2017) (b). Note the difference in scale grading. 

 

5.1.2 Structural domains  

The inherited structures from the Devonian orogenic collapse have defined three distinct structural 

domains in the study area (Figure 4.1 and Figure 4.2). Difference in preferred fault plane dips, strain 

accommodation and internal fabrics are observed in the northern, central and southern domains 

(Figure 4.4, Figure 4.6 and Figure 4.7). Further, two structural domains have their boundaries at the 

northern and southern margins of the study area defined by the northern termination of the Horda 

Platform in the north and the Hardangerfjord SZ in the south (Figure 4.1, Figure 5.2, Figure 5.3 and 
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Figure 5.4). The northern, central and southern domains and the area just southeast of the 

Hardangerfjord SZ are discussed in this section. 

5.1.2.1 Northern domain 

The northern domain is characterized by its overall westward facing fault planes. The Brage East FZ 

completes a full graben between itself and the Øygarden FZ, but the downstepping Øygarden, Vette 

and Tusse fault zones are the most striking features of the area (Figure 4.4 and Figure 4.5). The Vette 

and Tusse fault zones sit on a shear zone/detachment plane with a shallow WSW dip, while the 

Øygarden FZ has a less clear relation to the underlying structure. Fazlikhani et al. (2017) did not 

recognize this shear zone/detachment in the fashion proposed in this study, as no link to the Vette FZ 

was made and the reflections parallel to the Base RP1 between the Vette FZ and Tusse FZ were not 

interpreted as a part of the shear zone. The shear zone is observed under the southern part of the 

northern Horda Platform continuing southwards into the central domain, beneath the Øygarden FZ 

antithetic segment and in the footwall of the Tusse Antithetic FZ. Fazlikhani et al. (2017) divide the 

structure in the northern Horda Platform into the Lomre SZ below the Tusse FZ and the Northern 

Horda Platform SZ beneath the Vette FZ, and no southern continuation is presented in the central 

domain. This shear zone/detachment plane exhibits a flat-ramp-flat geometry, where the Vette and 

Tusse fault zones merge with the detachment at the ramp-sections (Figure 4.4 and Figure 4.5).  

Fazlikhani et al. (2017) suggested linkage between the Nordfjord-Sogn Detachment and the Bergen 

Arcs SZ through the Lomre SZ and the northern Horda Platform SZ across the northern Horda 

Platform. A linkage between the Bergen Arcs and the Nordfjord-Sogn Detachment was also inferred 

by Fossen et al. (2017), based on kinematics of the Bergen Arcs and the Nordfjord-Sogn Detachment 

Zone. The Lomre SZ was traced in the northwestern part of the study area beneath the Tusse, 

Svartalv and Troll fault zones and a connection to the northern Horda Platform SZ is feasible, 

although the relationship was not firmly established (Figure 4.2). The Northern Horda Platform SZ is, 

however, not considered an offshore expression of the Bergen Arcs SZ, as the dip of the Bergen Arcs 

is significantly steeper and interpreted by Gabrielsen et al. (2015) to sit at significant depth (>10 km) 

close to the Øygarden FZ in the northern domain of the study area. A higher position beneath the 

Vette FZ is suggested by Fazlikhani et al. (2017).  

The rock succession in the northern domain is built of Palaeozoic metamorphic rocks overlain by 

Caledonian nappe units which is covered by possibly Late Palaeozoic to Mesozoic sedimentary rocks 

(Gabrielsen et al., 2015). The Caledonian Basal Thrust sits between the allochthons and the 

metamorphic basement rocks of the Western Gneiss Region (Fossen, 1992). Gabrielsen et al. (2015) 

reported the base of the allochtonous unit at ~5 km beneath the seabed at the northern Horda 
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Platform in the immediate hangingwall of the Øygarden FZ. The Northern Horda Platform SZ sits at 

~3500 ms TWT at this location. Bell et al. (2014) have depth converted their seismic data, showing an 

approximate depth of the reflections in question of ~5 km (3500 ms TWT). The Northern Horda 

Platform SZ has a low-angle dip, flat-ramp-flat geometry and wide lateral distribution in addition to 

its favourable position (Figure 4.2, Figure 4.4, Figure 4.5, Figure 4.6 and Figure 4.7). The Northern 

Horda Platform SZ is also at equal distance from the Base RP1 in the Smeaheia and Tusse faultblocks, 

and would constitute a flat surface, subparallel to the Base RP1 surface if fault induced relief was 

compensated (Figure 4.5). It is thereby suggested that the Northern Horda Platform SZ/Detachment 

is a probable offshore continuation of the Caledonian Basal Thrust, separating allochtonous units 

from pre-Caledonian rocks.  

5.1.2.2 Central domain 

The central domain marks the transition from dominantly west-dipping fault planes to east-dipping 

fault planes (Figure 4.6). The shift of fault polarity is also observed by Fazlikhani et al. (2017), Fossen 

et al. (2017) and Phillips et al. (2019).  

The northern and southern boundaries of the central domain have been recognized in previous work 

by Ditcha (1998) and Fossen et al. (2017) (figure 5.2). Gabrielsen et al. (2015) outline the area as a 

metamorphic basement high (Figure 5.3), although the domain subdivision is somewhat different in 

their work. The area exhibits higher topography than its northern and southern counterparts in the 

width of the study area, except at the downfaulted central section east of the Tusse Antithetic FZ 

(Figure 4.1, Figure 4.2 and Figure 4.6).  

The continuation of the WSW-dipping shear zone/detachment from the northern domain is observed 

beneath the antithetic segment of the Øygarden FZ (ØFZ A) and the Tusse Antithetic FZ as a band of 

dipping subparallel reflections (Figure 4.6). No similar shear zone/detachment is recognized by 

Fazlikhani et al. (2017) in this area, but similar reflections acknowledged at the Øygarden SZ in the 

southern domain, linking to the Hardangerfjord SZ in the south. It is suggested that the shear zone 

observed in this study is the continuation of the shear zone/detachment observed in the northern 

Horda Platform (Figure 4.4 and Figure 4.6). The downward continuation of this shear 

zone/detachment is not fully constrained.   

The Utsira SZ curves from a N-S trend in the Stord Basin of the southern domain to a ENE-WSW trend 

along the southern boundary of the central domain (Figure 4.2). This bend was also reported by 

Fazlikhani et al. (2017) and Phillips et al. (2019). The northern Horda Platform SZ/detachment seems 

to link with the Utsira SZ beneath the Stord Basin (Figure 4.15). This outlines a graben structure of 
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shear zones below the Stord Basin, which is also suggested by Fazlikhani et al. (2017) for the Stord 

Basin, but not in the northernmost parts (Figure 2.1).  

The northern culmination of the central domain is not fully resolved, but the strike of the slope 

towards the northern Horda Platform suggests interactions with the northern leg of the Sunhordland 

Detachment south of the Bergen Arcs onshore western Norway, as the domain boundary aligns to 

the northern leg of the detachment onshore (Figure 5.2, Figure 5.3 and Figure 5.4). The southern 

boundary of the central domain is aligned to the Totland Fault onshore in the southern part of the 

Bergen Arcs SZ. These interactions are outlined in Fossen et al. (2017), but no conclusion of the 

creation was stated there. There is however a striking alignment of the onshore structures to the 

offshore domain boundaries (Figure 4.1, Figure 5.2, Figure 5.3 and Figure 5.4).  

A reasonable suggestion for the creation of the horst-like structure can be conceived from Figure 5.3 

and Figure 5.4 where the Sunhordland Detachment overlaps the significantly dextral Bergen Arcs 

(Wennberg et al., 1998). Each of the shear zones carving out a scoop of the crust, leaving a high in 

the area where the southern leg of the Bergen Arcs and the northern leg of the Sunhordland 

detachment partly overlap.  



  Discussion 

65 
 

 

Figure 5.2. The Northern North Sea Rift System by Fossen et al. (2017). Note the subdivision of structural domains (red 
dotted lines) that coincides with the subdivision used for this study. The Totland fault aligns to the Domain Boundary 3 
(Middle to southern domain in this study) and the Sunhordland Detachment to Domain boundary 4 (Middle to northern 
domain boundary) Relevant abbreviations: BASZ = Bergen Arcs Shear Zone, HSZ = Hardangerfjord Shear Zone, NSDZ = 

Nordfjord-Sogn Detachment Zone, SD = Sunhordland Detachment, TF = Tusse Fault, ToF = Totland Fault, USZ = Utsira Shear 
Zone, VF = Vette Fault Zone. 
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Figure 5.3. Modified from Gabrielsen et al.  (2015). North (left)-South (right) view of onshore and offshore the Norwegian 
coastline represented by the interpreted ILP-10 and 11 seismic lines. Domain boundaries are the ones used for this study. 

The northern domain of this study is represented by the area where the ØFC (ØFZ) dips to the north in the northern section 
on the figure. The middle domain sits at the Proterozoic basement high in the middle right of the image. Southern domain is 

between the basement high and the Hardangerfjord Shear Zone (HSZ).  

 

Figure 5.4 Onshore – offshore correlation of shear zones by Fossen (https://folk.uib.no/nglhe/MULTIRIFT.html, visited 
13.06.2020). Note the wedge created at the southern offshore expression of the Bergen Arcs SZ (BASZ), which outlines the 

central domain of this study. 

https://folk.uib.no/nglhe/MULTIRIFT.html
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5.1.2.3 Southern Domain 

The southern domain has a generally equal distribution of west- and east-dipping faults (Figure 4.7). 

The basin is bounded by the west-dipping Øygarden FZ, Øygarden SZ and northwest-dipping 

Hardangerfjord SZ to the east, and the east-dipping but curving (northwest) Utsira SZ, which is also 

suggested in Fazlikhani et al. (2017), Fossen et al. (2017) and Phillips et al. (2019).   

The southern domain is influenced by the Utsira SZ in the western Stord Basin, dipping eastward as it 

provides a root for the Utsira FZ (Figure 4.8, Figure 4.9 and Figure 4.15). The eastern basin margin is 

affected by the Øygarden SZ acting as a strand of the Hardangerfjord SZ in a more N-S direction (in 

map view – Figure 4.2). The Øygarden SZ is facilitating the southern Øygarden FZ, acting as a 

basement weakness, guiding the northern turn of the Øygarden FZ in the northern Stord Basin, which 

is collaborated by Fazlikhani et al. (2017). The Utsira SZ dips eastward and curves from a N-S trend 

into a NE-SW trend to the north, creating a sole for the Utsira FZ. Phillips et al. (2019) and Fazlikhani 

et al. (2017) recognize the same features, a bowl-shaped graben of basement weak zones, trending 

NNE-SSW (Figure 4.8). The Øygarden SZ is a likely continuation of the shear zone/detachment 

observed in the northern and central domains of this study, bending downwards in the hanging-wall 

of the Utsira FZ, below the imaged seismic data.  

Fazlikhani et al. (2017) describe steep-dipping shear zones as likely to interact with or facilitate rift-

related faults, and the Stord Basin provides a good example of such interactions based on the 

findings of this study (e.g. the Utsira FZ and Utsira SZ, Figure 4.8). Whether the faults nucleated in or 

have propagated down into the shear zones is difficult to assess (Baudon and Cartwright, 2008; 

Fazlikhani et al., 2017).  

5.1.3 Fault and shear zone interactions 

The study area exhibits several modes of fault and shear zone interactions. Fazlikhani et al. (2017) 

describe such interactions by relationships (A-C) outlined in Figure 5.5. The A1 relationship is 

observed in the Stord Basin where the Utsira FZ interacts with the Utsira SZ by complete linkage and 

reactivation (Figure 4.8). The A2 relationship describes the southern segment of the Øygarden FZ 

(ØFZ S) and the interactions with the Øygarden SZ and the Hardangerfjord SZ in the southern Stord 

Basin (Figure 4.8). Examples of the B1 interaction is seen in Figure 4.9, as the Tusse Antithetic FZ 

(TAFZ) and the two faults to the SW is unaffected by underlying shear zones. The same relation is 

recorded in the inner Stord Basin (Figure 4.8), where the Stord Basin FZ and the western synthetic 

fault is independent of the shear zones beneath. B2 type interaction is observed at the Brage Horst, 

where the Brage East FZ cross-cuts the Brage SZ (Figure 4.5). The same relation applies to the Tusse 
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Antithetic FZ (TAFZ) and the Øygarden Antithetic FZ (ØFZ A) faults that crosscut the proposed shear 

zone/detachment (Figure 4.15). The type C relation is not observed, as evaporites are only present in 

the southernmost fringes of the study area, between the Utsira and Sele highs. 

An addition to the interactions presented by Fazlikhani et al. (2017) is proposed for the interaction 

observed in Figure 4.5. The detachment-style rotation of the Smeaheia and Tusse faultblocks is 

somewhat reminiscent of domino-style faulting observed at low-angle detachments in, for example, 

the Gullfaks Field (Fossen et al., 2000). It should be noted that the detachment planes at Gullfaks are 

not offset themselves, like the interaction observed in the northern Horda Platform, and might as 

such not apply to the relationship observed here. A factor to consider is, however, a possible 

reactivation of the detachment at an early stage, with subsequent locking of the structure, as 

unfavourably directed rotation increases throughout the rift phase by the displacement accumulated 

on the Øygarden FZ, rotating the detachment so that the conditions of slip were no longer met.  

 

Figure 5.5 Fault and shear zone interactions described by Fazlikhani et al. (2017). A1: Shear zone reactivation and linkage. 
A2: Fault rooted in shear zone with partial reactivation. B1: No reactivation or cross-cutting. B2: Cross-cutting of shear zone. 

B3:Basement fault cross-cutting the shear zone without influence on base rift surface. C: decoupling of reactivated shear 
zone and upper layer fault by evaporites. 

5.1.4 Extent of the Zechstein Sea  

The evaporite deposits of the Late Permian to ?Early Triassic Zechstein Sea (Taylor, 2009) are not 

found on the Horda Platform or in the Stord Basin (Phillips et al., 2019). The northern limit of the 

Zechstein evaporites lies to the west of the Utsira High and in the Åsta Graben southeast of the Stord 

Basin with a small branch into the Ling Depression (Figure 5.2). Well 17/4-1 in the Ling Depression 

confirms Zechstein evaporites overlying Permian Rotliegendes conglomerates. The Zechstein Salt is 

covered by the lowermost Triassic “Bröckelschiefer” (Berthon, 1970). The Åsta Graben and Sele High 

lies in the footwall of the Devonian Hardangerfjord SZ, which is reported by Fossen & Hurich (2005) 

to have experienced footwall uplift in the order of 800-1000 m onshore southwestern Norway. The 

footwall uplift must also be considered offshore, building significant relief in the NNE-SSW trending 
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footwall. Erosion of the uplifted footwall prior to the Permian must be considered, but the 

distribution of high topography areas bound by Devonian shear zones throughout the Permo-Triassic 

(e.g. the Utsira High, Sele High, Brage Horst and central domain high), suggests that the trace of the 

Hardangerfjord SZ footwall could have been an obstacle for the Zechstein Sea, at least when 

accounting for an assumed regional upward slope towards the Norwegian Hinterland (Gabrielsen et 

al., 2010). The Sele High is situated on the footwall of the Hardangerfjord SZ along with a horst 

separating the Åsta Graben and the southern Stord Basin (position of well 17/3-1).  

The Utsira High to the west of the Stord Basin would have prevented flooding into the Stord Basin 

from the west. A possible pathway for a Zechstein Sea transgression is through the Ling Depression. 

The Ling Depression between the Utsira High and the Sele High in the hanging-wall of the 

Hardangerfjord SZ had subsided prior to the extension in the Stord Basin, as Rotliegend group strata 

are deposited there (Berthon, 1970), implying Early Permian stretching to the south. The Permian 

basins of Northern Europe is well established as wrench tectonic induced basins trending E-W across 

the Central North Sea (Ziegler, 1992). As the Permian Rotliegend and Zechstein deposits supposedly 

are absent from the Horda Platform and Stord Basin, the extensional events on the Horda Platform 

and Stord Basin must have either happened later, confining the initiation of RP1 to the Early Triassic, 

or a topographic divide kept the Ling Depression and Stord Basin apart to prevent Zechstein 

transgression. 

 The uplift development of the Scandinavian mountains adjacent to the North Sea Rift was described 

by Gabrielsen at al. (2010). A significant episode of uplift occurred between the Late Carboniferous 

and the Late Permian, coeval with the extension associated with the Oslo Rift and the Permian Basins 

of the central and southern North Sea (Figure 5.6 and Figure 5.7). Although extension of the northern 

North Sea is not proven during this interval (Færseth, 1996), the generated uplift would set up a 

slope dipping southwestward from the Scandinavian hinterland, preventing influx of Zechstein water 

in the study area. The continued uplift during the Triassic is attributed to the extension of the 

northern North Sea rift. The proposed positive slope towards the Scandinavian hinterland and 

additional relief built by footwall uplift on the Hardangerfjord SZ could even have kept the Zechstein 

Sea at bay, while extension took place in the Stord Basin (Figure 5.2).   
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Figure 5.6 Tectonomorphic topographic representation across the south Norwegian mountains into Sweden. The profile is 
ENE-WSW (Gabrielsen et al., 2010). Note the uplift of the west-Norwegian mountains between the Late Carboniferous and 

the Late Permian, coeval with the development of the Oslo Rift. 
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Figure 5.7 Compilation of geochronological data, dike emplacement and interpretation of the extensional phases of the 
northern North Sea Rift (Fossen et al., 2017).  
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5.2 Temporal aspects of RP1 

The post-rift development of RP1 on the Horda Platform and Stord Basin is reasonably well 

constrained, as the upper syn- and post-rift strata have been drilled and dated. Steel and Ryseth 

(1990) reported Scythian syn-rift deposits in well 31/6-1, but the thick strata downflank from the well 

was not penetrated, leaving the deepest deposits open for interpretation (Figure 5.8). Several 

theories about RP1 initiation have been presented e.g. by Steel (1993) and Færseth et al. (1995), 

suggesting intra-Permian initiation. A Permian initiation is presently favoured by most workers today 

(Færseth, 1996; Heeremans and Faleide, 2004).  

 

Figure 5.8 Modified from Færseth et al. (1995). The position of well 31/6-1 on the Tusse FZ footwall crest. Note the thick syn-
rift strata in the hanging-wall, not penetrated by the well. Abbreviations: BEF = Brage East Fault Zone, VFZ = Vette Fault 
Zone, ØFZ = Øygarden Fault Zone, T = Tertiary, K = Cretaceous, J = Jurassic. For approximate line location see Figure 4.1. 

There are several factors contributing to the probability of a Permian RP1 initiation. Torsvik et al. 

(1992), Eide et al. (1997) and Andersen et al. (1999) all reported movements on onshore brittle 

Devonian faults in the Permian. The Dalsfjord Fault in the Nordfjord-Sogn Detachment system was 

reactivated at 250-260 Ma (middle to late Permian) and ~150 Ma (Upper Jurassic/Lower Cretaceous) 

based on palaeomagnetic and 40Ar/39Ar geochronological analysis (Torsvik et al., 1992; Eide et al., 

1997; Andersen et al., 1999). The Lærdal-Gjende Fault System in the extension of the Hardangerfjord 

SZ also recorded activity in the mid- to late Permian and late Jurassic to early Cretaceous based on 

palaeomagnetic analysis (Andersen et al., 1999). Dike intrusions in western Norway were dated by 

Fossen and Dunlap (1999) to ages of 250-260 Ma (Permian) and 220-230 Ma (Triasssic) by argon 

isotope analysis (Figure 5.7). The dikes trend N-S and NNW-SSE, ignoring trends of older structures in 

the host rocks, aligning to the Permo-Triassic fault trends of the Horda Platform and Stord Basin. The 

uplift history and topographic profile of the Norwegian mainland during the late Carboniferous to the 

late Triassic also suggests rift activity in the adjacent offshore areas (Gabrielsen et al., 2010). Figure 
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5.6 reveals continued uplift in the interval, with a marked building of relief. The steepening of the 

topographic profile towards the offshore areas and the broader uplift in the Triassic suggests a 

relatively close source of the isostatic adjustments. It is suggested that erosion of the uplifted 

western Norwegian mountains contributed to sediment loading offshore during the Triassic, 

contributing to the uplift onshore, and subsidence offshore (Gabrielsen et al., 2010). A compilation of 

some of the available data is presented in Fossen et al. (2017) (Figure 5.7). 

The cessation of RP1 will be addressed later in this text (section 5.4.4). 

5.3 Fault development 

Accommodation in a rift basin is developed mainly by two mechanisms, fault related subsidence and 

thermal subsidence. This section will discuss the fault related accommodation for sediments created 

during the Permo-Triassic RP1. The study area is bound by basement involved faults that are treated 

as master-faults to the basin in this study. The RP1 basin is, however, significantly larger than the 

study area, and the bounding faults of the study area will therefore be addressed as basin bounding 

faults, meaning the Horda Platform Basin and the Stord Basin, not the entire RP1 North Sea rift basin. 

5.3.1 Northern domain faults 

The Northern domain is somewhat asymmetric, as ¾ of the major fault planes have dip direction to 

the west (Figure 4.4). The maximum basement offset is recorded at the northern Øygarden FZ (ØFZ 

N), which accumulated ~2250 ms TWT offset, while the Brage East Fault had the least offset at ~1800 

ms TWT.  

The Brage East FZ is an internal basin fault (RP1 basin), while the Øygarden FZ (Figure 4.4) is a basin 

bounding structure for the entire RP1 basin (Færseth, 1996). However, in the northern domain basin 

of the Horda Platform, both faults are considered basin bounding for this study. The syn-rift wedge 

on the Brage East FZ is rather small, suggesting a later fault initiation or less throw accumulation in 

the initial phase and at the climax of RP1. Nicol et al. (1997) showed that faults grow larger by strain 

rate, rather than temporal factors, but no correlation to inherited structures was made. The fact that 

the Brage East FZ is cross-cutting a shear zone, and not exploiting the shear zone to grow, can be 

considered an alternate theory, while the northern Øygarden FZ carried the weight of the entire 

basin. Deng et al. (2017b) showed by experimental models that a fault exploiting a shear zone 

records more strain and thereby larger displacement, than non-exploitative faults. The population of 
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minor basement faults between the Tusse FZ and the Brage East FZ might imply that much strain was 

also relieved through the smaller faults (Figure 4.4 and Figure 4.5).  

The Vette FZ and Tusse FZ have accumulated throws of 1900-1950 ms TWT, and are the intermediate 

faults in the northern domain. The RP1 syn-rift wedges in the Vette and Tusse faults hanging-walls 

are also of about equal thickness although the RP1 and RP2 total thickness is somewhat larger on the 

Tusse Fault Zone due to the Horda Platforms downstepping nature and post-rift subsidence. The 

Øygarden FZ has a thinner syn-rift wedge than the Vette and Tusse fault zones, accumulating less 

apparent accommodation than the Vette and Tusse faults. Nicol et al. (1997) reported the 

displacement of faults to be relatively stable over time, thus implying that faults grow larger by 

higher displacement rates, rather than being active for a longer time interval, suggesting a fairly 

equal distribution of strain rate across the northern domain, as fault displacements are relatively 

equal (Table 4.1). Nicol et al. (1997) did not take into account the role of pre-existing structural 

weaknesses, which was shown by Deng et al. (2017) to be of major importance to fault growth. 

Faults situated above a structural weakness were accumulating significantly more length and 

displacement than the faults that formed outside the plane of weakness, but also formed in a 

different direction, aligning to the weakness-plane. Faults outside the zone of weakness formed as 

expected, but a zone of strain relief around the weaker plane was observed (Deng et al., 2017b). The 

faults of the northern domain are not obviously linked to weaker zones in the underlying rocks, but 

the observation of the Tusse and Vette fault zones might imply a component of increased growth 

caused by the connection to the shear zone/detachment below the northern Horda Platform.  

The overprint of post-Triassic faulting was reported to be in the order of 17.5-30 % of  the RP1 

extension for the northern domain Øygarden, Vette and Tusse fault zones, implying only small 

reactivations during RP2 (Bell et al., 2014). The reactivation was apparently W-E, spreading from the 

Viking Graben, as faults were reactivated in that order (Figure 5.9). The Øygarden FZ tips out below 

the Base Quaternary, but the Tertiary succession is eroded at the location of Line 1 (Figure 4.4) This 

implies that the northern Øygarden FZ must have been active at least throughout the Cretaceous 

(Figure 4.10), perhaps even in the Tertiary. The Vette and Tusse fault zones tip out in the upper 

Cretaceous close to the base Tertiary (Figure 4.4).   
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Figure 5.9. Fault activation diagrams by Bell et al. (2014). Permo-Triassic (RP1) extension is summarized in a). b)-e) displays 
development during RP2 
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5.3.2 Central domain faults 

The central domain represents a general fault polarity shift and a general decrease in syn-RP1 stratal 

thickness (Figure 4.6). The Tusse Antithetic FZ accommodates most of the displacement and the syn-

rift accumulation of sediments. Solely based on the theory of Nicol et al. (1997), this would imply that 

the central domain experienced lower strain rates than the northern and southern domains during 

both North Sea Rift phases. Lower regional strain on the central domain is, however unlikely, and 

basement interactions is probably a more feasible explanation for the lower extensional strain. The 

Utsira FZ curves eastward at the central domain southern boundary, likely relieving significant 

amounts of strain. A strain accommodation through the Utsira SZ and the Totland Fault explains the 

strain transfer in the southern margin of the central domain (Figure 4.2 and Figure 5.2). The northern 

boundary of the central domain is probably also linked to the onshore Sunhordland Detachment 

(Fossen et al., 2017), implying strain relief to the north and south by basement interactions (Figure 

5.2). Note that this linkage of faults and shear zones is not resolved in seismic sections and merely 

proposals of probable mechanisms for the structural and topographical difference observed in the 

study area by geometric comparison. Strain transfer is a common feature of rift systems according to 

Lambiase and Bosworth (1995). 

5.3.3 Southern domain faults 

The southern domain fault polarity is equally distributed between east and west dipping fault planes 

(Figure 4.7). The Utsira FZ recorded the largest amount of displacement, suggesting a strain 

localization along the east side of the Utsira High. The Utsira High is described as a long-living 

basement high, having experienced only small amounts of extension since the Devonian (Ksienzyk et 

al., 2013; Riber et al., 2015; Phillips et al., 2019). Phillips et al. (2019) proposed a model where the 

deep-rooted Utsira High splits the mantle upwelling during RP1 in a western section beneath the 

Viking Graben, and an eastern section beneath the Stord Basin, where little to no extension takes 

place at the resilient and deep rooted Utsira High (Figure 2.10). This could accommodate a higher 

local strain rate at the Utsira FZ, as the width of the total North Sea rift structure is shortened by 

excluding the Utsira High. 

5.3.4 General remarks on the fault development. 

According to Nicol et al. (1997), the faults of an area will be of the same age, as difference in 

displacement is compensated by higher displacement rates rather than by initiation at different 

times. The faults of the central domain of this study are clearly less offset summed over the domain 

than the faults of the northern and southern domains, which implies that the strain must have been 
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accommodated elsewhere. The increased fault displacement in the southern domain is easier to 

explain, as the Utsira High acted as a rigid element, distributing the total strain to the east and west 

of the High.  

Bell et al. (2014) studied the interaction between pre-existing structures and subsequent faults on 

the Horda Platform and the Måløy Slope. They assessed the displacement versus length ratios of the 

major faults, and found the Horda Platform faults to be slightly under-displaced compared to global 

statistics of extensional faults, which suggests interactions with reactivated pre-existing structures at 

depth. The conclusion was not absolute, but similar values to those reported from southern South 

African faults, which are confirmed to have formed on reactivated structures, suggests an 

interaction. The interactions observed on the Horda Platform and Stord Basin are in concert with the 

findings of Bell et al. (2014), as e.g. the Utsira FZ and the southern Øygarden FZ have clear links to the 

underlying Utsira SZ and Øygarden SZ (Figure 4.8). The directional changes on the southern Øygarden 

FZ and the Utsira FZ are also good examples of the interactions described by Deng et al. (2017b), 

suggesting that faults formed on a pre-existing weakness, aligned to the plane of weakness (Figure 

4.2). The large displacement observed on the Utsira FZ is also supported by the findings by Deng et 

al. (2017b). 
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5.4 Tectonostratigraphy of the Horda Platform and the Stord Basin 

Tectonostratigraphic analysis is based on the subdivision of sedimentary successions into tectonically 

controlled units; pre-, syn- and post tectonic strata (Prosser, 1993; Nøttvedt et al., 1995; Ravnås et 

al., 2000). Prosser (1993) developed the standard three-fold subdivision further by adding rift 

initiation and rift climax stages to the syn-rift deposits, and immediate and late stages to the post-rift 

strata. All the stages have their distinct characteristics, recognizable in outcrop or in high quality 

seismic data (Figure 3.3). 

5.4.1 Pre-rift units 

The pre-rift unit is regarded as saucer-shaped units with subparallel internal reflections, deposited 

during tectonic quiescence in gently subsiding basins (Prosser, 1993; Nøttvedt et al., 1995). The pre-

rift units would locally resemble tabular units, as they would be broken in sections by later faulting, 

but thinning of, and onlaps within the pre-rift unit towards the basin margin should be present. 

There is no record of such tabular pre-rift units in the Permo-Triassic strata on the Horda Platform or 

in the Stord Basin, nor are there any units thinning towards the basin margins beneath the syn-rift 

units. The deepest half-grabens of the Stord Basin could, however, contain tabular pre-rift units, but 

the seismic resolution is poor at depths of  >6000 ms. The seismic images are blurry and inadequate 

to image the detail needed. 

 RP1 syn-rift strata are assumed to have been deposited directly on the Base RP1 surface, which 

might include metamorphic autochthonous basement, Caledonian metamorphic or metasedimentary 

rocks and Devonian metasediments (Færseth et al., 1995; Lervik, 2006; Gabrielsen et al., 2015). 

Færseth (1996) reported Devonian strata on the Utsira High, showing that the North Sea was 

capturing sediments already in the Devonian. Proposed Devonian sedimentary rocks are also drilled 

on the footwall crest of the Vette FZ in well 32/4-1, displaying a red conglomerate (Phillips Petroleum 

Company, 1996b). The conglomerates in the onshore Devonian basins are distinctly green coloured 

and recorded up to greenschist-facies metamorphism after deposition (Sturt and Braathen, 2001; 

Osmundsen and Andersen, 2001). The difference in colour is remarkable, and the resemblance to 

Permian Rotliegend red conglomerates in the Ling Depression is notable (Berthon, 1970). The 

Rotliegend conglomerate in the Ling Depression, however, contain clasts of porphyric rocks, which 

were not observed in well 32/4-1. This could also be due to availability of volcanic erosion products, 

as no volcanic activity is reported in the northern North Sea, although dikes of Permian age are 

reported onshore (Fossen and Dunlap, 1999; Heeremans and Faleide, 2004). There is a significant 

distance between well 32/4-1 in the northern domain and well 17/4-1 on the southern border of the 
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southern domain. The ages of the strata underlying the RP1 rocks are therefore somewhat uncertain 

but it is likely that Permian strata is preserved at depth in the hangingwalls of the Permo-Triassic 

fault blocks. 

The tectonostratigraphic relations are mainly studied in the GN1101 seismic 3D-cube, as the 2D 

seismic lines had inadequate resolution at depth for detailed interpretations. 

5.4.2 Syn-rift units 

The syn-rift strata are wedge-shaped units with internal reflections diverging towards the footwall of 

the active fault. A further subdivision into an initial and climactic rift-phase was made by Prosser 

(1993), who defined internal reflector characteristics and geometries for each phase. Prosser (1993) 

also stated that the thickness of the syn-rift deposits often will be overcompensated, as sediment 

starvation should be accounted for. Sediment supply routes are often cut-off by the relief created in 

the syn-rift phase. This leads to an early post-rift phase that infills the remaining relief, thereby 

displaying a wedge shape similar to the syn-rift wedges (Prosser, 1993).  

Syn-RP1 strata in the study area are confined to the lower part of the Permo-Triassic successions, as 

the pre-rift unit is missing, and show the expected thickening towards the footwalls. The syn-rift 

interval of this study is interpreted to be the Tr1 and lower Tr2 strata, beneath the Intra Tr2 reflector 

(yellow line in Figure 4.14). The basis for this interpretation is the internal divergent reflectors, and 

the general wedge-shape of the deposits (Prosser, 1993) (Figure 3.3). Thickening of the unit towards 

footwalls is also apparent in thickness maps (Figure 4.18).   

An initial rift phase can be recognized in the GN1101 3D seismic images of the hanging-wall of the 

northern Øygarden FZ, between the Base RP1 and an intra Tr1 reflection (Figure 4.14). The wedge-

shaped unit is just slightly interfingering with alluvial fans along the northern Øygarden FZ footwall 

and the internal reflection pattern is less chaotic than the overlying rift-climax strata. The interval 

drapes the hanging-wall slope throughout the study area. Prosser (1993) also describes a tendency of 

progradation on the hanging-wall slope, but prograding strata is not observed in the initial rift 

interval of this study. However, some irregular reflections are observed, possibly representing alluvial 

cones on the hangingwall. Prosser (1993) acknowledges the features mentioned above as indicators 

of initial rift phase deposits. The continental nature of the deposits (Ravnås et al., 2000), might be an 

explanation for the lack of progradational strata along the hanging-wall slope.  

The rift-climax stage is recognized between the intra-Tr1 and the intra-Tr2 reflector (Figure 4.14). The 

internal reflections are divergent towards the footwall of the northern Øygarden FZ, representing the 

fault block rotation at rift-climax (Prosser, 1993; Nøttvedt et al., 1995). Hummocky and discontinuous 
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reflections are observed in the hanging-wall strata within the interval, with chaotic fabrics at the 

previous interval surface. The irregular patterns at the initial rift surface are interpreted as fans 

outbuilding on a continuously rotating surface (Prosser, 1993). Alluvial fans are observed along the 

footwall scarp, vertically stacked along the fault plane of the northern Øygarden FZ (Figure 4.14). The 

divergent, hummocky and discontinuous reflections, fans on the hanging-wall plane and high alluvial 

activity places the Intra-Tr1 to Intra Tr2 interval in the rift-climax stage as described by Prosser 

(1993).  

5.4.3 Post-rift units 

In general, the post-rift unit is considered to be an ordered, internally parallel and continuous, overall 

saucer-shaped unit, deposited after the tectonic events, during thermal relaxation. Both Prosser 

(1993) and Nøttvedt et al. (1995) cautions interpreters that sediment supply is an important factor to 

consider in tectono-stratigraphic analysis. Basin topography can change or hinder axial sediment 

supply routes, which may lead to basins being sediment-starved, not filled to spill during the syn-rift 

phase. Initial post-rift units must therefore fill the rift-induced relief, and wedge-shaped initial post-

rift units may be the result. However, the internal reflections should no longer be divergent towards 

the active fault plane, but parallel in the initial post-rift phase, and onlap basin topography (Prosser, 

1993; Nøttvedt et al., 1995). Prosser (1993) also indicates a discontinuous reflection pattern within 

the initial post-rift units, and potential alluvial lobes on the hanging-wall plane, where relief from the 

rift-climax phase is still present, can be observed in initial post-rift units. Compaction synclines may 

develop over the footwall cut-off point in the initial post-rift stage (Prosser, 1993). The late post-rift 

phase drapes the entire basin, as remnant relief was filled in the initial stage (Prosser, 1993; Nøttvedt 

et al., 1995). The reflections of the late post-rift units should be parallel and continuous, onlapping 

the basin margins (Prosser, 1993).  

The post-rift units of the study area differ somewhat to what is outlined by Prosser (1993) and 

Nøttvedt et al., (1995). The initial post-rift phase is recognized, but a phase interpreted as renewed 

activity on several fault zones, splits the initial and the late post-rift phases. The initial phase is 

recognizable as the upper Tr2 interval, above the intra-Tr2 reflector, displaying a slight wedge-shape, 

wavy and slightly discontinuous internal reflections, with some alluvial activity on the hanging-wall 

surface observed as irregular reflections curving downwards to the underlying reflections. 

Compaction synclines are observed at the Smeaheia and Tusse fault blocks and between the Brage 

East and Tusse fault zones (Figure 4.5), also suggesting an initial post-rift affinity following the 

guidelines from Prosser (1993). 
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The Tr3 interval is interpreted as an interval of renewed activity on the Øygarden, Vette, Tusse, Tusse 

Antithetic, Utsira and Brage East fault zones, as wedge-shaped units are observed and thickness 

maps shows slight thickening towards the aforementioned faults (Figure 4.4, Figure 4.6, Figure 4.7, 

Figure 4.10 and Figure 4.18). The cause of such renewed fault activity is somewhat unclear, but 

differential subsidence by loading might be the best explanation for this inter-rift stage, as the 

observed wedges are confined to some of the faults (Steel and Ryseth, 1990; Nøttvedt et al., 1995; 

Færseth, 1996). Wedges of syn-rift deposits are mainly confined to the faults creating the most 

accommodation during the syn-rift phase, supporting the theory of loading-induced differential 

subsidence.  

The Tr4 interval shows the characteristics of a late post-rift unit, sagging towards the basin axis (RP1 

basin) and displaying a saucer-shaped geometry (Prosser, 1993; Nøttvedt et al. 1995). Thickening 

towards the proposed rift axis (Phillips et al., 2019) is also observed for the Tr4 interval. Internal 

reflections are parallel in the areas distal to the northern Øygarden FZ. Proximal to the northern 

Øygarden FZ, the reflections of the Tr4 interval offlap the Statfjord Group, or are truncated, 

producing an angular anomaly. The reflections are interpreted to be offlaps, as no unconformable 

surface is evident (Figure 5.10). Lervik (2006) describes the Lunde Formation, roughly equivalent to 

the Tr4 interval of this study, as a response to the uplift of onshore Scandinavia, shedding sediments 

into the North Sea Basins, which confirms the apparent outbuilding of upper Triassic – Early Jurassic 

sediments along the Øygarden FZ. The Statfjord Group of the latest Triassic to earliest Jurassic 

overlies the Lunde Formation, but the boundary is not resolvable in seismic data, and reliant on 

interpretation of gamma-ray excursions, according to Lervik (2006). Uplift of the Western Norwegian 

mountains were discussed in section 5.1.4, suggesting uplift throughout the Permo-Triassic. 

5.4.4 Age constraints 

As briefly described in sections 1.1 and 4.6, the Triassic stratigraphy of the North Sea is somewhat 

unclear, as different stratigraphic conventions are used in different areas and at different times.  

Lervik (2006) attempted to unify the different sectors by joining equivalent units and discarding 

obsolete units, but the well data are in most cases older than Lervik`s updated stratigraphy. This is a 

complicating factor in assessing the age of units and which of the four units of this study is present, 

as the well data does not allow the base Permo-Triassic strata to be identified. The reflection offset 

on faults complicates the interpretation further, particularly on the basin highs that are fault 

bounded on both sides, and those that are in the marginal areas. The continuation of the reflections 

across the faults are disturbed by smaller faults in the destructive zone of the main fault, producing 

blurry reflections. A difference in the expression of the seismic reflections is also expected, as 
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frequency and amplitude changes with vertically (Veeken, 2007). Erosion of overlying Jurassic 

reflections are also removing indicators for counting reflective surfaces to stay on track. The third 

factor complicating the process of dating the Permo-Triassic successions, is the lack of boreholes in 

the deep hangingwall basins. The result is that not all strata are penetrated as the deep hangingwall 

strata, although wedging, are often onlapping the hanging-wall slope and terminates beneath the 

section penetrated by the wells (Figure 5.8). 

The age of the syn-rift strata of the Permo-Triassic rift phase in the study area is poorly constrained, 

although suggestions were made by several authors (Steel and Ryseth, 1990; Nøttvedt et al., 1995; 

Færseth, 1996; Heeremans and Faleide, 2004; Lervik, 2006). The consensus among previous works 

falls on initiation in the Late Permian and cessation around the Scythian.  

Analysis of gamma-ray well-logs was not performed as part of this study, but a preliminary analysis 

by Würtzen et al. (in prep) was made available. Figure 4.14 shows a correlation between the 

interpreted gamma-ray log, tectonic phases and seismic data. The interpreted gamma-ray log in 

Figure 4.14 shows a change to more coarse-grained deposition in the Ladinian age, following an 

interval of mixed but finer grained deposition. The intra Tr2 marker representing the early post-rift 

base falls within the Carnian age. The Intra Tr2 to top Tr2 intervals are representing the immediate 

post-rift deposits and are of middle Carnian to early Norian age. The Tr3 interval is representing the 

interpreted reactivation of faults across the study area in the early Norian. A decrease in coarser 

deposits marks the Tr3 interval. The Tr4 interval, representing late post-rift deposits are shown by 

the gamma-ray interpretation as a phase of sandy depositions in the middle Norian to the base of the 

Jurassic. The finer and coarser intervals match the description by Prosser (1993), but an increase in 

precipitation should also be accounted for. The increased precipitation in a more humid climate 

would increase drainage and the ability to feed coarser sediments to the basins (Nystuen et al., 

2014). The northern North Sea basins have been described as arid systems, becoming more humid 

throughout the Triassic (Nystuen et al., 2014). Prosser (1993) suggested fine-grained deposition 

during the syn-rift phases, as new-formed relief diverts drainage, and many basins become sediment-

starved, cut-off from larger drainage systems feeding the basins. A syn- to post-rift transition in arid 

basins is therefore often marked by an increase in coarser sediments across the basin, as the 

drainage systems carve new paths into the basins. 

5.5 Sediment routing 

The influx of sediments to a rift system is controlled by several factors including e.g. fault related 

topography, climate, hinterland topography and sea/lake level (Leeder and Gawthorpe, 1987; 
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Gawthorpe and Leeder, 2000). This section will focus on probable pathways for sediments from the 

surrounding areas into the Horda Platform and Stord Basin.  

Gawthorpe and Leeder (2000) debated the development of fault systems in relation to drainage and 

thereby the availability of sediments to rift systems. Fault linkage sites and relay ramps were 

described as important sites of drainage entry into a basin, as linkage sites and relay ramps represent 

topographic lows on the footwall crest of a fault (Gawthorpe and Leeder, 2000). The study area 

presents a few large-scale sites of fault behaviour that would accommodate the models of 

Gawthorpe and Leeder (2000). The shift of polarity on the Øygarden FZ in the central domain is one 

of these sites, and presents a form of double relay ramp (both sides of the antithetic segment), which 

is a likely entry point for drainage (Figure 5.11). The northern tip-point of the Utsira FZ is another 

point, as the Tusse Antithetic FZ does not link to the Utsira FZ, and a slope into the basin is formed. 

The high topography area at the southern termination of the Brage East FZ is another similar area. 

The northern and southern tips of the Øygarden FZ as a whole should also be mentioned, as fault tips 

are low topography areas and in close vicinity of probable large scale drainage systems. 

The palaeotopography of the Scandinavian hinterland was discussed in section 5.2. The suggested 

uplift and erosion of the hinterland would provide large amounts of sediments throughout the syn- 

and post-rift phase of RP1, as continued uplift prevailed from the Carboniferous until at least the Late 

Cretaceous (Gabrielsen et al., 2010). McKie (2014) proposed the Hardangerfjord system as a major 

route of sediment influx to the central North Sea in the Triassic Period (Figure 2.9). The 

Hardangerfjord is situated on the Hardangerfjord Shear Zone (Figure 1.1), a major tectonic 

lineament, controlling topography over vast distances (Fossen and Hurich, 2005). The Sognefjord 

system is somewhat similar, as it sits on the Nordfjord-Sogn Detachment Zone, and represented a 

major sediment source in the Jurassic (Dreyer et al., 2005). Bell et al. (2014) investigated the 

northern Horda Platform and the Måløy Slope and found little to no faulting activity on the Måløy 

Slope in the Permo-Triassic (Figure 5.10). This implies that the Måløy Slope was a high area in the 

Permo-Triassic compared to the already subsided northern Horda Platform, creating a probable 

pathway for sediment influx through the Sognefjord system into the eastern Permo-Triassic basins of 

the northern North Sea. 
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Figure 5.10 Thickness maps of the northern Horda Platform modified from Bell et al. (2014). The Måløy Slope (MS) had not 
subsided in the Permo-Triassic, as faults creating accommodation space were not active, and was likely a topographic high 
area of possible sediment transport into the northern Horda Platform. The blue arrows represents likely sites for drainage 

into the northern Horda Platform. 
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Figure 5.11. Probable sediment routes during the Permo-Triassic rift phase. Red arrows mark the entry points for sediment 
transport. No influx is inferred through the Ling Depression based on the discussion in section 5.1.4. 
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6 Conclusions 

The study has been carried out by investigating a large database of seismic data with wellbore ties. A 

number of conclusions and suggestions are derived from the interpretations and analyses applied to 

the available data set: 

- Devonian shear zone interactions with the Base RP1 surface topography and Permo-Triassic 

faults were investigated and reviewed with regards to the existing literature on the subject. 

The results of this study are largely in agreement with existing literature, but minor 

differences were encountered. 

- The northern Horda Platform Shear Zone acted as the Caledonian Basal Thrust based on its 

position, orientation, depth and relation to the steeper Devonian shear zones. 

- The major faults of the study area comply to the fault/shear zone interaction model outlined 

by Fazlikhani et al. (2017). The Troll/Svartalv, Vette and Tusse fault zones on the northern 

Horda Platform are exceptions, as detachment style faulting with domino-style rotation of 

fault blocks are observed. 

- Fault displacement and strike are affected by underlying Devonian shear zones. The Utsira FZ 

and southern Øygarden FZ display the largest offsets, and align to the Utsira SZ and 

Hardangerfjord SZ, respectively. Cross-cutting faults like the Brage East FZ display less throw 

than faults exploiting shear zones. 

- Underlying Devonian shear zones have formed structural domains controlling the fault plane 

dip directions, topography and fault displacement of the northern, central and southern 

domains.  

- The central domain of this study is an accommodation zone linked to the Bergen Arcs and 

Sunhordland Detachment shear zones onshore. Higher topographic relief, differing fault 

plane dip directions, lower accumulated strain and the polarity flip of the Øygarden FZ reveal 

strain transfer to the northern and southern domains across the bending Utsira FZ. 

- The extent of the Zechstein Sea in the study area was confined to the Ling Depression and 

Åsta Graben in the south. Transgression of the Zechstein Sea was controlled by uplift of the 

Scandinavian hinterland and footwall uplift on the Hardangerfjord SZ in the Permo-Triassic 

periods. Rifting in the Stord Basin could have been coeval with deposition of Zechstein 

evaporites in the central North Sea. 

- Geochronological data, dike emplacements, onshore fault reactivations, uplift analysis and 

stratal thickness below the drilled fault block crests suggests RP1 initiation in the Permian 

Period.  
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-  Syn- and post-rift units were identified, and subdivided in initial and climactic syn-rift, and 

initial and late post-rift units. In addition, a phase of renewed fault activity was recognized 

between the initial and late post-rift stages. 

- Initial syn-rift deposits are identified of late Permian to Olenekian age. Rift climax deposits 

are of Olenekian to Carnian ages. Cessation of the Permo-Triassic rift phase happened during 

the Carnian. Initial post-rift units were deposited in the Carnian to the earliest Norian ages. 

Renewed fault activity were recorded during the early Norian age, while late post-rift strata 

was deposited from the middle Norian to the initiation of RP2. 

- Sediment routing into the Horda Platform and Stord Basin is suggested through areas of fault 

linkage or termination. The Hardangerfjord and Sognefjord drainage systems were the main 

contributors to the Permo-Triassic deposits in the study area, as palaeotopography and 

hinterland uplift was favourable.  
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