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PREFACE 

This thesis has been submitted for the degree of Doctor of Philosophy (Ph.D.) at the 

Department of Earth Science, University of Bergen, and has not previously been 

submitted for a degree in this or any other institutions. The work has been carried out 

at the University of Bergen, under the supervision of Prof. Haakon Fossen, Prof. 

Robert Gawthorpe and Prof. Atle Rotevatn at this university and two external 

co-supervisions of Dr Emma Finch at the University of Manchester and Prof. 

Christopher Jackson at Imperial College of London.  

 

Following the guidelines of Norwegian doctoral dissertation in natural sciences, the 

main body of the thesis is composed of three research papers, which are prepared for 

submission to international, peer-reviewed geoscience journals. Paper I has been 

submitted to the Marine and Petroleum Geology. Paper II and Paper III are prepared 

for the Journal of Structural Geology. The format of the references in the three papers 

is thus in the format required for their respective journals. A general introduction about 

rationale, background and objectives of the work and the project in a broad view is 

given ahead of the three papers. Following the three papers, the thesis ends up with a 

synthesis chapter where the findings from the papers are integrated and discussed in 

the light of the problems outlined in the introduction from a broader perspective of the 

research. 
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ABSTRACT 

The structural style and fault evolution in rift basins affected by pre-existing 

structuring differ considerably from those developing above the homogeneous crust, 

because pre-existing structures are likely to reactivate and influence the fault network 

during subsequent rift phase(s) and result in the development of non-collinear faults. 

Most recent studies on the development of non-collinear faults have focused on the 

two-dimensional or three-dimensional geometries and the evolution of the fault 

network, as well as on the debate of extension directions. However, little attention has 

been given to how pre-existing structures reactivate and grow in three dimensions 

during the subsequent rift phase, and how they influence the fault geometries and fault 

network in the proximity.  

 

The study contains two parts. The first part is the investigation of the geometry and 

evolution of normal fault systems of the Oseberg fault block in the northern North Sea 

which evolved over two separate rifting phases by interpreting seismic data (Paper I). 

The second part is the assessment of the fault growth pattern in three dimensions 

affected by a weak planar pre-existing structure during extension by discrete-element 

modeling (Papers II & III). 

 

Three- and two-dimensional seismic and well data have been used to identify fault 

network of the Oseberg fault block in the northern North Sea – a rift system that 

experienced the Permian – Early Triassic and Middle Jurassic – Early Cretaceous 

rifting and exhibits N-S, NW-SE and NE-SW oriented faults. The N-S- and NW-SE-

striking faults initiated during the Permian – Early Triassic rifting, and most of them 

reactivated during the Middle Jurassic – Early Cretaceous rifting, with an E-W 

extension direction. In contrast, the NE-SW-striking faults are of Middle Jurassic – 

Early Cretaceous origin. Moreover, a population of NW-SE-striking faults formed 

during the inter-rift phase, indicating a NE-SW inter-rift extension direction. The study 

suggests a reorientation of the stress field from E-W during the Permian – Early 

Triassic rift phase to NE-SW during the inter-rift fault growth and back to E-W during 
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the Middle Jurassic – Early Cretaceous rift phase in the Oseberg area. It also 

demonstrates that rift activity between established rift phases can locally develop 

faults with new orientations that add to the geometric and kinematic complexity of the 

final fault population. 

 

Discrete element modelling has been used to investigate fault geometry and evolution 

of fault network in three dimensions above a weak planar pre-existing structure with 

various orientations relative to the extension direction and dips. The likelihood of 

reactivation reduces with either the orientation relative to extension direction or the dip 

of the pre-existing structure. Fully reactivated structure becomes a major fault, which 

decreases the density, changes the orientation, and enhances the displacement of 

adjacent faults. In contrast, the partly or little reactivated structure provides favorable 

sites for the nucleation of new faults. The evolution of the pre-existing weak structure 

and fault network is divided into three stages: (i) reactivation of pre-existing structure 

and nucleation of new faults; (ii) radial propagation and interaction between 

reactivated structure and new faults; and (iii) linkage between reactivated structure and 

adjacent faults. The modelling results suggest that the reactivation pattern of a pre-

existing structure depends on both the orientation relative to extension direction and 

the dip, and influences the adjacent fault geometry and fault network via changing the 

fault density, length, orientation and displacement and providing favorable sites for 

fault nucleation. 

 

The research demonstrates the complexity of final fault network as a result of the 

different reactivation style of the pre-existing structure and its influence on new fault 

growth. The study also contributes to the understanding of the reactivation pattern of a 

pre-existing structure as well as the evolution and geometries of fault interactions in 

three dimensions between the reactivated structure and newly formed faults. Lastly, 

the thesis also throws light on the control of the orientation of a pre-existing structure 

on the likelihood of reactivation and its subsequent role on adjacent fault network. 
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INTRODUCTION 

1. Rationale  

Rift basins are the result of crustal extension and thinning, characterized by brittle 

normal faulting in the upper crust and ductile flow in the lower crust (e.g. Mckenzie, 

1978; Wernicke, 1985; Lister et al., 1986). The evolution and geometry of extensional 

fault systems in rift basins have been investigated globally, because they provide 

valuable information about (i) the geodynamic process of the crust and rift basins, and 

(ii) the kinematics of fault growth. Furthermore, the tectonic evolution of rift basins 

influence (iii) the balance of accommodation generation and sediment supply, which 

controls where and how much sediment is going to accumulate or be eroded, and 

essentially determines (iv) the locations, thickness and quality of reservoir-type 

sandstone. Moreover, the structural evolution of rift basins is also of importance for (v) 

understanding the formation of structural traps and hydrocarbon maturation and 

accumulation processes, which are critical elements of a petroleum system.   

 

Many rift basins are influenced by pre-existing structures that exist in the basement of 

the rift system or form during an earlier phase of rifting, such as the North Sea rift 

system (Badley et al., 1988; Færseth, 1996; Odinsen et al., 2000; Whipp et al., 2014; 

Duffy et al., 2015), the Gulf of Aden (Lepvrier et al., 2002), the East African Rift 

System (Corti, 2012), Gulf of Thailand (Morley et al., 2004; Morley, 2007) and the 

North West Shelf, Australia (Frankowicz and McClay, 2010). Previous studies have 

mainly concentrated on fault geometries and fault network evolution based on 

interpretation of subsurface or field data (e.g., Færseth, 1996; Lepercq and Gaulier, 

1996; Morley et al., 2004; Reston, 2005; Morley, 2007; Tomasso et al., 2008; 

Frankowicz and McClay, 2010; Bell et al., 2014; Duffy et al., 2015). However, our 

understanding of some of the key characteristics of pre-existing structures (e.g., 

reactivation pattern of pre-existing structures, impact of pre-existing structures on the 

development of adjacent new faults, growth of non-collinear faults) is rather poor, 

because the features associated with pre-existing structures become progressively 
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buried, tilted and structurally overprinted during subsequent rift phase(s) (e.g., Bell et 

al., 2014). Furthermore, the quality of subsurface data decreases with depth, which 

altogether makes it rather challenging to explore the structural features in such settings. 

As recent studies suggest that the geometry and structural evolution of many rift basins 

are largely influenced by pre-existing structures, it is important to improve our 

understanding of the impact of pre-existing structures on normal fault growth and 

development of such basins (e.g. Morley et al., 2004; Henza et al., 2010, 2011).  

 

The purpose of this research is to investigate the three-dimensional fault geometries 

and structural evolution during rifting, with a focus on the reactivation pattern of first-

phase faults during the second rift phase in the Oseberg area of the northern North Sea 

rift system. In more general terms, the research aims to understand the impact of 

reactivation of pre-existing structures on the development of newly-formed faults in 

the three-dimensional vicinity. The integrated results from this research give 

implications on the role of pre-existing structures on the final fault network and 

structural evolution of rift basins. 

 

2. Background  

2.1 Mechanisim of continental rifting 

Continental rifts are areas of crustal stretching and thinning, and are generally 

associated with normal faulting and the development of rift basins in response to 

extension and tectonic subsidence (e.g. Gibbs, 1984, 1987; Lister et al., 1986; 

Withjack and Jamison, 1986; Rosendahl, 1987; Serra and Nelson, 1989; McClay, 1990; 

Nelson et al., 1992; Færseth, 1996; Bonini et al., 1997; McClay et al., 2002; Morley et 

al., 2004; Ziegler and Cloetingh, 2004; Bellahsen and Daniel, 2005; Huismans and 

Beaumont, 2007; Corti, 2012; Naliboff and Buiter, 2015). Traditionally, the initiation 

of crustal stretching and subsidence is assumed to fall into two end-members class 

(Sengör & Burke, 1978; Turcotte, 1983; Morgan & Baker, 1983; Keen, 1985; Bott, 

1992): active and passive rifting (Fig. 1.1).  
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In active rifting, the stretching of the continental crust is the result of an active thermal 

process in the asthenosphere such as a mantle plume or sheet (Fig. 1.1a). Heat 

conducts and transfers from the mantle plume may cause thinning of the lithosphere, 

which promotes isostatic uplift of the lithosphere. Tensile stress is generated by the 

uplift (doming), and then followed by rifting. The East African and Ethiopian rifts 

have been explained in part in terms of active rifting (e.g. Ebinger, 2005; Agostini et 

al., 2009; Corti, 2009; Autin et al., 2010). In contrast, passive rifting involves the 

mechanical stretching of the continental crust from distant extensional forces (Fig. 

1.1b). Upwelling of the underlying asthenosphere and rifting is therefore a passive 

response to a regional stress. During passive rifting, normal faulting precedes the 

thermal doming in the asthenosphere. The wide Basin and Range province of 

southwestern USA show evidence of passive rifting (e.g. Eaton, 1925; Zoback, 1989). 

However, it is not easy to determine whether a given rift is either active or passive. 

Natural rifts may exhibit elements of each model, since mantle uplift and regional 

stress field may promote each other during rifting (Khain, 1992). Huismans et al. 

(2001) observe a dynamic interplay between passive extension and active convective 

thinning of the mantle lithosphere beneath continental rift zones and suggest that the 

lithospheric horizontal stresses start to compete with the far-field intraplate stresses, 

and the doming forces may dominate and even drive the system from passive to active 

rifting. 

 

 
 

Figure 1.1 Two modes of rifting: a) active rifting due to occurrence of mantle plume, and b) 

passive rifting due to extension by distance tensile force (based on Allen and Allen, 2013). 
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2.2 Rift characteristics 

Seismic studies show that continental rift zones are associated with crustal thinning 

(e.g. 16 km thick beneath the Viking Graben, while >30 km thick beneath the Shetland 

Platform and the Norwegian mainland). The crustal thickness depends on the 

stretching factor. The rift width is variable, ranging from 100 km (e.g., East African 

Rift System, Rio Grande Rift) to 1000 km (e.g., Basin and Range province of western 

USA). Typical characteristics of rift zones include (i) negative Bouguer gravity 

anomalies corresponding to the mass deficit of light basin sediment (e.g., East African 

Rift, Rosendahl, 1987; Ebinger and Ibrahim, 1994; Ziegler and Cloetingh, 2004) and 

(ii) high heat flow and volcanic activity owing to upwelling of hot material in the 

mantle and magmatic intrusion (e.g. Ebinger and Casey, 2001; Rogers, 2006; Yirgu et 

al., 2006). Furthermore, rift zones are featured by (iii) high levels of earthquake 

activity associated with active fault zones (e.g., Shudofsky et al., 1987; James and 

Tom, 1993) and (iv) a set of normal faults that are oriented perpendicular to the 

extension direction and mostly (but not necessarily) dipping basinward, with a variable 

percentage of strike-slip faults depending on the orientation rift axis relative to the 

extension direction (e.g., Gibbs, 1984; Bonini et al., 1997; McClay et al., 2002; Childs 

et al., 2003). Lastly, rift zones are typified by (v) the development of grabens or half-

grabens controlled by basin-bounding faults (e.g., Gupta and Scholz, 2000; Cowie et 

al., 2000, 2005).  

 

2.3 Evolution of rift basins and normal fault population  

Cowie et al. (2005) presented a general model of fault evolution based on multi-scale 

observations of Middle-to-Late Jurassic extension of the northern North Sea: (i) a wide 

range of fault sizes formed during the extensional episode; (ii) present-day maximum 

fault throw increases towards rift axis; (iii) a preferred inward dip direction of large 

faults emerges as extension progressed and was accompanied by cessation of activity 

on outward dipping smaller-scale faults; (iv) maximum fault slip rate (or maximum 

strain rate) correlates with fault displacement (or β-stretching factor), as well as the 

duration of extension; and (v) the zone of active extension narrowed through time 
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(from ~200 km to <50 km over 40 Myr). This systematic migration of fault activity 

indicates that strain localization dominates basin development with strain rates at the 

eventual rift axis increasing and strain rates over flanking areas declining. Such 

progressive strain localization is not unique to the northern North Sea but can be 

observed in many modern rifts too, for example East Africa (Gupta and Scholz, 2000) 

and Gulf of Suez (Patton et al., 1994). Cowie et al. (2005) therefore suggest a coupling 

between near-surface strain localization, driven by brittle (or plastic) failure, and the 

evolving thermal structure of the lithosphere during the evolution of rift basins.  

 

In terms of the evolution of a rift-related fault population during a single rift phase, a 

three-stage model is proposed based on field observations and numerical modeling: (i) 

initiation, (ii) interaction and linkage, and (iii) through-going fault zones (Fig. 1.2) 

(e.g., Trudgill and Cartwright, 1994; Cowie et al., 1995, 2000, 2005; Dawers and 

Anders, 1995; Dawers and Underhill, 2000; McLeod et al., 2000; Gawthorpe and 

Leeder, 2000; Childs et al., 2003). During the first stage, a great number of short and 

small-displaced normal fault segments initiate in the crust (Fig. 1.2a). Fault segments 

are isolated from each other, without interaction during this stage. During the second 

stage, the tips of fault segments propagate radially as strain accumulates. Stress 

feedback between segments influences their growth when the tips of fault segments 

come close. Following the linkage of segments, deformation begins to be localized 

along a few major fault zones (e.g. segments B and C in Fig. 1.2b). In contrast, the 

segments that are located in strain shadows become inactive (e.g. segment Z in Fig. 

1.2b). During the through-going fault stage, deformation continues to be localized 

along major fault zones, resulting in the development of half-grabens and depocenters 

in the hanging walls of major faults (Fig. 1.2c).  

 

2.4 Normal fault growth model 

Normal fault growth is explained in terms of two end-member models: (i) the isolated 

fault model (Figure 1.3a) (e.g., Walsh and Watterson, 1988; Trudgill and Cartwright, 

1994; Dawers and Anders, 1995; Cartwright et al., 1995; Schische and Anders, 1996,  
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Figure 1.2: Schematic 3D evolution of a normal fault array, with graphs illustrating 

displacement history of fault segments B and Z. a) Fault initiation stage. b) Fault interaction 

and linkage stage. c) Through-going fault zone stage (modified after Gawthorpe and Leeder, 

2000). 
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Contreras et al., 2000; McLeod et al., 2000; Mansfield and Cartwright, 2001; Young et 

al., 2001; Jackson et al., 2002; Walsh et al., 2002, 2003; Kim and Sanderson, 2005; 

Soliva et al., 2005; Baudon and Cartwright 2008); or (ii) the coherent fault model 

(Figure 1.3c, d) (e.g., Childs et al., 1995; Walsh et al., 2002, 2003; Schöpfer et al., 

2006, 2007; Giba et al., 2012). 

 

 
 

Fig. 1.3. Schematic illustrations of the two end-member models of formation of segmented 

fault arrays. The block diagrams (a, c and d) each show three stages in the growth of a 

segmented fault array (i–iii). The displacement-distance plots (b and e) are for the fault traces 

on the upper surfaces of the block diagrams (bold lines). The bold dashed lines in (c) indicate 

branch-lines. The shaded areas in (b) indicate deficits in displacement between the adjacent 

fault segments. (based on Walsh et al., 2003). 

 

2.4.1  Isolated fault model 

The isolated fault model describes the growth and eventual linkage of isolated fault 

segments via radial propagation of tip lines (e.g. Walsh and Watterson, 1988; Morley 

et al., 1990). This model suggests that extensional fault systems develop from a few 

individual segments, which then grow, link and amalgamate to form larger, continuous 

faults (Fig. 1.3a) (Cartwright et al., 1995; Gawthorpe and Leeder, 2000; Gawthorpe et 
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al., 1997; Mansfield and Cartwright, 2001; Peacock and Sanderson, 1991). As the 

individual faults laterally grow, overlap and interact, the displacement transfer is 

accommodated by relay zones (e.g. Peacock and Sanderson, 1994; Fossen and 

Rotevatn, 2016). Thus, individual fault segments develop displacement maximum at 

their center with displacement decreasing toward the tips, while linked faults are 

featured by several displacement maxima which represent the precursor fault strands 

separated by the linkage points where display displacement minimum (Fig. 1.3 b) (e.g. 

Gawthorpe and Leeder, 2000; Mansfield and Cartwright, 2001).  

 

Fossen (2010) illustrated the growth of fault segments that propagate and link via the 

isolated fault model as a four-stage model: (i) fault initiation, (ii) fault overlap, (iii) 

fault interaction and, (iv) fault linkage (Fig. 1.4a). The displacement-length profiles 

during these stages show the temporal variation in the amount of slip (displacement) 

along the strike of the fault (Fig. 1.4b). During fault initiation (stage t1), two isolated 

segments nucleate at different locations, with symmetric displacement-length profiles 

along strike. Following that, fault overlap occurs where the initial symmetric 

distribution of displacement will become asymmetric towards the interacting fault tips 

(stage t2). Later (stage t3), fault linkage will happen as a result of relay zone breaching. 

Finally, displacement distribution will become symmetric again (t4), with further strain 

accumulation. Therefore, the shape of the displacement-length profile of a fault 

provides significant information about relative evolution of the fault in a fault 

population or array (Fossen, 2010). Also Peacock (2002) emphasized that the 

displacement-length relationship of normal faults is largely affected by interaction and 

linkage with adjacent faults. Especially, restriction between two faults during lateral 

propagation may result in a sharp decrease in displacement at the fault tips (e.g. 

Peacock and Sanderson, 1996; Peacock, 2002). 

 

Therefore, isolated fault segments commonly grow by radial propagation, having the 

displacement maximum located in the middle of the segment (Fig. 1.3b), from where 

displacement decreases towards the tips (e.g., Walsh and Watterson, 1988; Cowie and 

Scholz, 1992; Dawers and Anders, 1993). This is the theoretical basis of using T-x plot 
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Figure 1.4. Normal fault linkage in a) plan-view and b) its associated displacement-length 

profile. At t1, two isolated normal faults grow. At t2, faults continue to grow and overlap and 

maximal displacement moves towards other overlapping fault. Faults interaction and linkage 

occurs at t3. At t4, fault is breached and linkage is finished and displacement-length profile is 

symmetric again (based on Fossen, 2010). 

 

(Throw-distance) and T-z (Throw-depth) plots to reconstruct the growth history of a 

large fault system. Displacement maximum along the strike represents the nucleation 

point of fault segment, whereas displacement minimum shows the location of segment 

linkage (e.g., Childs et al., 1993, 1995; Ten Veen and Kleinspehn, 2000; Walsh et al., 

2002; Taylor et al., 2004, 2008; Bell et al., 2014). In addition, Scholz et al., (1993) and 

Walsh et al. (2002) found that displacement maximum (Dmax) and fault length (L) are 

related to each other by the formula Dmax=cLn, where c is a constant and n a scaling 

exponent. This scaling exponent is typically found to be around 1 to 1.5 for isolated 

normal fault (e.g., Walsh and Watterson, 1988; Cowie and Scholz, 1992; Dawers and 

Anders, 1995). Several normal fault data from natural examples have been collected 

and plotted in figure 1.5. The range of the exponent value, n, is from 0.5 to 2.0 (n=2.0, 
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Watterson, 1986; Walsh and Watterson, 1988; n=1.5, Marrett and Allmendinger, 1991; 

Gillespie et al., 1992; n=1, Cowie and Scholz, 1992; Dawers et al., 1993; Scholz et al., 

1993; Schlische et al., 1996; n=0.5, Fossen and Hesthammer, 1997). The value of the 

exponent, n, is important as n=1 indicates a linear scaling law (i.e., self-similarity), and 

n≠1 is a scale-dependent geometry. The value of c is an expression of fault 

displacement at unit length. For a linear scaling (i.e., n=1), c is simply the ratio Dmax /L. 

 

 
Fig. 1.5. Plots of maximum displacement (Dmax) against fault length (L) (from Kim and 

Sanderson, 2005). 

2.4.2  Coherent fault model 

The coherent fault model, on the other hand, suggests that each fault segment initiates 

as a component of a spatially and mechanically related array (Fig. 1.3c, d) (e.g., Childs 
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et al., 1995; Walsh et al., 2002, 2003; Schöpfer et al., 2006, 2007; Giba et al., 2012). 

Subsequently, the fault segments are mainly featured by a gradual increase in 

displacement, without significant lateral propagation because of the interactions 

between adjacent segments. In addition, the coherent fault model assumes that faults 

splay vertically or laterally from a single fault surface into several fault segments (e.g., 

Walsh et al., 2002, 2003; Giba et al., 2012). Walsh et al. (2002, 2003) argued that the 

coherent fault model is particularly applicable to fault systems associated with 

reactivation of pre-existing structures. However, bifurcation of fault tips, and 

geometric and kinematic coherence of fault segments may also occur during a single 

phase of fault growth (e.g., Childs et al., 2003; Walsh et al., 2003; Schöpfer et al., 

2006). Jackson and Rotevatn (2013) argued that the two growth models are not 

mutually exclusive, and may contribute, simultaneously, to the growth of a single fault. 

 

The finite displacement distribution on segmented fault arrays in the coherent fault 

model differs from the isolated fault model. The aggregate displacement distribution 

gives a smooth and regular shape, with a displacement maximum in the middle, 

resembling that of a single isolated fault (Fig. 1.3e). In contrast, the aggregate 

displacement distribution in the isolated fault model will have several locations of 

displacement maxima, one located at the center of each fault segment (Fig. 1.3b). The 

different patterns of aggregate fault displacement distribution therefore provide the 

means for distinguishing between the basic end-member models for segmented faults 

(Fig. 1.3).  

 

Walsh et al. (2002) argued that reactivated pre-existing faults are prone to evolve in 

coherent fault model and reach a near-final length in a very short period of the growth 

history, thus keeping a small value of displacement until further deformation 

progressively accumulates on it. Reactivation of pre-existing faults can therefore result 

in different D-L scaling relationships from the isolated fault model, with relative small 

displacement to length ratio (e.g. Gawthorpe and Leeder, 2000; Walsh et al. 2002). 

Bell et al. (2014) found that the D/L ratios for the Permian-Triassic Øy1, V1, and T1 

fault systems in the northern North Sea are similar to those documented in southern 
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South Africa, which have demonstrably formed due to reactivation of pre-existing 

basement structures, and plot below the typical D/L gradient of n = 1, suggesting that 

they may be slightly under-displaced (Fig. 1.6).  

 

 
Fig. 1.6. Maximum displacement versus fault length plot using data from Kim and Sanderson 

(2005) (white, grey, and black circles on the left-hand side of the figure) and Paton (2006). 

Maximum displacement versus length measurements are shown for both faults following Rift 

Phase 1 (colored circles) and also following Rift Phase 2 (colored diamonds) (from Bell et al., 

2014).  

 

2.5 Fault growth in multiphase rifts 

Multiphase rifts are rift zones that have experienced two or more phases of extension 

that are separated by a stage of tectonic quiescence dominated by post-rift thermal 

subsidence (e.g., the North Sea rift system, Gulf of Aden, East African Rift System, 

Gulf of Thailand and North West Shelf, Australia). Most studies about multiphase rifts 

have been conducted to analyze the fault geometries and fault interactions between 
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first-phase and second-phase faults by interpreting field (e.g., Strecker et al., 1990; 

Morley et al., 2004; Chan et al. 2010; Corti, 2012) and subsurface data (e.g., Færseth, 

1996; Lepercq and Gaulier, 1996; Reston, 2005; Tomasso et al., 2008; Frankowicz and 

McClay, 2010; Bell et al., 2014; Duffy et al., 2015). In addition, physical (e.g., Keep 

and McClay, 1997; Henza et al., 2010, 2011) and numerical models (e.g., Roberts et 

al., 1995; Odinsen et al., 2000; Behn et al., 2002; Harry and Grandell, 2007; Naliboff 

and Buiter, 2015) are utilized to investigate the factors controlling the fault network 

and evolution during extension, such as change in extension direction (orthogonal vs. 

oblique), strain rate, rock strength and pre-existing structures. The following sections 

summarize the key findings of these different approaches. 

 

2.5.1  Analysis of subsurface and field data 

Previous studies by interpreting subsurface data and displacement distribution on 

faults provided very useful information about the fault interaction styles in three 

dimensions between first-phase and second-phase faults (Nixon et al., 2014; Duffy et 

al., 2015). The most common characteristic in a multiphase rift basin is that fault 

network is more complex than the basin with a single rift phase, with the development 

of fault populations having two or more different strikes. For example, the northern 

North Sea rift system experienced Permian-Early Triassic and Middle Jurassic-Early 

Cretaceous rifting and formed faults with three different strike directions: N-S, NW-

SW and NE-SW, with the reactivation of first-phase faults and development of new 

faults during the second rift phase (e.g., Færseth, 1996; Færseth et al., 1997). In 

addition, fault interactions, such as abutting and crosscutting, happen between faults 

with different strikes, resulting in complex, non-collinear fault geometries (Fig. 1.7) 

(Duffy et al., 2015). Whipp et al. (2014) and Duffy et al. (2015) observed that first-

phase N-S-striking faults were mostly reactivated as master faults and played a 

significant role in the distribution of strain during the second rift phase in the Horda 

Platform, northern North Sea. Hence, reactivation of pre-existing faults during a later 

rift phase and their interaction with second-phase faults is typical in the northern North 

Sea rift. Furthermore, Morley et al. (2004, 2007) found that first-phase faults are not 
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only reactivated during the second rift phase, but also have a great impact on the 

orientation of new faults developing close to them. These studies suggest that 

reactivation of pre-existing faults and the growth of new faults both happen during the 

second-phase of rifting, and these two fault populations are likely to interact with each 

other, adding complexities to the final fault network.  

 

However, debates exist on the significance of the reactivation of first-phase faults and 

its influence on the fault growth during the second rift phase (Lee and Hwang, 1993; 

Thomas and Coward, 1995; Tomasso et al., 2008). Some authors utilizing high-quality 

3D seismic reflection data in the East Shetland Basin in the northern North Sea argued 

that Triassic faults were largely crosscut and offset by oppositely dipping middle-late 

Jurassic faults, forming two generations of fault blocks tilted in opposite direction 

(Færseth et al., 1997; Færseth and Ravnas, 1998; Tomasso et al., 2008). Hence, 

considerable uncertainties still exist regarding to the degree and nature of fault 

reactivation during the second rift phase in the northern North Sea rift. 

 

 
 

Fig. 1.7. Conceptual fault network model in a multiphase rift showing typical locations of, 

and styles of, interaction between non-colinear faults. The model assumes that the extension 

direction in rift phases 1 and 2 are different and that faults developed in rift phase 1 are 

reactivated during rift phase 2. RP1 = rift phase 1, resulting in the formation of faults outlined 

in red; RP2 = Rift Phase 2, resulting in faults outlined in blue (based on Duffy et al., 2015). 
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Also, our present understanding of some of the key and general characteristics during 

multiphase rifting (e.g., variation in the basin geometry, reactivation pattern of pre-

existing structures and their impact on new fault growth) is rather limited, largely 

because the structural and stratigraphic features related to the first phase of extension 

become progressively deeper buried between and during individual rifting event (e.g., 

Bell et al., 2014). Even though subsurface data in multiphase rifts provide an excellent 

opportunity to investigate the tectono-stratigraphic evolution, rift structure and fault 

geometry in three dimensions (e.g., Steel and Ryseth, 1990; Faerseth, 1996; Odinsen et 

al., 2000; Tomasso et al., 2008; Frankowicz and McClay, 2010; Whipp et al., 2014), 

the availability of these data is restricted. Field data are more limited in nature, not 

only regarding to the scale of the outcrops compared to the full extent of the rift basin, 

but also the time span of the structure and stratigraphy relative to the multiple rift 

phases. Although these limitations do not exist in subsurface data acquired across 

hundreds of kilometers and data to depths of up to 10s of seconds (two-way time), 

their quality is the most critical problem, especially for the features associated with the 

earlier rift phases owing to the large depth and composite deformation history. 

Therefore, our understanding remains uncertain of the tectono-stratigraphic evolution 

and fault geometry related to the first-phase of rifting, as well as on how the pre-

existing structures influence the subsequent rifting structures. 

 

2.5.2  Physical analog modeling 

Physical analog models have been employed to improve our insight into normal fault 

growth during multiphase extension with variable extension directions (e.g., Keep and 

McClay, 1997; Henza et al., 2010, 2011). For example, Henza et al. (2010, 2011) 

established a set of wet clay models and indicated that first-phase faults can be 

reactivated during the second phase of extension when the angle between first-phase 

faults and extension direction is less than ~45°. In addition to reactivation, the pre-

existing structures can influence the nucleation and propagation of new faults around 

them, creating faults highly oblique to the extension direction and different styles of 

fault interactions (Henza et al. 2010, 2011). These physical analog models mainly 
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focus on specific factors controlling the fault development during non-coaxial 

multiphase rifting, such as the strength of pre-existing structure, the angle between 

extension directions, the magnitude of extension, etc. These parameters are proven to 

impact the rift characteristics of subsequent rifts including the fault geometry, 

evolution, orientation, sense of slip, and the number and location of new and 

reactivated faults (Bonini et al., 1997; Keep and McClay, 1997; Dubois et al., 2002; 

Morley et al., 2004; Bellahsen and Daniel, 2005; Henza et al., 2010, 2011). For 

example, the number and length of new fault segments increases together with the 

angle between the first- and second-phase extension directions (Dubois et al., 2002; 

Bellahsen and Daniel, 2005; Henza et al., 2010, 2011).  

 

The advantages of using physical models to investigate a single or multiple phases of 

extension include that: (i) the scale of the models, extension directions and physical 

parameters can be manipulated to simulate a specific geological problem with a scale 

from a few kilometers to up to a few hundred kilometers; (ii) modeling results can be 

recorded through the process of modeling, displaying the structural evolution during 

extension; and (iii) modeling results can be compared with natural rifts, indicating 

what controls the evolution of multiphase rift basins. However, a major disadvantage 

is that most physical models only provide us with data from the surface of the models, 

rather than the real three-dimensional geometry inside the models. The truly three-

dimensional fault geometries inside the models are critical for understanding fault 

growth and interactions. This limitation of physical modeling makes it unable to 

investigate the detailed three-dimensional growth pattern of normal faults and their 

effect on nearby normal faults inside models.  

 

2.5.3  Numerical modeling 

Numerical modeling is a method that incorporates the advantages of both subsurface 

data and physical modeling. Similar to subsurface data, numerical methods are able to 

provide detailed three-dimensional information, and a series of consecutive modeling 

results through the running process, just like physical models. For instance, discrete 
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element modeling has been successfully used to study crustal deformation during 

extension (e.g. Finch et al., 2004; Imber et al., 2004; Abe et al., 2011; Hardy et al, 

2011). Finch et al. (2004) investigated the effect of overburden strength on the style of 

fault propagation folding above a blind normal fault, highlighting the suitability of 

discrete element modeling for studying crustal deformation and fault growth. In 

addition, Imber et al. (2004) used a three-dimensional discrete element model to study 

the evolution of a relay zone, which is considered a useful tool to reproduce the 

geometric and kinematic features seen in natural rifts and conceptual models by 

previous studies (e.g. Peacock and Sanderson, 1994; Childs et al., 1995; Walsh et al., 

2002). More recently, Finch and Gawthorpe (2017) investigate the three-dimensional 

fault evolution and fault geometry in homogeneous material during single-phase rifting 

by using discrete element modeling, which gives a better insight into the nucleation, 

propagation and linkage of a fault system during single-phase rifting. The modeling 

results indicate that the T-x and T-z plots commonly used to analyze the history of 

fault nucleation, propagation and linkage, are not everywhere applicable as the throw 

maximum can migrate from one place to another during extension. 

 

Another advantage of numerical modeling is the ability to solve lithospheric-scale 

problems, such as the effect of the lithospheric thermal structure on the development 

of rift basins (e.g., Cowie et al., 2005). Several numerical models of multiphase 

extensions focused on the tectonic influence of lithosphere structures on the 

subsequent rift development, including the size of thermal perturbation (e.g., Odinsen 

et al., 2000), pre-existing weakness in the lithosphere (e.g., Harry and Grandell, 2007) 

and lithospheric strengthening (e.g., Reemst and Cloetingh, 2000). Behn et al. (2002) 

used finite element modeling to investigate the significance of lithosphere rheology 

and thermal structure on normal fault growth in extensional settings. They found that 

rift-like topography with focused normal faulting forms in response to a horizontally 

varying thermal structure in the lithosphere, while distributed deformation on several 

sets of conjugate normal faults develop in response to constant regional temperature. 

In contrast, Huismans and Beaumont (2007) examined the effect of lithospheric strain 

softening and pre-existing heterogeneities on the geometry of rifts by using thermos-
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mechanical finite modeling. Altogether, these numerical models aim to understand the 

dynamic mechanism of the development of rift system and basins in the lithospheric 

scale. 

 

3. Aim and objective 

The overall aim of this study is to improve our understanding of the influence of pre-

existing faults or structures on the development of newly formed faults during rifting 

in three dimensions. The influence of pre-existing faults or structure in three 

dimensions is of great importance for understanding (i) the reactivation and growth 

pattern of a pre-existing fault or structure; (ii) the final fault network affected by a pre-

existing fault or structure, such as the development of non-collinear faults and 

variation in three-dimensional fault geometries; and (iii) different styles of fault 

interactions and their growth process; and finally (iv) strain localization and structural 

evolution of multiphase rifts.  

 

The research is divided into two parts: one is to examine the structural evolution and 

fault growth history of the Oseberg area, norther North Sea by analysis of subsurface 

data (Paper I); the other is to investigate the reactivation pattern of a pre-existing 

weak structure and its influence on new fault growth during extension by discrete 

element modeling (Papers II & III). The specific objectives include: 

 

1. Understanding the control of fault evolution during the multiphase rifting and 

the significance of pre-existing structure to final fault geometry and fault 

network (Paper I). 

2. Investigating how a planar pre-existing structure (or weakness) reactivates and 

then propagates at a chosen strike angle of 60° to extension direction, and how 

it influences the growth and geometry of new faults developing in its proximity 

(Paper II).  

3. Examining the control of the strike and dip of a weak planar pre-existing 

structure relative to extension direction on the variations in the reactivation 
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pattern of the pre-existing structure and its following impact on new fault 

growth during extension (Paper III). 

 

The brief summary of the three papers is present below.  

 

 

SUMMARY  

 

Paper I – Influence of fault reactivation during multiphase rifting: the Oseberg 

area, Northern North Sea rift  

Chao Deng, Haakon Fossen, Robert L. Gawthorpe, Atle Rotevatn, Christopher A-L. 

Jackson, Hamed FazliKhani 

Marine and Petroleum Geology (under review) 

 

This paper discusses the role of pre-existing faults and change in extension direction 

on the fault network and structure evolution in the Oseberg area, norther North Sea. 

The work is based on interpreting 3D seismic data and 2D transects, which is 

calibrated by numerous wells. Horizons and faults related to both the Permian – Early 

Triassic and the Middle Jurassic – Early Cretaceous rift phases are interpreted to 

investigate the fault geometries and fault evolution in the study area. 

 

Faults exhibit N-S, NW-SE and NE-SW orientations. Both N-S- and NW-SE-striking 

faults were established during the Permian – Early Triassic rifting, as indicated by 

Triassic growth packages in their hanging walls. The NE-SW-striking faults initiated 

during Middle Jurassic – Early Cretaceous rifting because they only show evidence of 

Middle Jurassic – Early Cretaceous growth, and offset several N-S- and NW-SE-

striking faults. We also identify the inter-rift activity during the time period between 

the two rift phases based on the growth packages in the hanging walls of a set of NW-

SE-striking faults, indicating a NE-SW inter-rift extension direction. Faults initiated 

during the Permian – Early Triassic and Middle Jurassic – Early Cretaceous rift phases 

show mainly N-S orientation, indicating E-W extension during the two rift phases. 
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These observations suggest a reorientation of the stress field from E-W during the 

Permian – Early Triassic rift phase to NE-SW during inter-rift fault growth and back to 

E-W during the Middle Jurassic – Early Cretaceous rift phase in the Oseberg area. 

Reactivation of the Permian – Early Triassic faults happens during the Middle Jurassic 

– Early Cretaceous rift phase. As the end, a generic model of four styles of the 

renewed growth of a reactivated fault is proposed. 

 

Paper II – Influence of pre-existing weakness on normal fault growth during an 

oblique extension: a case study by discrete element modeling 

Chao Deng, Robert L. Gawthorpe, Emma Finch, Haakon Fossen  

Journal of Structural Geology (manuscript in preparation) 

 

This paper utilizes discrete element modeling to investigate the influence of a weak 

planar pre-existing structure on the growth of newly formed faults in its proximity 

during extension. Faults and horizons related to the pre-existing structure and adjacent 

new faults are extracted from the early to late stages of the extension. The main 

purpose focus on fault geometry, fault interaction and the evolution of the fault 

network in three dimensions above the weak planar pre-existing structure striking at 60° 

to the extension direction and dipping at 60°.  

 

Fault network evolution affected by a weak planar pre-existing structure is 

summarized in three stages: (i) reactivation of pre-existing structure and nucleation of 

new faults (0-10% extension); (ii) radial propagation and interaction between the 

reactivated structure and new faults (15%-20% extension); and (iii) linkage between 

the reactivated structure and adjacent faults (20%-25% extension). The reactivation 

pattern and further growth of the pre-existing structure is illustrated in detail, with 

respect to the fault length, strike, tip line and fault displacement. Our modeling results 

show that the pre-existing structure forms a long and under-displaced fault early in its 

growth history, followed by a long period of displacement accumulation. The upward 

propagation of the reactivated structure is featured by a few ‘saw-tooth’ fringes at 

upper tip. In addition, the effect of the reactivated structure on new fault growth in its 
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vicinity is manifested in terms of the variation in the number, orientation and 

displacement of adjacent new faults. Furthermore, four styles of fault interactions are 

recognized between the reactivated structure and adjacent new faults and the evolution 

of each fault interaction style is exhibited in three dimensions. This work indicates that 

a reactivated structure propagates in an irregular (‘saw-tooth’) pattern, and influences 

the geometry and distribution of new faults in its proximity by changing fault density, 

orientation and displacement. 

 

Paper III – How does the attitude of a pre-existing weakness influence fault 

development during renewed rifting? Some case studies by discrete element 

modeling 

Chao Deng, Robert L. Gawthorpe, Haakon Fossen, Emma Finch 

Journal of Structural Geology (manuscript in preparation) 

 

This paper continues using discrete element modeling to investigate the influence of a 

pre-existing weak planar structure on the fault geometry, fault interaction and the 

evolution of the fault network in three dimensions in its proximity during extension. 

On the basis of the Paper II, the main purpose here is to investigate the varieties in the 

likelihood of reactivation of a pre-existing fault and styles of fault interaction in three 

dimensions, with respect to a variable angle (30°-90°) of the orientation relative to 

extension direction and dip (30°-60°) of the pre-existing planar structure.   

 

The geometry of the pre-existing structure at different stages of extension is illustrated 

in three dimensions, including the fault length, strike, tip line and fault displacement. 

The modeling results show that the reactivation of a pre-existing weak structure has 

three types: (i) full reactivation if it has a large angle (≥60°) to the extension direction 

and dips steeply (60°); (ii) partial reactivation if it has a moderate angle (45°) to the 

extension direction or a moderate dip (45°); and (iii) no or little reactivation if it has a 

small angle (30°) to the extension direction or small dip (30°). In addition, there are 

more chance of fault interactions such as abutting and twisting when the pre-existing 

structure fully or partly reactivates, but more possibility of crosscutting when the pre-
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existing structure is inactive. Our study suggests that the reactivation pattern of a pre-

existing structure and its influence on new fault growth depends on both its orientation 

relative to extension direction and dip. It also implies that a pre-existing structure 

influences the adjacent fault geometry and fault network by changing the fault density, 

length, orientation and displacement and by providing favorable sites for fault 

nucleation. 
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Abstract 

Multiphase rifts tend to produce fault populations that evolve by the formation of new 

faults and reactivation of earlier faults. The resulting fault patterns tend to be complex 

and difficult to decipher. In this work we use seismic reflection data to examine the 

evolution of a normal fault network in the Oseberg Fault Block in the northern North 

Sea Rift System – a rift system that experienced Permian – Early Triassic and Middle 

Jurassic – Early Cretaceous rifting and exhibits N-S, NW-SE and NE-SW oriented 

faults. 

Both N-S- and NW-SE-striking faults were established during the Permian – Early 

Triassic rifting, as indicated by Triassic growth packages in their hanging walls. In 

contrast, the NE-SW-striking faults are younger, as they show no evidence of Permian 

– Early Triassic growth, and offset several N-S- and NW-SE-striking faults. Structural 

analysis show that a new population of NW-SE-striking faults formed in the Lower – 

Middle Jurassic (inter-rift period) together with reactivation of N-S-striking Permian – 

Early Triassic faults, indicating a NE-SW inter-rift extension direction.  

During the Middle Jurassic – Early Cretaceous rifting, faults of all orientations (N-S, 

NW-SE and NE-SW) were active. However, faults initiated during the Middle Jurassic 

– Early Cretaceous rifting show mainly N-S orientation, indicating E-W extension 
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during this phase. These observations suggest a reorientation of the stress field from E-

W during the Permian – Early Triassic rift phase to NE-SW during inter-rift fault 

growth and back to E-W during the Middle Jurassic – Early Cretaceous rift phase in 

the Oseberg area. Hence, the current study demonstrates that rift activity between 

established rift phases can locally develop faults with new orientations that add to the 

geometric and kinematic complexity of the final fault population. 

1. Introduction 

Many rift basins are known to have developed through multiphase rifting, such as the 

North Sea rift system (Badley et al., 1988; Færseth, 1996; Odinsen et al., 2000a; 

Whipp et al., 2014), the Gulf of Aden (Lepvrier et al., 2002), the East African Rift 

System (Korme et al., 2004) and the North West Shelf, Australia (Frankowicz and 

McClay, 2010). As for the northern North Sea rift system, two rift phases are 

recognized: the ?Permian – Early Triassic and the Middle Jurassic – Early Cretaceous 

rift phases (Badley et al., 1988; Bell et al., 2014; Færseth, 1996; Færseth et al., 1997; 

Steel and Ryseth, 1990; Yielding et al., 1992). The early consensus was that some of 

the faults initiated during the Permian – Early Triassic rifting were reactivated and 

played a significant role during the Middle Jurassic – Early Cretaceous rift phase, 

while others were not (Badley et al., 1988; Roberts et al., 1993, 1995; Steel and 

Ryseth, 1990; Yielding et al., 1992). A recent study showed that reactivated Permian – 

Early Triassic faults interacted with newly formed faults in various styles during the 

Middle Jurassic – Early Cretaceous rifting, forming non-collinear fault geometries 

(Duffy et al., 2015). However, fault evolution during the two rift phases is not clearly 

understood, and particularly not the way that Permian – Early Triassic faults 

reactivated and influenced fault growth during the second phase of rifting.  

In this contribution we use 2D and 3D seismic reflection and borehole data to 

investigate the geometry and evolution of normal faults that evolved over the entire 

history of rifting in the Oseberg area in the northern North Sea. The Oseberg area is 

located at the boundary between the Permian – Early Triassic and Middle Jurassic – 

Early Cretaceous rift axis (Badley et al., 1984; Færseth et al., 1997; Færseth and 

Ravnas, 1998; Tomasso et al., 2008), making it possible to study the faults related to 
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both rift phases. The main goal is to understand the fault evolution and interaction 

between the two phases of rift-related faulting, and to explore what controls fault 

evolution in the Oseberg area and in multiphase rift basins in general.  

2. Geological setting 

The North Sea Rift System is built on originally overthickened Caledonian crust, 

thinned during post-collisional Devonian extension and erosion (Fossen, 2010). The 

Devonian, post-collisional extension resulted in the development of shear zones, such 

as those located onshore West Norway (Andersen & Jamtveit, 1990; Fossen, 1992; 

Vetti and Fossen, 2012) and probably also in the North Sea basement (Fossen et al., 

2016). Hence, the Late Paleozoic-Mesozoic North Sea rift system developed on top of 

a basement containing both Caledonian and Devonian shear zones (Fig. 1A) (e.g. 

Bartholomew et al., 1993; Glennie, 1987; Smethurst, 2000; Stewart et al., 1992; 

Ziegler, 1990). The Permian-Early Triassic rifting lasted for 25-37 m.y. (e.g. Ter 

Voorde et al., 2000; Ziegler, 1990, 1992) and was followed by 70 m.y. of relative 

tectonic quiescence and post-rift thermal subsidence (e.g. Bartholomew et al., 1993; 

Glennie, 1987; Lepercq and Gaulier, 1996; Roberts et al., 1995; Ziegler, 1990). The 

Middle Jurassic – Early Cretaceous rift phase (e.g. Badley et al., 1988; Coward et al., 

2003; Cowie et al., 2005; Roberts et al., 1995; Underhill and Partington, 1993) led to 

the superimposition of rift-related extension onto the thermally subsiding basin (e.g. 

Færseth,1996; Roberts et al., 1995). 

Rift-related normal faults in the northern North Sea strike N-S, NE-SW and NW-SE, 

and relate to both phases of extension (Fig. 1) (Badley et al., 1984; Bell et al., 2014; 

Færseth and Ravnas, 1998; Odinsen et al., 2000b; Roberts et al., 1993; Steel and 

Ryseth, 1990). Permian – Early Triassic rifting is generally assumed to have occurred 

during E-W extension, as indicated by the predominantly N-S-orientation of major 

basin bounding and intra-basinal faults. An E-W extension direction is also supported 

by onshore kinematic analysis of Permo – Triassic dikes along the Norwegian rift 

shoulder (Fossen, 1998). Much of the Permian – Early Triassic extension was 

localized to the Horda Platform region (130-150 km wide), although rifting was 

important all across the Horda Platform – Viking Graben – Shetland Platform – West 
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Fig. 1. (A) Simplified structural map of the northern North Sea rift, showing areas most 

affected by the two rift phases. After Færseth (1996). (B) Major structural elements and 

hydrocarbon accumulations (green) in the Oseberg and surrounding areas, according to 

Norwegian Petroleum Directorate (http://www.npd.no/en/). (C) 2D line across the Oseberg 

area and Horda Platform. OF-Oseberg Fault, BF-Brage Fault, BEF-Brage East Fault. 
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Shetland Basin area (Færseth, 1996; Odinsen et al., 2000b; Ter Voorde et al., 2000). In 

contrast, the Middle Jurassic – Early Cretaceous extension direction is more poorly 

constrained. Some authors suggest that it was coaxial with the Permian – Early 

Triassic rifting (Badley et al., 1988; Doré and Gage, 1987; Roberts et al., 1990) 

whereas others suggest WNW-ESE to NW-SE extension direction (Davies et al., 2001; 

Færseth, 1996; Færseth et al., 1997). The Middle Jurassic – Early Cretaceous 

extension is concentrated within the 25-40 km wide Viking Graben and the Sogn 

Graben (Fig. 1A) (Færseth, 1996; Odinsen et al., 2000b), while the Horda Platform 

itself underwent limited extension during this phase (Bell et al., 2014; Cowie et al., 

2005; Færseth, 1996). 

The study area is situated on the marginal part of the Horda Platform immediately east 

of the North Viking Graben, and comprises the Brage Horst, the Oseberg Fault Block, 

and the Oseberg terrace area (Fig 1B). The Brage Horst is bounded by the 80 km long 

E-dipping Brage East Fault to the east, and the 60 km long W-dipping Brage Fault to 

the west. The Oseberg Fault Block lies west of the Brage Horst and is bounded by the 

Brage and Oseberg faults in the east and west, respectively. Further to the west of the 

Oseberg Fault Block is the Oseberg terrace area.  

The oldest stratigraphic unit drilled in the study area is of upper Triassic age (Well 

31/4-2 in Fig. 2). The Triassic Hegre Group comprises mainly continental sandstones 

and mudstones and is interpreted to be mainly the lower part of the inter-rift unit 

(Lervik, 2006; Steel and Ryseth, 1990)(Fig. 2). In the Early to Middle Jurassic, a 

fluvio-deltaic to shallow marine succession was deposited in the upper part of the 

inter-rift package that includes the Statfjord, Dunlin and Brent Groups ( Færseth and 

Ravnas, 1998; Helland-Hansen et al., 1992; Steel, 1993). The Middle Jurassic – Early 

Cretaceous syn-rift strata are generally made up of the marine Viking Group, including 

shallow marine clastic sequences of the Heather Formation (Dreyer et al., 2005; 

Færseth and Ravnas, 1998) and deep marine mudstones of the Draupne Formation. 

However, in some places the initiation of Middle Jurassic – Early Cretaceous rifting 

coincides with the deposition of the upper part of the Brent Group (uppermost of Ness 

and Tarbert formations) (Helland-Hansen et al., 1992; Yielding et al., 1992). The 
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Viking Group is capped by the Base Cretaceous Unconformity in this area which, for 

the most part, marks the end of the Middle Jurassic – Early Cretaceous rift Phase 

(Kyrkjebø et al., 2004). The Base Cretaceous Unconformity is overlain by a post-rift 

succession that is composed of deep-water clastics and carbonates of the Cromer Knoll 

and Shetland groups, and mud-dominated Cenozoic strata (Fig. 2). 

 

Fig. 2. Stratigraphic column in northern North Sea, after Bell et al. (2014) and Færseth 

(1996).  The stratigraphic ages of T2 and T1 are uncertain owing to the lack of stratigraphic 

data from well.  

3. Data and methods 
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This study is based on 2D and 3D seismic reflection data. Two 3D seismic cubes, 

ST12M and NH05M01 in Fig. 1B, covering the Oseberg Fault Block and Brage Horst, 

are used for the study. The seismic cubes cover ~450 km2 and ~1500 km2, 

respectively, with a line spacing of 12.5 m. The cube ST12M images down to 5.5 s 

TWT, while the cube NH05M01 displays data down to 3.5 s TWT. The seismic is 

displayed in normal polarity (SEG Convention), whereby a downward increase in 

acoustic impedance is indicated by a peak (bright reflection) and a decrease in acoustic 

impedance is represented by a trough (black reflection) (Fig. 2). The 2D seismic line, 

striking NNW-SSE, crosses the south of the study area (Fig. 1B). In addition, forty-six 

wells are tied to the seismic data by means of synthetic seismograms, covering most 

parts of the study area (Fig. 3). The majority of the wells penetrate the Brent Group, 

but only a few (e.g. 31/4-2 in Fig. 2) of them reach the top Triassic. 

 
Fig. 3. Well location map in the two seismic cubes of the study area. See Fig. 1B for location.  
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Five seismic horizons have been interpreted: Base Cretaceous Unconformity, Top 

Ness, Intra-Statfjord, T2 and T1 (Fig. 2). T2 and T1 are pre-late Triassic horizons. T1 

is a strong reflector deeper than 3.5 ms TWT in the study area, and is only mapped in 

the cube ST12M owing to poor or lack of data in other areas (Fig. 4A). Reflection T2 

is strong in the east but relatively weak to the west of cube ST12M, in which case its 

interpretation is guided by over- or underlying reflections. Intra-Statfjord, Top Ness 

and Base Cretaceous Unconformity are strong and continuous reflections and mapped 

across the two seismic cubes (Fig. 4C-D). The horizons were interpreted at an 

increment of every sixteen lines (~200 m).  

Based on the seismic interpretation, we use four methods to analyze fault geometry 

and evolution: (i) throw-length (T-x) plots, which display fault throw for a particular 

horizon against the distance along the fault, and are used to study the growth and 

linkage of fault systems (e.g. Baudon and Cartwright, 2008a; 2008b; Cartwright et al., 

1995; Dawers and Anders, 1995; Gupta and Scholz, 2000; Peacock and Sanderson, 

1991; Young et al., 2001); (ii) throw-depth (T-z) profiles, which record fault throw for 

all interpreted horizons and yield information that can be used to interpret the vertical 

propagation history of faults (Baudon and Cartwright, 2008a, 2008b, 2008c; 

Cartwright et al., 1998; Hongxing and Anderson, 2007); (iii) strike projection of fault 

throw, which allows the 3D fault growth history to be investigated (Walsh and 

Watterson, 1991); and (iv) time-thickness maps, created by calculating the difference 

in TWT between two horizons to tracks spatial variations in subsidence, are used to 

determine fault activity during those time intervals. 

Fault throw, as measured on seismic sections that are oriented perpendicular to local 

fault strike, is the vertical distance between hanging wall and footwall cut-offs. Ductile 

displacement represented by fault drag was accounted for by extrapolating the 

reflectors to the fault along the trend of the horizon outside of the drag zone (Long and 

Imber, 2010; Whipp et al., 2014). Where sediment is partly or fully eroded in the 

footwall, faults and horizons were projected using local dip and stratigraphic thickness 

data.  
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4. Structural style of the Oseberg area 

The 2D transect in Fig. 1C shows that faults are mostly E-dipping east of the Brage 

Horst, bounding the Permian – Early Triassic growth packages (T1 – T2 in Fig. 1C). In 

contrast, faults are mostly W-dipping to the west of the Brage Horst, bounding the 

Middle Jurassic – Early Cretaceous growth packages (Top Ness – Base Cretaceous 

Unconformity in Fig 1C). In map view, faults can be divided into two groups: (i) 

major faults that are >20 km in length and show >200 ms TWT of maximum throw of 

the Top Ness horizon; and (ii) minor faults that are <15 km long and show <200 ms 

TWT of maximum throw at this level. 

4.1. Major faults 

Major faults are curved in map view, including the Brage East Fault, Brage Fault and 

Oseberg Fault, in addition to some faults to the west of the Oseberg Fault (Fig. 4).  

4.1.1. Brage East Fault 

The E-dipping Brage East Fault (BEF) contains three separated segments at the Intra-

Statfjord and Top Ness horizons: BEF1 (~5 km long) striking NNW-SSE, BEF2 (~20 

km long) striking NNW-SSE to N-S and, BEF3 (~15 km long) striking NNE-SSW to 

N-S toward the south (Fig. 4). Between the three segments develop the W-dipping 

Brage Fault and F12, at which the segments of the Brage East Fault terminate. 

However, the Brage East Fault cuts through the T1 to T2 package (Fig. 5), indicating 

that the Brage East Fault is laterally continuous in the T1 to T2 package. In the vertical 

direction, the Brage East Fault tips-out at the Base Cretaceous Unconformity and 

extends downward into the basement (Fig. 5). In the hanging wall of the Brage East 

Fault, the T1 to T2 package is wedge-shaped and W-expanding (Fig. 1C), whereas the 

T2 to Base Cretaceous Unconformity package is tabular to sub-tabular (Fig. 5). 

Fig. 4. TWT structure map of four key horizons. (A) T1 is a syn-rift 1 horizon. The white area 

which is not interpreted is owing to the poor seismic data. (B) T2, (C) Intra-Statfjord and (D) 

Top Ness, representing three horizons within the inter-rift strata, showing map view fault 

geometries. OF-Oseberg Fault, BF-Brage Fault, BEF-Brage East Fault. 
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Fig. 5. Geometry of the Brage East Fault. (A)-(H) are four uninterpreted and interpreted 

cross-sections sub-perpendicular to the Brage East Fault. See Figs. 4 and 5I for locations. The 

colors used for the key horizons and the interval between them are consistent with those used 

in Fig. 2. T-z plots of the Brage East Fault are shown in the right column. (I) Strike projection 

on the Brage East Fault, as viewed from the hanging-wall side of the fault. Solid lines on the 

fault plane are the hanging-wall cut-off lines. Dashed lines are footwall cut-off lines. ‘a1’-‘a4’ 

represent throw minima or gaps.  
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T-z profiles and strike projection of the Brage East Fault display a downward increase 

in fault throw from the Base Cretaceous Unconformity to T2 (Fig. 5).  Based on the 

present 3D seismic data, its throw is ~300 ms TWT (~500 m) at the deepest mapped 

level (T2). The throw of the Brage East Fault at the T1 level is over 1200 ms TWT 

(~2000 m) according to the 2D transect (Fig. 1C). Throw minima occur at locations 

‘a1’-‘a4’ on the strike projection (Fig. 5I). Specifically, the upper tip of the Brage East 

Fault shows a non-elliptical shape, with gaps at ‘a1’ and ‘a3’ (Fig. 5I), where it 

terminates in the immediate footwall of the F12 and Brage Fault (Fig. 5I). The ‘a2’ 

gap is related to the intersection with the F14, whereas ‘a4’ corresponds to the change 

in strike from N-S to NNE-SSW toward the north (Fig. 5I). 

4.1.2. Brage Fault 

The whole Brage Fault (BF) is captured at the Intra-Stafjord and Top Ness horizons by 

the seismic cube NH05M01, displaying strike variations from NNW-SSE to N-S and 

then to NE-SW southward (Fig. 4C-D). For simplicity, the Brage Fault comprises 

three differently-striking segments: NNW-SSE-striking BF1 (~20 km), N-S-striking 

BF2 (~15 km) and NE-SW-striking BF3 (~20km). In cross-section, the upper tip of the 

Brage Fault extends upward into the Lower Cretaceous succession, and the NE-SW-

striking segment (BF3) is basement rooted (Fig. 6). Clearly, the T1 to Top Ness 

package is tabular to sub-tabular, whereas the Top Ness to Base Cretaceous 

Unconformity package is E-expanding in the hanging wall of the Brage Fault (Fig. 6).  

The segments BF1 and BF2 show a general increase in fault throw with depth (Fig. 6). 

Only the northern part of segment BF3 shows a slight decrease in fault throw at the T2 

level (Fig. 6 I). In contrast, the southern part of the segment BF3 has a quick increase 

in fault throw from the Base Cretaceous Unconformity to Intra-Statfjord horizon and a 

slow decrease from Intra-Statfjord to T1 horizon (Fig. 6). Strike projection illustrates 

that the overall throw maximum of the Brage Fault is located at the central segment 

BF2 (~800 ms TWT or ~1200 m), from where the throw decreases radially (Fig. 6G). 

Local sharp changes in fault throw occur at locations ‘b1’-‘b3’ on the segment BF1, 

related to the intersection with faults F12-F14 (Fig. 4D). 
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Fig. 6. Geometry of the Brage Fault. (A)-(H) are four uninterpreted and interpreted cross-

sections sub-perpendicular to the fault local strike, across the three segments of the Brage 

Fault. See Figs. 4 and 6I for location of the cross-sections. The colors used for the key 

horizons and the intervals between them are consistent with those used in Fig. 2. T-z plots of 

the Brage Fault are put on the right of the interpretation. (G) Strike projection on the Brage 

Fault, as viewed from the hanging wall side of the fault. Solid lines on the fault plane are 

hanging wall cut-offs. Dashed lines are footwall cut-offs. ‘b1’-‘b3’ show three locations of 

throw jumps on the fault plane. 

 

4.1.3. Oseberg Fault 

The W(SW)-dipping Oseberg Fault (OF) is ~35 km long, making a bend as it turns 

from NNW-SSE- to N-S-striking towards the south (Fig. 4D). Vertically, the upper tip 

of the Oseberg Fault is located either at or above the Base Cretaceous Unconformity, 

and the fault extends downwards into the basement (Fig. 7). In the hanging wall of the 

Oseberg Fault, the Top Ness to Base Cretaceous Unconformity package is E-

expanding where not eroded, whereas the T1 to Top Ness package is tabular to sub-

tabular (Fig. 7). 

Strike projection and T-x plots of the portion of Oseberg Fault in the seismic cube 

ST12M shows throw minima at locations ‘c1’ and ‘c2’ (Fig. 7E, 8B). In addition, the 

throw of the Oseberg Fault drops abruptly (~100 ms TWT or ~150 m) south of the 

intersection with the NE-SW-striking segment of the Brage Fault (‘c3’ in Fig. 8B). 

Vertically, the NNW-SSE-striking segment of the Oseberg Fault increases in throw 

from the Top Ness to Intra-Statfjord, and increases again from T2 to T1 (Fig. 7E), 

obtaining a throw value of ~500 ms TWT (~750 m) at the T1 horizon (Fig. 7E). In 

contrast, throw maximum of the N-S-striking segment is best defined at the T2 horizon 

and equals ~400 ms TWT (~600 m), from where throw decreases upward and 

downward (Fig. 7E). In addition, throw of the horizons from Top Ness to T1 displays a 

rough trend of increase with depth on the NNW-SSE-striking segment of the Oseberg 

Fault (Fig. 9A). Back-stripping of the T-x plots shows that the fault has a maximum 

throw difference of ~120 ms TWT (~180 m) between horizons T1 and T2, ~300 ms 
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TWT (~450 m) between horizons T2 and Top Ness, and again ~300 ms TWT (~450 

m) between Top Ness and the Base Cretaceous Unconformity (Fig. 9B-D). 

 
Fig. 7. Geometry of the Oseberg Fault. (A)-(D) are two uninterpreted and interpreted cross-

sections sub-perpendicular to the local strike across the three segments of the Oseberg Fault. 

See Figs. 4 and 7E for location. The colors used for the key horizons and the intervals 

between them are consistent with those used in Fig. 2. T-z plots of the Brage Fault are shown 

in the right column. (E) Strike projection on the Oseberg Fault, as viewed from the hanging 

wall side. Solid lines on the fault plane are the cut-offs in the hanging wall. Dashed lines are 

footwall cut-offs lines. ‘c1’ and ‘c2’ show locations of throw minima. ‘c3’ represents the 

point of intersection with the Brage Fault. 
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Fig. 8. T-x plots of the Oseberg Fault and the NW-SE-striking segment of the Brage Fault 

(BF3) showing along-strike fault throw at the Intra-Statfjord horizon. (A) T-x plots of the 

Brage Fault, (B) Surface map showing the structure at the Intra-Statfjord horizon, (C) T-x 

plots of the Oseberg Fault. ‘c1’-‘c4’ the location of intersection or orientation change, 

illustrates the corresponding position on the fault heave with T-x plots. 
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Fig. 9. (A) T-x plots of the Oseberg Fault at four horizons, show variation of fault throw 

along-strike and with depth. (B) The throw difference from T1 to T2 horizons. (C) The throw 

difference from T2 to Top Ness horizons. (D) The throw difference from Top Ness to Base 

Cretaceous. 
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4.2. Minor faults 

Minor faults mainly occur in the southwest and northeast parts of the study area (Fig. 

4C-D). In the southwest, minor faults are dominantly NW-SE-striking, with a few of 

them N-S-striking; in the northeast, they are NE-SW-striking (Fig. 4C-D).  

The NW-SE-striking minor faults tip out upward in the Intra-Statfjord to Top Ness or 

Top Ness to Base Cretaceous Unconformity packages (Fig. 10). Growth packages are 

observed for the lower part of the Intra-Statfjord to Top Ness package across the NW-

SE-striking minor faults in the hanging wall of the Oseberg Fault (Fig. 10B). In some 

cases, it is uncertain at what level the upper tips of minor faults reach, owing to the 

sub-Top Ness erosion (e.g. F2, F7, F10 and F11 in Fig. 10F), but some of them, such 

as F4, terminate below the Top Ness level (Fig. 10D). For the lower tip, some (e.g. F1-

F2 in Fig. 10) are basement-rooted and bound a W-expanding T1-T2 package in the 

hanging wall; others (e.g. those in the hanging wall of F1 in Fig. 10B) tip out in the 

T1-T2 package, associated with an antithetic fault. In some cases a minor fault, such as 

F2, F3 or F4, is offset by the Brage Fault or another minor fault (Fig. 7D, 10D). More 

often, E-dipping minor faults are offset by W-dipping faults.  

The NE-SW-striking minor faults generally extend upward into the Lower Cretaceous 

succession, and downward into the T2 to Intra-Statfjord package, with a few extending 

into the upper part of the T1 to T2 package (Fig. 11). Different from the NW-SE-

striking minor faults, there is no obvious evidence of basement involvement for the 

NE-SW-striking minor faults. In addition, the Top Ness to Base Cretaceous 

Unconformity interval displays subtle wedge-shaped packages in the hanging wall of 

some NE-SW-striking minor faults, whereas the T2 to Top Ness package is roughly 

tabular (Fig. 11). Hence, most or all of NE-SW-striking minor faults initiated in the 

sedimentary rift fill. 

4.3. Fault growth and interaction 

The general increase in fault throw with depth and hanging wall growth packages of 

the T1-T2 and Top Ness-Base Cretaceous Unconformity intervals indicate that the 

Brage East Fault formed during the Permian – Early Triassic rift phase and reactivated 
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during the Middle Jurassic – Early Cretaceous rift phase. The gaps at locations ‘a1’ 

and ‘a3’ imply that the upper tip of the Brage East Fault is restrained at the intersection 

with the oppositely dipping F12 and Brage Fault (Fig. 5I). Therefore, the upward 

growth of the reactivated Brage East Fault was restrained where intersecting 

oppositely dipping faults. In this case, the upper tip of the restrained fault (BEF) 

exhibits an irregular geometry in three dimensions. In map view, the restrained fault 

shows some separated segments at the upper level that join into a single deep root at 

the bottom. 

 

Fig. 10. Three cross-sections sub-perpendicular to the NW-SE-striking minor faults. The 

colors used for the key horizons and the interval between them are consistent with those used 

in Fig. 2. See Fig. 4 for location. 
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Fig. 11. Cross-section perpendicular to the trend of the NE-SW-striking minor faults. The 

colors used for the key horizons and the interval between them are consistent with those used 

in Fig. 2. See Fig. 4 for location.  

The general downward increase in fault throw from the Base Cretaceous 

Unconformity to T2 of the NNW-SSE-, N-S- and northern part of the NE-SW-striking 

segment of the Brage Fault (Fig. 6) indicates that all of the segments originated from 

the Permian – Early Triassic rift phase, similar to the Brage East Fault. In contrast, the 

southern part of the NE-SW-striking segment of the Brage Fault (BF3) started to grow 

during the Middle Jurassic – Early Cretaceous rift phase. This is based on the Top 

Ness-Base Cretaceous Unconformity wedge-shaped growth package and downward 

decreasing fault throw from the Intra-Statfjord to T1 horizons (segment BF3 in Fig. 

6I). The radial decrease in fault throw from the central N-S-striking segment probably 

suggests that the Brage Fault initiated at the N-S-striking segment, and then its 

northern tip propagated in the NNW-direction, while the southern tip propagated in the 

SW-direction. Another possibility is that the NNW-SSE-, N-S- and NE-SW-striking 
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segments nucleate at different locations, while the N-S-striking segment played a 

dominant role during the growth, grasping most of the strain and overprinting the 

initial throw maximum on the NNW-SSE- and NE-SW-striking segments after 

linkage. 

The Oseberg Fault consisted of three segments separated by ‘c1’ and ‘c2’. This is 

indicated by: (i) the bend in the Oseberg Fault trace in map view; and (ii) the well-

defined throw minima at ‘c1’ and ‘c2’ (Fig. 8C). The continuous increase in throw 

with depth illustrates that the Oseberg Fault has been a long-lived fault from its 

initiation during the Permian-Early Triassic rift phase, followed by a period of growth 

during the Middle Triassic-Middle Jurassic, with renewed growth during the Middle 

Jurassic-Early Cretaceous rift phase. In addition, throw difference from the T2 to Top 

Ness horizon is similar to that from the Top Ness to Base Cretaceous Unconformity 

horizon, meaning that fault activity during the Middle Triassic-Middle Jurassic is 

comparable to that of the Middle Jurassic-Early Cretaceous rift phase. Furthermore, 

the abrupt drop in throw of the Oseberg Fault at the intersection with the NE-SW-

striking segment of the Brage Fault implies that the latter fault crosscut and displaced 

the already established and probably inactive Oseberg Fault during the Middle Jurassic 

– Early Cretaceous rift phase. 

5. Fault evolution 

Having established the structural style of the Oseberg area, now we investigate the 

overall evolution of the fault network. To accomplish this, cross-sectional geometry, 

throw measurement and time-thickness map are integrated. 

5.1. T1 to T2 interval 

Although the precise age of the T1-T2 package is unknown due to lack of borehole 

data, we assume, based on thickness changes and regional knowledge (e.g. Bell et al., 

2015; Færseth, 1996; Steel and Ryseth, 1990) that it incorporates most or all of the 

syn-rift 1 package and the lower part of the inter-rift succession. Thickness increases 

occur across the minor faults F1 to F3, Brage East Fault (BEF3), the northern part of  
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Fig. 12. Isochore maps of different time intervals showing the fault activity for each 

depositional period. (A) T1 to T2. (B) T2 to Intra-Statfjord. (C) Intra-Statfjord to Top Ness. 
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(D) Top Ness to BCU, erosion of the upper part of Brent Group in the footwall crest is 

covered in black. The dashed lines on Brage Horst show the location of possible active faults 

that were eroded in the late Jurassic. 

the NE-SW-striking segment of the Brage Fault (BF3) and the NNW-SSE-striking 

segment of the Oseberg Fault (OF) (Figs. 7 and 12A). Subtle wedge-shaped growth 

packages for this unit are observed in the hanging wall of F1 and F2 (Fig. 6H, 10), and 

are particular notable for the Brage East Fault (BEF) (Fig. 1C).  

We interpret the minor faults F1 to F3 and the Brage East Fault (BEF3) to have been 

active during the Permian – Early Triassic rifting, based on their hanging-wall wedge-

shaped growth packages and the increase in stratigraphic thickness across them, and 

the Brage East Fault being the dominant fault. The NNW-SSE-striking segment of the 

Oseberg Fault (OF) was probably mildly active, as suggested by the thickness 

variations across the fault, along with the significantly larger throw at level T1 than T2 

(Fig. 9A). In contrast, the T-z profile of the N-S-striking segment of the Oseberg Fault 

shows no resolvable T1-T2 activity (Fig. 7). In summary, the active faults or fault 

segments during the T1-T2 interval strike N-S or NNW-SSE. 

5.2. T2 to Intra-Statfjord interval 

The most significant increase in thickness for the T2-Intra-Statfjord interval is 

observed across F9 (100-250 ms TWT or 150-300 m; Fig. 12B). In addition, thickness 

variations of up to 100 ms TWT (150 m) occur across both the NNW-SSE- and N-S-

striking segment of the Oseberg Fault (OF; Fig. 12B). However, no resolvable 

thickness changes exist across other faults (Fig. 12B).  

Minor faults F1-F3 and the Brage East Fault (BEF3) became inactive during the 

Triassic T2-Intra-Statfjord interval, as shown by Triassic T2-Intra-Statfjord hanging-

wall expansion across the faults (Fig. 12B). However, the Oseberg Fault (OF) appears 

to have been active along the NNW-SSE- and N-S striking segment, but not yet as a 

continuous fault (Fig. 12B). The F9 was more active than the Oseberg Fault, judging 

from its larger thickness difference across F9 (Fig. 12B).  

5.3. Intra-Statfjord to Top Ness interval 



62 

Thickness variations of up to 100 or 100-250 ms TWT (150 or 150-300 m; 1.3-1.5 

expansion) are observed across the major faults: the southern segment of the Brage 

East Fault (BEF3), NNW-SSE- (BF1) and N-S-striking (BF2) segments of the Brage 

Fault, Oseberg Fault (OF) and F9 (Fig. 12C). Furthermore, thickness changes of <100 

ms TWT (150 m; 1.1-1.4 expansion) occur across numerous NW-SW- and N-S-

striking minor faults in the southwest of the study area (Fig. 12C). In cross-section, 

subtle wedge-shaped growth packages develop in the lower part of this unit across the 

NW-SE-striking minor faults (e.g. F4 in Fig. 7D).  

We interpret the N-S- and NNW-SSE-striking segments of the Oseberg Fault to have 

linked up during this Early – Middle Jurassic time interval as the thickness increase is 

now also seen in the linkage area between the two segments (Fig. 12C). In addition, 

stratigraphic thickness variations show that the southern segment (BEF3) of the Brage 

East Fault and the NNW-SSE- (BF1) and N-S-striking (BF2) segments of the Brage 

Fault were active (Fig. 12C). For the same reason, a number of NW-SE-striking 

together with a few N-S-striking minor faults developed (Fig. 12C). Similar to the T2-

Intra-Statfjord interval, most of the strain was localized to the NNW-SSE-striking 

segments of the Oseberg and Brage faults.  

5.4. Top Ness to Base Cretaceous Unconformity interval 

The Top Ness-Base Cretaceous Unconformity interval are different from the 

underlying T2-Intra-Statfjord interval in four ways. First, N-S-striking minor faults 

show thickness changes of up to 100 ms TWT (150 m; 1.2-1.45 expansion) in the 

southwestern part of the study area (Fig. 12D). Second, thickness changes start to 

occur across the NE-SW-striking minor faults in the northeast of the study area, 

mainly less than 100 ms TWT (150m; 1.2-2.0% expansion). Third, the Brage Fault 

displays a thickness change of >250 ms TWT (300 m; 5.28 expansion) across the 

central N-S-striking segment (BF2), decreasing laterally to the north and the south. 

Finally, thickness changes of up to 100 or 100-250 ms TWT (150 m or 150-300 m; 

1.4-4.65 expansion) appear across the northern segments (BEF1 and BEF2) of the 

Brage East Fault (Fig. 12D).  
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The Top Ness to Base Cretaceous Unconformity interval represents the partly eroded 

syn-rift 2 package. It is obvious that some of the NW-SE-striking minor faults that 

formed during the previous interval (see above) remained active during the Middle 

Jurassic – Early Cretaceous rift phase since they offset the Top Ness horizon (Fig. 4D). 

However, a few NW-SE-striking minor faults between the NE-SW-striking segment of 

the Brage Fault and the Oseberg Fault became inactive, such as F3 which terminates in 

the footwall of the major Oseberg Fault (Fig. 10D).  

The southern part of the NE-SW-striking segment of the Brage Fault (BF3), based on 

the thickness variations, formed during the Middle Jurassic – Early Cretaceous rift 

phase (Fig. 12D). Similarly, the NE-SW-striking minor faults in the northeast of the 

study area formed. In addition, the NE-SW-striking segment of the Brage Fault cuts 

through the T1-T2 growth package and offsets F4, demonstrating that this segment 

terminated or developed after the active history of F4 (Fig. 7D). The significant 

thickness increase of this unit in the hanging wall of the Brage Fault indicates that it 

became the dominant fault during the Middle Jurassic – Early Cretaceous rift phase 

(Fig. 12D). In comparison to the Intra-Statfjord to Top Ness interval, the main 

deformation migrated from NW-SE-striking faults to the N-S-striking segment of the 

Brage Fault (BF2) and NE-SW-striking minor faults during the Middle Jurassic – 

Early Cretaceous rift phase (Fig. 12D). 

6. Discussion 

6.1. Fault activity during the inter-rift phase 

It is generally assumed that the Middle Triassic – Middle Jurassic inter-rift phase in 

the northern North Sea was a period of tectonic quiescence and post-rift thermal 

subsidence (Badley et al., 1988; Færseth, 1996; Odinsen et al., 2000a; Roberts et al., 

1993; 1995; Steel, 1993; Yielding et al., 1992). This assumption implies that Permian 

– Early Triassic faults were tectonically inactive, although thickness change across 

these faults may still have occurred due to differential compaction over the buried rift 

topography, particularly in the earliest post-rift stage. However, we found numerous 

faults that were active during the late stage of the inter-rift phase, especially in the 
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Intra-Statfjord to Top Ness time interval (Fig. 12C). The Oseberg Fault, for instance, 

accumulated a throw of up to ~300 ms TWT (~400 m) during the inter-rift phase, 

equal to that during the Middle Jurassic – Early Cretaceous rift phase (Fig. 9C, 9D). 

Also, our observations suggest that fault activity was significant and variable during 

the late stage of the inter-rift phase, with wedge-shaped growth packages in the 

hanging walls of the NW-SE-trending minor faults (1.1-1.4 expansion; Fig. 10). Such 

growth packages are not likely to be the result of thermal subsidence alone, and we 

suggest that the later stage of the inter-rift phase experienced relatively strong tectonic 

stretching. The newly formed faults during this stage are quite straight in map view 

and consistently NW-SE-trending, independent of their nearness to pre-existing faults 

(Fig. 12C). Hence, they seem to be the result of Early Jurassic NE-SW extension.  

Ravnås et al. (2000) also called for Middle Triassic – Middle Jurassic inter-rift tectonic 

activity, and suggested referring to the Middle Triassic – Middle Jurassic succession as 

inter-rift instead of post-rift. Our work reinforces the model by Ravnås et al. (2000), 

and shows that fault activity during the interval between the two main phases of rifting 

was, at least in the Oseberg area, of comparable magnitude to that during the main rift 

phases. 

6.2. Changes in extension direction during multiphase rifting 

During the Middle Jurassic – Early Cretaceous rift phase, N-S-, NW-SE- and NE-SW-

striking faults were active, suggesting that the extension direction varied temporally 

and/or laterally during this time interval. The newly formed faults during this interval 

were N-S-striking in the westernmost part of the Oseberg area (Fig. 12D), but NE-SW-

striking in the northeastern part (Fig. 12D). Therefore, the late Jurassic extension 

direction appears to have been E-W in the western part and NW-SE in the northeastern 

part of the Oseberg area, assuming that the extension direction is perpendicular to the 

strike of new-formed faults and that the faults are close to dip slip (Anderson, 1951). 

However, the dominant Brage Fault, with a N-S strike on average across the area and 

the main displacement accumulated on its N-S-striking central segment, indicates a 

general E-W extension direction. While normal faults with different orientations can 

form simultaneously during none-plane strain (e.g., Healy et al., 2015), crosscutting 
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relations indicate that the NE-SW-striking segment of the Brage Fault developed later 

than the N-S- and NW-SE-striking faults (Fig. 7D), which suggests a change in 

extension direction from E-W to NW-SE during the Middle Jurassic – Early 

Cretaceous rift phase in this region (Færseth et al., 1997).  

Davies et al. (2001) took this view to the extreme, as they suggested that each of 

several sets of faults in the North Sea rift system are dip-slip normal faults that formed 

sequentially due to repeated variations in the extension direction, and related these 

changes to variations in the Middle Jurassic – Early Cretaceous regional extension 

direction. However, activity on NE-SW-striking fault may be explained by a simple 

clockwise reorientation of the extension direction in the study area toward NW-SE. 

Evidence for such a local rotation of the middle-late Jurassic extension is found 

between the Oseberg and Brage Faults, where the NW-SE-striking minor faults were 

inactive during the Middle Jurassic – Early Cretaceous rift phase (Fig. 12D). NE-SW-

striking faults also developed in the Huldra fault block and Lomre terrace, forming a 

narrow NE-SW-trending zone that separates the main N-S-striking faults, on both 

sides (Fig. 1B). Fossen et al. (2003) found the Huldra fault block to be a secondary 

structure in the middle to late Jurassic rift evolution, related to marginal collapse of the 

Horda Platform. The zone of NE-SW-trending faults extending from the Oseberg area 

to the Huldra fault block towards the Lomre and Uer terraces (Fig. 1B) marks the 

northwestern collapsed margin of the Horda Platform. Seismic evidence for a 

basement shear zone at this location (Fossen et al., 2016) lead us to speculate that this 

NE-SW-trending zone is controlled by a basement structural lineament between the 

Horda Platform and the northern part of Viking Graben, and that activation of this 

basement structure in the late Jurassic caused the development of the NE-SW-striking 

faults (also see Færseth, 1996).  

In terms of the minor NW-SE-striking faults that were active in the immediate hanging 

wall of the Oseberg Fault during the Middle Jurassic – Early Cretaceous rift phase 

(SW part of Fig. 12D), Maerten et al. (2002, 2006) suggested that the curved geometry 

of the Oseberg and Brage East faults played a great role during the initiation of the 

NW-SE-striking minor faults. These NW-SE-striking faults are confined to the area 
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between the Oseberg Fault and the fault to the west, and may possibly be explained as 

a result of the local, block-internal stress history during the general late Jurassic 

extension. If so, local stress perturbation by pre-existing first-order structures 

complicates fault pattern developed during a subsequent rifting phase, varying the 

strike of new faults around pre-existing structure to be oblique to regional extension 

direction.  

An implication of our study is that fault pattern in multiphase rifts is the result of a 

combination of far-field stress, basement structures and local perturbations set up by 

geometry of pre-existing faults. Specifically, basement structures and pre-existing 

faults lead to variation in the strike of new faults from orthogonal to oblique to the 

regional far-field stress of rifting. This is consistent with that made from physical 

modeling of two phases of non-coaxial extension (Henza et al., 2010; 2011), where 

reactivation of first-phase faults (N-S-striking faults in Fig. 13) and development of 

new faults (NE-SW-striking faults in Fig. 13) occur during the second-phase 

extension. In addition, their models show that new faults could strike oblique to the 

second-phase extension direction due to local perturbations near the reactivated first-

phase faults (Fig. 13), similar to the faults developing in the immediate hanging wall 

of the Oseberg Fault during the Middle Jurassic – Early Cretaceous rift phase (SW part 

of Fig. 12D). Moreover, many of the second-phase faults cut across or terminate at 

reactivated first-phase faults, producing intersecting fault geometries in their model 

that has a well-developed first-phase fault population (Fig. 13), and our results support 

these conclusions. Therefore, our observations match the conclusions of physical 

models, and illustrate that basement structures and pre-existing faults play a substantial 

effect on fault growth during later rift phases. 

6.3. Implications for the growth of reactivated pre-existing faults  

Several studies have suggested that faults developing by the reactivation of pre-

existing faults or intra-crystalline basement weaknesses are prone to establish their 

final lengths early in their lifespan (Giba et al., 2012; Jackson and Rotevatn, 2013; 

Paton and Underhill, 2004; Walsh et al., 2002). Our study discovers that renewed 

growth of pre-existing faults can develop in four different ways. First, a pre-existing 
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fault gradually propagates upward through the cover after reactivation (Fig. 14A).  

Second, a pre-existing fault vertically links up with a new fault in the cover (Fig. 14B). 

Third, a pre-existing fault reactivates and propagates upward into the cover, and is 

then crosscut by an oppositely dipping fault (Fig. 14C). Finally, the reactivated pre-

existing fault terminates against an overlying and oppositely dipping fault (Fig. 14D). 

The final case may be regarded as an example of what may be a common process, i.e. 

the restraining or arrest of upward propagating rift faults by an overlying and 

oppositely dipping fault, associated with the strain shadow of the overlying fault. In 

fact, the four growth models can happen at various segments of a large fault system, 

which will lead to irregular, non-elliptical three-dimensional fault geometries. It also 

implies that fault interactions between faults (e.g. restraining effect in Fig. 14D) can 

make the reactivation and further growth of a pre-existing fault segmented in the 

cover, resulting in non-elliptical fault geometries. 

 

Fig. 13. Fault pattern formed by two phases of non-coaxial extension, based on Henza et al. 

(2011). Phase 1 extension is E-W (blue arrow), while Phase 2 extension is NW-SE (red 

arrow), with 45° between the two extension directions. Black line drawings are fault heaves 

on the top surface of the models.  
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Fig. 14. Four styles of the growth of a reactivated pre-existing fault during a renewed rifting. 

(A) Upward propagation of a pre-existing fault in the cover during a subsequent rift phase, no 

influence of other faults. (B) Vertical linkage of a reactivated pre-existing fault and overlying 

new fault in the cover. (C) Two oppositely dipping faults propagate upward in the cover, 

followed by one of them crosscutting and offsetting the other. (D) Two oppositely dipping 

faults propagate upward in the cover, but one of them terminates against the plane or in the 

footwall block of the other one.  
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7. Conclusions 

1. The evolution of fault array in the Oseberg area can be divided into four stages: 

(1) the Phase 1 syn-rift period characterized by N-S- and NW-SE-striking, 

mainly E-dipping faults; (2) early stages of inter-rift evolution, controlled by 

thermal subsidence and differential compaction; (3) a late inter-rift stage 

featuring reactivation of Phase 1 faults and formation of NW-SE-striking faults; 

(4) the Phase 2 syn-rift period resulting in the development of N-S-, NW-SE- 

and NE-SW-striking faults that are mainly W-dipping.  

2. Fault activity is significant during the late inter-rift stage, demonstrating an 

important Early-Middle Jurassic period of tectonic stretching during the inter-

rift phase. Extension direction is NE-SW during the inter-rift phase, rotated 

clockwise as compared to E-W direction during Phase 1 rifting. 

3. Reactivation of pre-existing faults is very significant in the Oseberg area during 

late inter-rift phase and Phase 2 rifting, indicating that structural inheritance is 

common during North Sea rifting. Stress perturbation associated with 

reactivated pre-existing faults changes the strike of new faults to be oblique to 

the regional stress field.  

4. Fault pattern during multiphase rifting is complicated as it is controlled by a 

combination of far-field stress, basement structures and local perturbations set 

up by the geometry of pre-existing faults.  

5. Upward growth of a reactivated pre-existing structure is influenced by its 

neighbors in the cover, leading to more non-elliptical fault geometries at the 

interaction zone. 
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SYNTHESIS 

This thesis aims to understand how a pre-existing structure or weakness reactivates 

and influences the fault growth and final fault network in three dimensions during a 

secondary phase of rifting, via interpretation of seismic data (Paper I) and the results 

of some generic discrete element modeling (Papers II & III). Paper I focuses on the 

final fault geometry and the interpretation of fault network evolution of the Oseberg 

area in the norther North Sea rift over the Permian  Early Triassic and Middle 

Jurassic  Early Cretaceous rift phases. Papers II and III show the results of discrete 

element modeling and examine the variation in the final fault geometry and fault 

network, and their evolution over a weak planar pre-existing structure during extension 

owing to the difference in the orientation relative to the extension direction and the dip 

of the pre-existing structure. The results of the thesis provide some new insights on the 

reactivation pattern of pre-existing structures, and the fault network and fault growth 

history affected by pre-existing structures during rifting.  

 

The significance of inter-rift activity between two rift phases 

 

This research demonstrates that fault activity is common and systematically distributed 

during the inter-rift phase in the study area, as opposed to the general view that this 

stage is dictated by post-rift thermal subsidence. Based on our research, the evolution 

of the Oseberg fault array comprises: (i) the Permian  Early Triassic rift phase which 

is characterized by N-S- and NW-SE-striking, mainly E-dipping faults; (ii) early stages 

of inter-rift evolution, controlled by thermal subsidence and differential compaction; 

(iii) a late inter-rift stage featuring reactivation of Permian  Early Triassic faults and 

formation of NW-SE-striking faults; and (iv) the Middle Jurassic  Early Cretaceous 

rift phase resulting in the concurrent development of the N-S-, NW-SE- and NE-SW-

striking faults that are mainly W-dipping. The Permian  Early Triassic faults are 

mainly N-S-striking, resulting from E-W extension. Fault activity is significant during 

the late inter-rift stage, demonstrating an important Early  Middle Jurassic period of 
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tectonic stretching during the inter-rift phase. Extension is NE-SW during the inter-rift 

phase, as indicated by the NW-SE-trending faults. Hence, there is clockwise rotation 

as compared to the E-W Permian  Early Triassic extension. During the Middle 

Jurassic  Early Cretaceous rift phase, the extension direction appears to rotate back to 

the E-W direction as indicated by the formation of N-S oriented major faults during 

this time period. These observations suggest a reorientation of the stress field from E-

W during the Permian – Early Triassic rift phase to NE-SW during inter-rift fault 

growth and back to E-W during the Middle Jurassic – Early Cretaceous rift phase in 

the Oseberg area. In addition, fault pattern during multiphase rifting is complicated as 

it is controlled by a combination of far-field stress, basement structures and local 

perturbations set up by the geometry of pre-existing faults. 

 

How variable is the reactivation pattern of a pre-exiting structure associated with 

a change in its orientation relative to the extension direction and the dip? 

 

The reactivation of pre-existing faults or structures were recorded extensively in rift 

basins (e.g., Badley et al., 1988; Færseth, 1996; Odinsen et al., 2000; Lepvrier et al., 

2002; Morley et al., 2004; Frankowicz and McClay, 2010; Nixon et al., 2014; Whipp 

et al., 2014; Duffy et al., 2015). These studies mainly investigated the fault geometries 

and evolution of fault network based on interpretation of subsurface or field data, and 

showed that pre-existing faults or structures commonly reactivate and interact with 

newly formed faults during a later rift phase (e.g., Færseth, 1996; Lepercq and Gaulier, 

1996; Morley et al., 2004; Morley, 2007; Frankowicz and McClay, 2010; Bell et al., 

2014; Nixon et al., 2014; Whipp et al., 2014; Duffy et al., 2015). For example, Whipp 

et al. (2014) suggested the control of structural inheritance of Pre-Jurassic faults on the 

fault array during the Middle Jurassic – Early Cretaceous rift phase in the Horda 

Platform in the northern North Sea. Duffy et al. (2015) made a further analysis on the 

three-dimensional geometries of the fault array and the styles of fault interactions in 

this region and emphasized the effect of the reactivation of Pre-Jurassic major faults 

on the development of small Jurassic faults. Similarly, Morley et al. (2004) highlighted 

the influence of pre-existing structural fabrics on the rift development in the Thailand 
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Rift and suggested that the well-developed fabric inherited from Palaeozoic and 

Mesozoic orogenies exerted a strong influence on the orientation and geometry of 

Tertiary faults. Also, Frankowicz and McClay (2010) identified three major 

populations of extensional faults of different ages and interpreted that the youngest 

population was inherited from the underlying zones of weakness. In contrast, there are 

also observations that pre-existing faults or structures can remain inactive during a 

later rift phase. For example, Pre-Jurassic faults were crosscut and offset by Middle 

Jurassic – Early Cretaceous faults in the East Shetland Basin in the northern North Sea, 

suggesting that pre-existing faults or structures are not necessarily reactivated during a 

later rift phase (e.g., Badley et al., 1988; Yielding et al., 1992; Nøttvedt et al., 1995; 

Roberts et al., 1995; Færseth, 1996; Odinsen et al., 2000; Tomasso et al., 2008). 

Uncertainty still exits on the nature of the reactivation of pre-existing structures or 

faults during an extension phase.  

 

Etheridge (1986) suggested that reactivation of a pre-existing structure of fault will 

depend primarily on the relative strength the pre-existing structure to the host rock, 

and the orientation in the prevailing stress field. The strength of the pre-existing 

structure is associated with fault gouge, mineral, depth, fluid etc. The study of Ivins et 

al. (1990) indicated that any reduction in frictional strength (e.g., enhanced fluid pore 

pressure) of the pre-existing structure below that of surrounding rock increases the 

likelihood that such structures will be first breaking. In terms of orientation, a pre-

existing structure optimally oriented relative to the extension direction is more likely 

to be reactivated (e.g., Bonini et al., 1997; Dubois et al., 2002; Bellahsen and Daniel, 

2005; Henza et al., 2010, 2011). Henza et al., (2010, 2011) used a set of wet clay 

models to simulate two phases of non-coaxial extension with various angles (up to 45°) 

between the extension directions, indicating that first-phase faults can be reactivated 

during the second phase of extension in all the models, with the number and length of 

reactivated first-phase faults decreasing as the angle increases. However, those 

physical analog models are restricted to fault array on the top surface of the models. 
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The reactivation pattern and geometry of a pre-existing fault system in three 

dimensions is poorly understood.  

This study employs the numerical modeling method and examines the reactivation 

pattern of a weak planar pre-existing structure in three dimensions during an 

orthogonal or oblique extension (Paper III). Our modeling results show that the 

reactivation pattern associated with a weak planar pre-existing structure is variable 

with respect to the different strike angle relative to the extension direction and the dip 

of the pre-existing structure. In detail, a pre-existing structure can either fully 

reactivate and finally become a big, major fault, or partly reactivate as a few segments 

that individually link up with other new faults nucleating away from the pre-existing 

structure, or even remain inactive during extension. Our study first documents the 

variation in the reactivation pattern of a pre-existing structure in three dimensions 

associated with its strike angle relative to the extension direction and the dip, which 

contributes to understanding the reactivation pattern of a pre-existing structure in 

natural rifts.  

 

How does a reactivated structure grow in three dimensions during an extension?  

 

It is accepted that normal fault growth follows one or a combination of the two end-

member models: (i) the isolated fault model (e.g., Walsh and Watterson, 1988; 

Trudgill and Cartwright, 1994; Dawers and Anders, 1995; Cartwright et al., 1995; 

Schische and Anders, 1996; Kim and Sanderson, 2005; Baudon and Cartwright 2008); 

or (ii) the coherent fault model (e.g., Childs et al., 1995; Walsh et al., 2002, 2003; 

Schöpfer et al., 2006, 2007; Giba et al., 2012). The isolated fault model suggests that a 

normal fault system develop from the initiation of a few small, isolated fault segments, 

which then grow, link and amalgamate to form a larger, through-going fault 

(Cartwright et al., 1995; Gawthorpe and Leeder, 2000; Gawthorpe et al., 1997; 

Mansfield and Cartwright, 2001; Peacock and Sanderson, 1991). The coherent fault 

model, on the other hand, implees that fault segments splay vertically or laterally from 

a single fault surface, with each fault segment initiating as a component of a spatially 

and mechanically related array (e.g., Childs et al., 1995; Walsh et al., 2002, 2003; 
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Schöpfer et al., 2006, 2007; Giba et al., 2012). Walsh et al. (2002) proposed that the 

coherent fault model could better explain the reactivation of pre-existing structures and 

that reactivated pre-existing structures rapidly obtain their final length, followed by a 

long period of displacement accruement. 

 

The growth of pre-existing structures in our discrete element modeling has is 

consistent with the coherent fault model, and our result provide new knowledge about 

fault growth and interaction of pre-existing structures in three dimensions. For 

example, the growth of a pre-existing structure oblique (α≥60° and β=60°) to the 

extension direction can be summarized in three stages: (i) reactivation of the pre-

existing structure and nucleation of new faults; (ii) radial propagation and interaction 

of the reactivated structure and new faults; and (iii) linkage of the reactivated structure 

and adjacent faults and formation of non-planar faults (Paper II). From our modeling 

results, the pre-existing structure reactivates and ruptures along its length very quickly 

during the first 10% of extension, reaching a long, highly under-displaced fault that is 

dominated by displacement accumulation in the remaining period of the growth 

history. This is consistent with the coherent fault model of Walsh et al. (2002) where 

pre-existing structures rapidly obtain their final length, followed by a long period of 

displacement accruement. In addition, the reactivated structure propagates upward by 

means of a few ‘saw-tooth’ fringes that resemble the kinematically related segments of 

a fault array in the coherent model (Child et al. 1995, 1996). Hence, we clarify the 

detailed geometry and growth history of pre-existing structures and demonstrate the 

upward growth of pre-existing structures via some ‘saw-tooth’ fringes or kinematically 

related fault segments arising from the upper tip of pre-existing structures. 

 

How does a reactivated structure impact the nearby fault network? 

 

Morley et al. (2004) investigated rift-related faults affected by well-developed fault 

fabric inherited from Paleozoic and Mesozoic orogenies in the Tertiary rift basins of 

Thailand and suggested that normal fault systems are influenced in a number of ways 
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by oblique pre-existing fabrics: these include (i) oblique orientation of faults, (ii) 

preferred main fault and splay orientations oblique to the regional extension direction, 

(iii) the location, geometry and style of transfer zones, and (iv) fault linkage and 

displacement patterns. Henza et al. (2010) suggested that reactivated first-phase faults 

can influence the length, number, orientation and location of second-phase faults by 

physical analog models. Our study focuses on understanding the effect of a single pre-

existing structure on the nearby fault network with different strike angles relative to 

the extension direction and the dips of the pre-existing structure. According to our 

modeling results, a favorably oriented pre-existing structure influences the adjacent 

fault network by changing the (i) fault density, (ii) length, (iii) orientation and, (iv) 

displacement and by providing favorable sites for (v) fault nucleation. 

 

What does the effect of a pre-existing structure on adjacent new faults imply? 

 

The isolated fault model assumes that an isolated normal fault commonly grows by 

radial propagation, with the displacement maximum to be found in the middle of the 

fault, from where the displacement decreases towards the tips (e.g., Walsh and 

Watterson, 1988; Cowie and Scholz, 1992; Peacock and Sanderson, 1992; Dawers and 

Anders, 1993). Along-strike displacement variations with several locations of 

displacement maximum can be a result of the linkage of several smaller fault segments. 

The linkage area commonly has a displacement minimum showing the former tip of 

segments (e.g., Peacock and Sanderson, 1996; Peacock, 2002). This forms the basis of 

interpreting fault growth history by analyzing final displacement distribution or D-L 

relations. However, our study questions this basis as the location of the final 

displacement maximum of a fault segment is not necessary its nucleation point. The 

location of displacement maximum may change during the deformation history related 

to displacement enhancement at the linkage area with a reactivated major structure.  

 

Future work 
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This study investigates the structural evolution and the growth histories of pre-existing 

structures in the Oseberg area in the northern North Sea from Permian to Early 

Cretaceous (Paper I).  The reactivation pattern and growth history of a pre-existing 

structure is further studied in three dimensions by using discrete element modeling, 

with a focus on how a pre-existing structure influence the nearby fault network during 

extension (Paper II and III). Using this research as a starting point, some further work 

can be carried out to increase our understanding of fault growth affected by pre-

existing structures during rift development. 

 

The first step is to make an effort to disclose more information about pre-rift structures 

or intra-basement structures that are associated with the subsequent development of 

normal faults in rift basins, such as the geometry, distribution, if possible, the strength 

of pre-existing structures. My study is limited to the quality of the seismic data in 

depth, making it challenging to map the basement and intra-basement structures across 

the study area. However, analysis of these structures can not only improve the current 

knowledge about the linkage between pre-existing structures and subsequent rift 

development, but also justify the results obtained from physical and numerical models. 

In return, the modeling results presented in this research provide an insight of the 

effect of pre-existing structures on the fault growth during a later rift phase, which is 

of great help for the interpretation of seismic data and understanding of structural 

features in rift development. The combination of natural examples and modeling 

results will make the investigation of normal fault growth in rifts more feasible. Hence, 

investigation on the features of pre-existing structures in detail will benefit the 

understanding of rift development. 

 

The modeling results presented in this study demonstrate that discrete element 

modeling is a very useful technique for studying crustal deformation. In particular, this 

technique can provide valuable predictions of fault growth and rift evolution, which is 

beneficial for understanding the three-dimensional fault geometries and their evolution 

during extension. However, our models have only one single pre-existing structure, 
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giving some generic examples for understanding the theoretical process of the effect of 

a pre-existing structure on fault growth during extension. Future work can aim to 

establish some more complex models by increasing the number of pre-existing 

structures and arranging them in specific patterns according to the observations from 

natural examples, trying to explain the formation of those structural features by 

numerical modeling. 
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