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Preface

This dissertation has been submitted for the degree of Philosophiae Doctor (PhD)
at the Department of Earth Science at the University of Bergen. This study is the
result of research collaboration between Centre for Integrated Petroleum Research
(Uni CIPR — Uni Research), Department of Earth Science at the University of
Bergen, Norway and Imperial College, London, UK. The work has been carried
out at CIPR between July 2011 and December 2015. This project is part of the
SALTEC project, funded by CIPR and the Research Council of Norway. The
SALTEC project focuses on the role that salt plays during tectonics, how salt
influences the structural style of a deformed region, and how it sometimes even

triggers deformation.

During the research conducted for this PhD dissertation, the candidate has been
enrolled in the PhD study program at the Department of Earth Science at the
University of Bergen. The candidate has been supervised by Professor Atle
Rotevatn (University of Bergen), and co-supervised by Professor Christopher A-L.
Jackson (Imperial College), Professor Haakon Fossen (University of Bergen) and

Professor Robert Gawthorpe (University of Bergen).

(V The Research Council
A of Norway

Guide for readers

This thesis follows an article-based format in conformity with most Norwegian
doctoral dissertations for natural sciences. The thesis consists of three parts, where
Chapter 1 introduces the rationale of the study, research goals, study areas,



approach of the research, background and state of the art. Chapter 2, the main part
of the thesis, consists of four scientific articles published in, or submitted to, peer-
reviewed scientific journals. Chapter 3 features a summary of the main outcomes,
discussion of these results, conclusions, implications and perspectives of this
research. The reference list following Chapter 3 includes all references cited within
this thesis. The appendix comprises additional contributions in the form of abstracts

of presentations and posters presented at international conferences.

For readers accustomed to monographic dissertations, please note that there may
be some overlap between the different papers, as they are stand-alone publications,

particularly in terms of introduction and background material.
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Abstract

The structural style and evolution of normal fault arrays above mobile salt is less
understood compared to those developed in rifts where strong variations in
mechanical stratigraphy are absent. This research was performed to refine the
understanding of the growth of supra-salt extensional fault arrays and how salt may
impact the growth history and structural style of such arrays. To investigate the
three-dimensional growth history of supra-salt fault arrays, detailed qualitative and
quantitative analyses have been performed of fault geometry/morphology, throw
distribution and syn-kinematic strata of fault arrays in two different salt basins (the
techniques used in the analyses are presented in Paper 1), the Egersund Basin,
offshore Norway (Paper Il & 1V) and Santos Basin offshore Brazil (Paper IlI).

The first paper discusses how different techniques of fault analyses can be used to
determine the style of growth of seismic-scale syn-sedimentary normal faults. It is
presently known that normal faults can either grow via sympathetic increase in
displacement and length (“isolated model’) or by rapid establishment of their near-
final length prior to significant displacement accrual (‘coherent model’).
Application of quantitative techniques exemplified in Paper | can aid the
assessment of the relative roles of the isolated and coherent fault models during

crustal extension.

Paper Il discusses how growth of normal faults in multilayer sequences can occur
by the use of a 3D seismic case study of a supra-salt fault array in the Egersund
Basin, offshore Norway. The supra-salt fault array was initiated by re-activation of
a pre-existing sub-salt fault array during the Late Triassic, mainly through
kinematic coupling with the sub-salt fault array, before being buried during the
Late Jurassic to Turonian times. Only parts of the fault array were reactivated
during the Turonian, in response to salt mobilisation driven by basin inversion.
Based on the three-dimensional fault analyses, we conclude that a combination of
basement faulting and salt (re-) mobilisation is the driving mechanisms behind fault

activation and reactivation. Reactivated faults are located where the underlying salt
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is thick, while the non-reactivated faults are found where salt is depleted. Even
though the sub- and supra-salt faults are mainly geometrically decoupled through
the salt, our findings suggest that a kinematic coupling existed as sub-salt faults

still affected nucleation and localization of the cover faults.

Paper 111 describes the evolution of supra-salt fault arrays within the S&o Paulo
Plateau in the Santos Basin. Kinematic analyses reveal that the fault arrays formed
during two discrete phases of deformation (Albian-to-Miocene fault arrays above
salt anticlines and -plateau, and Oligocene-to-Present fault arrays above salt-walls).
Albian to Miocene faulting likely reflects a combination of thin-skinned
overburden extension, which drove reactive diapirism in relatively distal parts of
the basin, and outer-arc extension-related faulting driven by regional contraction
and overburden shortening. In contrast, the Oligocene-to-Present faults likely
formed due to thin-skinned overburden extension above mature salt walls. We
show that: (i) supra-salt fault growth can be protracted and polyphasal; (ii) it can
be difficult to determine the triggers and drivers for supra-salt normal fault
nucleation and growth; and (iii) domains of extension and contraction on salt-
bearing passive margin may not be mutually exclusive and may overlap in time and

space.

Paper IV discusses the geometry and growth of a normal fault array formed during
the birth, growth and death of an array of salt structures. We show that the supra-
salt fault array and salt structures developed in response to; (i) movement on a
thick-skinned, basin bounding fault in the Late Triassic, causing salt mobilisation
by base salt tilting and gliding, which in turn caused the nucleation and initial fault
growth by thin-skinned extension. Overburden gravity gliding and stretching drove
reactive diapirism and salt wall growth that continued into the Late Jurassic, when
the salt stocks nucleated. The faults reached their near-full length during this time.
The amount of fault growth during reactive diapirism during the Late Triassic-Late
Jurassic was controlled by salt flow into the widening salt walls (though extension
was driving the reactive diapirism); (ii) subsequent to reactive diapirism, diapir
collapse due to along-strike migration of salt within the wall drove further fault

X



growth, principally by displacement accrual in the Early Cretaceous, with active
diapirism occurring simultaneously along strike; (iii) active diapirism occurring
until the Neogene, which drove further salt wall collapse and fault growth near the
diapirs. Our study supports physical model predictions, showcasing a three-
dimensional example of how protracted, multiphase salt diapirism can influence

the structure and growth of normal fault arrays.

This study has demonstrated how qualitative and detailed quantitative fault
analyses of supra-salt fault arrays can be used to track the flow of salt and provide
a contribution to the understanding of overburden deformation linked to salt
mobilisation. Further, this research offers insight into the complex interplay
between salt diapirism and faulting, showcasing three-dimensional natural
examples of how multiphase salt diapirism can influence the structure and growth
of normal fault arrays. Detailed investigation of the dynamics of supra-salt
deformation, have implications for the prediction the four-dimensional flow of salt
and can thereby provide us with a better understanding of the tectono-stratigraphic

evolution of salt-influenced sedimentary basins.

Xi



List of publications and authorship statement

The four papers presented in this thesis are a product of cooperation with listed
authors. Contributions from others than the listed authors are acknowledged at the

end of each paper.

Paper |I: Techniques to determine the style of growth of seismic-scale syn-
sedimentary normal faults

Submitted to the Geological Society, London, Special Publications

Christopher A-L. Jackson, Rebecca E. Bell, Atle Rotevatn, Anette B.M. Tvedt
Paper | is written by Christopher A-L. Jackson. The paper came out of the work
performed, and techniques used, by all of the authors over several years in different
study areas. | provided examples used in the paper, including interpretation of
seismic data, analyses and interpretations from both the Santos and Egersund

basins, in addition to manuscript review.

Paper I1: Growth of normal faults in multilayer sequences: A 3D seismic case
study from the Egersund Basin, Norwegian North Sea

Published in Journal of Structural Geology, Volume 55, October 2013, Pages 1-
20

Anette B.M. Tvedt, Atle Rotevatn, Christopher A.-L. Jackson, Haakon Fossen,
Robert L. Gawthorpe

For Paper 11, | was responsible for interpretation of seismic data and analyses of
those interpretations, drafting figures and writing the manuscript. Atle Rotevatn,
Christopher A.-L. Jackson, Haakon Fossen and Robert L. Gawthorpe contributed

with important discussions and manuscript review.

Paper I11: Growth of Supra-Salt Normal Fault Arrays in the Santos Basin
Submitted to Journal of Structural Geology
Anette B.M. Tvedt, Christopher A.-L. Jackson, Atle Rotevatn, Haakon Fossen

For Paper 111, I was responsible for interpretation of seismic data and analyses of
results, drafting figures and writing the manuscript. Christopher A.-L. Jackson,
Atle Rotevatn and Haakon Fossen contributed with important discussions and

manuscript review.

Xii



Paper IV: Supra-salt normal fault growth during the rise and fall of a salt
diapir: insights from 3D seismic reflection data

Submitted to Journal of Structural Geology

Anette B.M. Tvedt, Atle Rotevatn, Christopher A.-L. Jackson

For Paper 1V, | was responsible for interpretation of seismic data and analyses of
those interpretations, drafting figures and writing the manuscript. Atle Rotevatn

and Christopher A.-L. Jackson engaged in discussions and manuscript review.

The published papers are reprinted with permission from Journal of Structural Geology

and Geological Society, London, Special Publications. All rights reserved.

Xiii



Xiv



Contents

PREFACE ...ttt sttt et ettt et e be e be et e st e st et et e st e s s e beeheeRe e R e et en b et e benbenaenre e 11
ACKNOWLEDGEMENTS ..ottt sttt ettt st sbe e aeebs e esbesae st e besreere e \Y/
N =S 2 ¥ A O SRS ST IX
LIST OF PUBLICATIONS AND AUTHORSHIP STATEMENT ...ooovviiee e Xl
CONTENTS Lttt bttt e e st e s et e be st e e b e e be e Rt e s s e sb e e enbesaeebeebeaneateeneeneenee XV
CHAPTER 1. INTRODUCTION .....coooiiiiiecie sttt sttt st ra e s srenas 17
L1 RATIONALE .ottt ettt ettt st a ettt e st e st et e sb e e beebe e s e e s e e st et et e sresbeebesbeetaensenseneen 17
1.2 RESEARCH GOALS .....ocviiuieteeuieieitesteetesteeteeseesseste st e saesbesaeeteaseessessessebessesbesbeassetsensessenbesrentesaeas 18
1.3 STUDY AREAS AND RESEARCH APPROACH .......cueiieieterieetesreaseeseeseessessessessessessesseaseessessessessens 19
1.3.1 STUDY AREAS ...euttetttetttett et steesteesteestaeste e ba e be e be e be e beaba e beesbeesbeesseesbeesaeesaeesaeesreesneas 19

1.3.2 IMIETHODS ..ttt sttt et st sr et ne et e s et et e st e s neen e neeneenteneenne e 21

1.4 BACKGROUND AND STATE OF THE ART .iueeteiuierieeesietessestessesseeseeseessessessessessessessesssessessessensens 21
14.1 NORMAL FAULT GROWTH ...eviitieiiieite st ete ettt eteste st sveeveesa et esaessessesbesseeseessensensessessenns 21

14.2 SALT TECTONICS IN RIFTS AND ON PASSIVE MARGINS ......corierieieriintesieetenneeieieneeneeneens 23
CHAPTER 2. MANUSCRIPT COMPILATION ....oociiiiiiiectecececeeee et 31

PAPER I: TECHNIQUES TO DETERMINE THE STYLE OF GROWTH OF SEISMIC-SCALE SYN-SEDIMENTARY
L@ I U 33

PAPER I1: GROWTH OF NORMAL FAULTS IN MULTILAYER SEQUENCES: A 3D SEISMIC CASE STUDY FROM

THE EGERSUND BASIN, NORWEGIAN NORTH SEA .....oiiiiiiieiitecie et sie ettt et steesseesneesnnesnne s 79

PAPER I11: GROWTH OF SUPRA-SALT NORMAL FAULT ARRAYS IN THE SANTOS BASIN .......cccovenne 101

PAPER IV: SUPRA-SALT NORMAL FAULT GROWTH DURING THE RISE AND FALL OF A SALT DIAPIR:

INSIGHTS FROM 3D SEISMIC REFLECTION DATA ...utctveuierieieseestesieeseeseeseessessessessessessesssssssssessessessenses 141
CHAPTER 3. SYNTHESIS ..o ere e 185
3.1  SYNTHESIS OF MAIN FINDINGS AND KEY IMPLICATIONS OF THE STUDY ...cccvevviiiesiesinsieanns 185
311 TECHNIQUES USED TO TRACK FAULT GROWTH AND THE FLOW OF SALT.....cccvvervenrenns 185

3.1.2 THE COMPLEXITY OF TRIGGERS AND DRIVING MECHANISMS OF FAULT GROWTH IN A SALT

L L O L L = N Y 187



313 IMPLICATIONS FOR MODELS OF NORMAL FAULT GROWTH AND FAULT LENGTH

ESTABLISHMENT ....cvtteutetetetetesesteseetesteseste e st essetessetessessebessesessesessesesbe s ebessesessesessessetessesessenennens 191
3.2 CONCLUDING REMARKS .....otiuiiietiiteiteateete et estestestestesseetesssesaesse st esessessesbesseesaessessensessessesseas 195
3.3 PERSPECTIVES ..cutiiteiteitteteeseestestestestesaestesseesaestesaestestesseeteaneeseesse st esseseesbeatesneeseeneeseeneesaenrennens 198

POSTIACE ...ttt sttt et b et e st eae et et be st ese et ese st essebe st ebesbesesbesbenesbensaretans 201
REFERENGCES. ..ottt ettt ettt sttt et st be st ete et e se et essebe st ebesbeseebe s ebesbensanenans 203
APPEND X ..ottt sttt ettt sttt n et R et R ettt n et R e et et e et nrenean 219

XVi



Chapter 1. Introduction

1.1 Rationale

Salt tectonics can be defined as the process of deformation involving flow of salt
(Hudec and Jackson, 2007). Salt tectonics is known to differ from deformation in non-
salt influenced settings, e.g.; passive margins, where salt is present, displays larger
scale of up-dip extension and down-dip shortening than margins unaffected by salt, and
salt influenced fold and thrust belts tend to be wider than non-salt influenced fold and
thrust belts (Hudec and Jackson, 2007). Salt tectonics play an important role for the
structural style in many sedimentary basins worldwide (e.g., in the Gulf of Mexico,
North Sea and Persian Gulf) and is relatively well understood when it comes to the
overall geometry of salt structures, mechanics of salt flow and the processes controlling
the growth of diapirs (e.g., Vendeville and Jackson, 1992b; Vendeville and Jackson,
1992a; Jackson et al., 1994; Hudec and Jackson, 2007; Brun and Fort, 2011; Hudec and
Jackson, 2011). Despite recent advances in the understanding of salt mechanisms and
how salt move through time by the use of physical analogue models and three
dimensional seismic (e.g. Ge and Jackson, 1998; Rowan et al., 1999; Brun and
Mauduit, 2009; Hudec and Jackson, 2011; Jackson et al., 2014a; Jackson et al., 2015),
cross sectional observations remain a prime source of knowledge on the structural style
and evolution of normal fault arrays above mobile salt, compared to those developed
in rifts where strong variations in mechanical stratigraphy are absent (e.g. Gupta et al.,
1998; Dawers and Underhill, 2000; Gawthorpe and Leeder, 2000; Gupta and Scholz,
2000; McLeod and Underhill, 2000). For example, structures related to the rise and fall
of salt diapirs during thin-skinned extension are particularly well studied in cross-
sections and physical experiments (Vendeville and Jackson, 1992b; Vendeville and
Jackson, 1992a; Ge et al., 1995), but although recent studies focus on the 3D evolution
of normal fault growth in salt-influenced settings, the effects of salt on lateral fault
growth and map-view fault geometries are clearly far less constrained than those
observed in cross-section. Where the three-dimensional segmentation, growth and

linkage of different fault arrays related to the different salt structures have mainly been
17



described qualitatively (e.g. Rowan et al., 1999). Relatively few studies have addressed
the three-dimensional temporal and spatial evolution of supra-salt normal fault arrays
related to the growth and demise of salt structures by the use of natural examples, by
both using a quantitative and qualitative approach. The main aim of the current research
is to increase our understanding of the geometry and evolution of extensional fault
arrays in salt-influenced settings, with special emphasis on normal fault growth in
extensional salt basins and on passive margins where salt is present. A better
understanding of the geometry and evolution of supra-salt fault arrays have
implications for the understanding of the four-dimensional flow of salt and tectono-
stratigraphic evolution of sedimentary salt-basins, which in turn can aid the exploration

and production of hydrocarbons.

1.2 Research goals

This study focuses on the geometry and evolution of extensional fault arrays in salt-
influenced settings, specifically on the interactive effects of fault evolution and salt

flow through time. The main aims of this work have been to:

¢ Investigate the impact of salt on the nature of, and kinematic coupling between,
supra- and sub-salt faulting.

e Investigate the geometry and kinematics of supra-salt normal faults and
distinguish the characteristics of faulting

e Testdifferent mechanisms controlling initiation and growth of supra-salt normal
wall fault arrays, where salt has influenced both localisation and growth.

e Investigate the interplay between fault evolution and salt-flow through time

during multiphase salt diapirism

These main aims are addressed through subsurface case studies of the Egersund Basin
(offshore SW Norway) and the Santos Basin (Brazil), by detailed analyses of fault
statics (e.g. present-day fault geometry, morphology, segmentation) and dynamics (e.g.

initiation, localization, growth patterns, growth rates, displacement distributions,
18



lateral and vertical linkage and interaction with mobile salt) to unravel the interplay

between salt mobilisation and supra-salt faulting.

1.3 Study areas and research approach

1.3.1 Study areas

The main aims of this study are addressed through the analysis of three-dimensional

seismic data from the Egersund Basin in the North Sea offshore Norway and the Santos

Fig. 1.1 Location of study areas; Santos Basin offshore Brazil and Egersund Basin offshore Norway.
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Basin offshore Brazil (Fig. 1.1). Both data sets are of good to excellent quality, and

therefore allow detailed fault investigation in the supra-salt cover.

The Egersund Basin is located in the SW part of the North Sea and represent a salt
influenced rift basin (Sgrensen et al., 1992; Glennie et al., 2003; Jackson and Lewis,
2016). The superb three-dimensional seismic shows a wide range of supra-salt fault
arrays related to the growth of salt walls, salt anticlines and salt stocks (Jackson and
Lewis, 2013; Tvedt et al., 2013; Jackson and Lewis, 2016; Tvedt et al., in review). The
Egersund Basin has evolved through several stages after initial opening in the
Carboniferous - Permian and infill of c. 1000 m Zechstein salt in the Late Permian
(Serensen et al., 1992). The present day remaining salt is relatively thin with the
exception of tall salt stocks that are up to c. 2 km. In order to improve our understanding
of the basin evolution of the Egersund Basin, the supra-salt fault arrays have been
analysed in detail to shed light on the multiphase supra-salt fault growth. Salt
mobilisation has clearly influenced fault growth during several phases, even after major

tectonic events and thereby had an impact on the structural style of the Egersund Basin.

The Santos Basin is different in terms of both overall tectonic setting and salt thickness.
The studied part of the Santos Basin, the S&o Paulo Plateau is located downslope on
the Brazilian passive margin. After rifting and the establishment of the passive margin
and deposition of the salt, salt has strongly influenced the deformation of the supra-salt
cover (e.g. Demercian et al., 1993; Davison et al., 2012; Jackson et al., 2015; Tvedt et
al., in review). The salt in this part of the basin is much thicker (general thickness of
the salt is at least 500 m thick between c. 2 km tall flat-topped salt walls) than in the
Egersund Basin, and thus also expected to have a larger control on the deformational
styles (Duffy et al., 2013). The supra-salt fault arrays have been analysed in detail to
investigate the multiphase supra-salt fault growth, as salt mobilisation has clearly
influenced fault growth during several phases. Our analyses consider the supra-salt
fault arrays, which are located above salt anticlines, plateaus, and wide flat-topped

walls, at different stratigraphic levels in the post salt cover.

20



1.3.2 Methods

The three-dimensional seismic data analyses within the two study areas has employed
a wide range of techniques, including: (i) throw-distance (T-x) plots — these allow us to
identify zones of linkage between fault segments and evaluate the growth history in
map view (Walsh and Watterson, 1990; Childs et al., 1995; Gawthorpe and Leeder,
2000; Kim and Sanderson, 2005); (ii) throw-depth (T-z) plots - these allow us to
investigate the potential role of dip linkage and physical barriers in the host rock on
fault growth (Mansfield and Cartwright, 1996; Hongxing and Anderson, 2007), and
can also indicate times of syn-sedimentary faulting and blind fault propagation (e.g.
Williams et al., 1989; Nicol et al., 1996; Jackson and Rotevatn, 2013; Tvedt et al.,
2013); (iii) strike-projections of fault throw — these illustrate throw distribution across
the fault surface and provide insights into the growth and linkage history of segmented
normal fault arrays (Walsh and Watterson, 1991); (iv) time-thickness (isochron) maps
and expansion indices for key stratigraphic intervals - these illustrate variations in
sediment thickness related to faulting and to basin formation, and can shed light on
fault growth history and phases of salt-related basin subsidence (Thorsen, 1963; Rouby
et al., 2003; Jackson and Rotevatn, 2013; Tvedt et al., 2013); and (v) restoration and
balancing of 2D sections in order to investigate the fault history, possible timing of salt
mobilisation and large-scale basin geometry, with a specific focus on the timing of

tilting and differential subsidence (Rowan, 1993).

Paper | describes the techniques in detail, including their limitations, whereas in Paper
I1-1V only the relevant methods and how these are utilized to resolve the different case

studies, are explained.

1.4 Background and state of the art

1.4.1 Normal fault growth

The overall evolution of normal fault systems occurs as a consequence of crustal
extension either by passive or active rifting (e.g.; Jackson and McKenzie, 1983; Gibbs,

1984; McClay, 1990). Normal faults in such systems can grow either by, or a
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combination, of the following mechanisms: (i) sympathetic increase in their
displacement and length (e.g. Watterson, 1986; Walsh and Watterson, 1988; Dawers et
al., 1993; Dawers and Anders, 1995); this is known as the ‘isolated fault model’ (sensu
Walsh et al., 2003) or by (ii) rapid establishment of their near-final length prior to
significant displacement accrual (e.g. Morley, 2002; Walsh et al., 2002; Giba et al.,
2012; Jackson and Rotevatn, 2013); referred to as the ‘coherent fault model” (sensu
Walsh et al., 2003).

Normal faults growing via the ‘isolated fault model” develop as individual segments,
which then grow, link and amalgamate to form longer, continuous faults (e.g.; Peacock
and Sanderson, 1991; Cartwright et al., 1995; Gawthorpe et al., 1997; Gawthorpe and
Leeder, 2000; Mansfield and Cartwright, 2001; Rykkelid and Fossen, 2002). As the
individual faults develop by lateral growth and overlap and interact, the displacement
transfer isaccommodated by relay zones (e.g.; Peacock and Sanderson, 1994). Between
the fault tips of overlapping fault segments, rotation and enhancement of the local stress
field eventually causes failure and relay breaching (Crider and Pollard, 1998;
Kattenhorn et al., 2000), resulting in hard linkage of the individual fault segments (e.g.;
Peacock and Sanderson, 1991; Trudgill and Cartwright, 1994; Crider and Pollard,
1998).

Normal faults growing via the ‘coherent fault model’ initiate and grow as kinematically
related segments of a fault array. The fault segments establish their near-final lengths
early, resulting in their relay zones evolving by rotation, without lengthening, before
relay breaching (Giba et al., 2012; Hemelsdaél and Ford, 2016). Whereas ‘isolated
faults’ display a maximum displacement at the fault centre with gradually decreasing
displacement towards the fault tips (e.g.; Muraoka and Kamata, 1983; Gawthorpe and
Leeder, 2000; Mansfield and Cartwright, 2001), the ‘coherent faults” will have steep
fault growth paths on displacement-length graphs (Walsh et al., 2002). The relay zones
are established early and the continued evolution mainly involve rotation without
further lengthening before relay breaching (Giba et al., 2012; Hemelsdaél and Ford,
2016).

22



See Paper | for a more detailed description of how normal faults grow via a sympathetic
increase in their displacement and length (‘isolated fault model’) or by rapid
establishment of their near-final length prior to significant displacement accumulation
(‘coherent fault model”). This study focuses on extensional regimes where presence of

salt has influenced the evolution of normal fault arrays.

1.4.2 Salt tectonics in rifts and on passive margins

Salt tectonics can be defined as the process of deformation involving flow of salt
(Hudec and Jackson, 2007), where salt is defined as rocks composed primarily of halite,
which is mechanically weak and behaves as a viscous fluid even at geologically rapid
strain rates (cf. Hudec and Jackson, 2007). As salt is much weaker and has much lower
viscosity than most of its surrounding rocks, salt will be the first to respond to regional
stress (Ge et al., 1995). Salt structures related to salt tectonics are diapirs, stocks,

pillows, walls, anticlines, walls, canopies etc. (Fig. 1.2).

Fig. 1.2. Different types of salt structures, where the salt canopies, diapirs and stocks are the most
mature. Modified from Fossen (2010).

Growth of salt structures, as represented in Fig. 1.2, can result in different styles of

faulting and growth patterns. The growth of such salt structures is mainly associated

with either growth by salt diapirs through reactive, active or passive diapirism (Fig.

1.3). During reactive diapirism, salt begins to rise in sharp-crested diapirs in space
23



created by regional extensional thinning during rifting or gravity spreading (Vendeville
and Jackson, 1992b; Hudec and Jackson, 2007). During reactive diapirism oppositely
dipping normal faults typically form in the overburden either sequentially or coevally
during regional extension, with younger faults towards the crest (Fig. 1.3a) (Vendeville
and Jackson, 1992b; Jackson and Vendeville, 1994; Rowan et al., 1999). If sequential
faulting occurs, further slip on earlier-formed faults will be inhibited by the salt and
overburden and, as a consequence, a second set of faults will form in the hangingwall
above the salt diapirs, where the overburden is thinnest and weakest. The second set of
faults will continue to grow until fault slip is inhibited by increasing resistance in the
salt and overburden. This process continues until extension ceases (Vendeville and
Jackson, 1992b). As extension or gravity spreading ceases, diapirism, and hence also
fault growth, halts or the diapirs evolve into active or passive diapirs (Vendeville and
Jackson, 1992b).

During active diapirism salt can force its way through the overburden, initiated by
differential, thermal or displacement loading (Vendeville and Jackson, 1992b; Schultz-
Ela et al., 1993). During active diapirism the overburden is faulted to accommodate
flexure of the overburden during the uplift of the crest of the salt diapir (Vendeville
and Jackson, 1992b). Faults related to active diapirism often occur on the crest or the
edge of originally flat-crested rising diapirs (Fig. 1.3b) (Schultz-Ela et al., 1993).
Schultz-Ela et al. (1993) argue that for active diapirism to occur, the diapir height must
be more than two-thirds to three-quarters of the thickness of the surrounding cover.
Since active diapirism is controlled by gravitational forces acting on the salt, active
diapirism can continue independent of regional extension (Vendeville and Jackson,
1992b). When a salt diapir emerges at the surface, the salt diapir can continue to grow
by downbuilding, where sediments accumulate around the diapir; this is referred to as
passive diapirism (Fig. 1.3c) (Vendeville and Jackson, 1992b; Hudec and Jackson,
2007).
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Salt-related extensional fault arrays have been subject of a great interest in the last
decades and are most common in either active rift settings or on the outer shelf and
upper slope of passive margins (Hudec and Jackson, 2007). Rift basins typically form

in areas of crustal extension (Jackson and McKenzie, 1983). When salt is present, salt

Fig. 1.3. Conceptual figure showing diapir piercement during regional extension. The growth of
diapirs may go through some or all of these stages; (a) reactive diapirism; (b) active diapirism, where
the supra-salt cover load pressurizes the salt; and (c) passive diapirism where sediment downbuilding
occurs while the diapir continues to grow. Modified from Vendeville and Jackson (1992b) and
Hudec and Jackson (2007).
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can influence the structural styles and growth history of such basins by for example
decoupling of basement and supra-salt overburden structures (e.g. Jackson and
Vendeville, 1994; Richardson et al., 2005; Marsh et al., 2010; Duffy et al., 2013). In
this work we have investigated supra-salt deformation related to mobilisation of the
Zechstein Supergroup in the Egersund Basin, a rift basin offshore Norway. On salt
bearing passive margins, salt can act as a decollement and result in thin-skinned
deformation, including proximal extension and distal contraction (Rowan et al., 2004;
Brun and Fort, 2011). In the research, we have investigated fault arrays whose growth
is related to the mobilisation the Ariri Formation in the distal parts of the Santos Basin,

on the passive margin of Brazil.

During the development of salt basins, a wide range of fault styles can develop in
association with different types of salt structures (Stewart et al., 1996; Rowan et al.,
1999). Supra-salt normal fault arrays (the focus of the present thesis) are often related
to the growth or collapse of salt (Rowan et al., 1999; Davison et al., 2000b; Hudec and
Jackson, 2007) and their trigger and driving mechanisms may generally involve one or
more of the following: (i) crustal extension (Jackson, 1987; Nalpas and Brun, 1993);
(i) cover extension driven by gravity-gliding or gravity spreading (Gutiérrez, 2004;
Hudec and Jackson, 2004; Jackson and Hudec, 2005; Hudec and Jackson, 2007; Dutton
and Trudgill, 2009); (iii) differential compaction of cover around structures cored by
largely incompressible salt (Anderson and Franseen, 1991; Hudec and Jackson, 2007);
(iv) overburden folding and outer arc-related extension driven by either buckle folding
above salt detachments or squeezing and active rise of mature diapirs (Pollard and
Johnson, 1973; Cosgrove and Hillier, 2000; Hillier and Cosgrove, 2002); and/or (v)
overburden collapse due to salt dissolution (Goldstein and Collins, 1984; Ge and
Jackson, 1998; Bertoni and Cartwright, 2005).

Crustal extension
Crustal extension in salt basins can cause significantly different styles of supra-salt

faulting than basins that lack salt (e.g. Penge et al., 1993; Jackson and Vendeville,
1994; Richardson et al., 2005; Marsh et al., 2010; Duffy et al., 2013). The salt can in

such settings result in regionally significant detachment horizons, which again can lead
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to decoupling of basement and overburden deformation during early crustal extension
(e.g. Jackson and Vendeville, 1994; Jackson et al., 1994; Stewart et al., 1996; Erratt et
al., 1999; Withjack and Callaway, 2000; Kane et al., 2010; Jackson and Rotevatn,
2013). Further crustal extension may lead to geometrical coupling as basement faults
may breach through the salt and link with supra-salt fault structures (e.g. Vendeville et
al., 1995; Tvedt et al., 2013; Wilson et al., 2013).

Gravity-gliding or gravity spreading

Regional or local tectonic events may trigger salt mobilisation, and hence faulting in
the supra-salt cover. On passive margins, where salt can act as an intra-stratal
detachment, overburden can move by gliding downslope the margin, causing thin-
skinned faulting with different structural styles related to the location on the slope
(upslope vs. downslope) (Mauduit et al., 1997; Rowan et al., 2004; Mohriak et al.,
2008; Brun and Fort, 2011). In such settings, extension is focused in up-dip portions of
the margin, and the extension can be accommodated by nappe extrusion in the distal
part of the basin (Rowan et al., 2004; Hudec and Jackson, 2006). Regional extension
could cause pre-existing diapirs to widen and collapse, thus generating crestal faults.
Stretching would focus on the diapirs (if present) because they are weaker than the
rocks in the possible flanking mini-basins. However, if salt diapirs are not present,
deformation would likely be more distributed with salt rollers being the main structure
(Rowan et al., 1999). On a larger regional scale, basin tilting as low as 1° can cause
dominant gliding of the salt- sedimentary overburden where salt has acted as a
detachment (Bishop et al., 1995; Stewart, 1999; Brun and Fort, 2011). In such settings
the faults strike broadly normal to the tilt direction and the faults detach on top of the
salt. On tilted margins, extensional structures are often found up dip, while

contractional structures are found down dip (Brun and Fort, 2011).

Outer arc extension caused by differential compaction or by differential
contraction

Formation of extensional faults may be caused by extension of the overburden due to
differential compaction (Schultz-Ela et al., 1993; Jackson et al., 1994; Rowan et al.,
1999; Cosgrove and Hillier, 2000; Stovba and Stephenson, 2002) or contraction of the
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underlying salt (Stewart and Coward, 1995; Rowan, 1997; Rowan et al., 1999; Stovba
and Stephenson, 2002) causing outer arc stretching. Faults formed by outer arc
stretching due to differential compaction generally form in the zone of maximum
extensional strain; the zone of maximum bending (Cosgrove and Hillier, 2000). These
faults are often referred to as keystone faults, which typically do not detach on salt
(Rowan et al., 1999). Local extension above the salt walls can also occur due to the
differential contraction of salt (incompressible; Anderson and Franseen, 1991; Hudec
and Jackson, 2007), and clastic sediments and carbonates in flanking mini-basins.
Keystone faults can also form during contraction in the outer arc of salt-cored buckle
folds, forming at the fold crest where strata are most curved (Rowan et al., 1999). Faults
formed either by differential compaction or contraction have similar characteristics, in

terms of geometry, distribution and localisation relative to the salt.

Gravitational deformation caused by salt dissolution
Erosion of overburden and thereby near-surface exposure of the salt is known to result

in salt dissolution (Anderson and Knapp, 1993; Cartwright et al., 2001; Hudec and
Jackson, 2002). Salt dissolution can also result from fracturing related to, for example,
differential compaction, and when the fractures are established they can act as conduits
for water and thereby facilitate further dissolution (Goldstein and Collins, 1984;
Anderson et al., 1988; Anderson and Knapp, 1993; Ge and Jackson, 1998). Further,
karstification of soluble sediments such as salt can cause gravitational deformation of
the overburden (Goldstein and Collins, 1984; Gutiérrez, 2004). Structures related to
dissolution-induced deformation can include folds, sinkholes, breccia pipes, joints,

normal and reverse faults (Goldstein and Collins, 1984).

Distinguishing between these mechanisms (i-v) could be problematic as they often
share some of the same characteristics. Although there are some recent studies that
focus on the 3D evolution of normal fault growth in salt-influenced settings (Erratt et
al., 1999; Baudon and Cartwright, 2008c; Jackson and Rotevatn, 2013), the effects of
different initiation and driving mechanisms on the three-dimensional geometry of
supra-salt fault geometries are clearly far less constrained than geometries observed in

the cross-sectional plane of observation. Further, the use of both quantitative and
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qualitative analyses in order to track the interaction between the salt and overburden
deformation can lead to a better understanding of the different initiation and driving
mechanisms, which again may result in a better understanding of the tectono-

stratigraphic evolution of salt basins.
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1. Introduction

The structural style and evolution of normal fault arrays
developing in the presence of mechanically weak detachments rich
in, for example, halite (salt) or mudstone, are different to and less
well understood than, fault arrays forming in the absence of such
detachments. These differences arise in part due to the ability of
salt and mudstone to accommodate strain and displacement by
ductile flow. For example, salt- or mudstone-rich layers can: (i) act
as regional detachment horizon or décollement (Morley et al., 2003;
Jackson and Hudec, 2005); (ii) inhibit the vertical or lateral prop-
agation of faults (e.g. Withjack et al.,, 1990; Pascoe et al., 1999;
Maurin and Niviere, 2000; Withjack and Callaway, 2000;
Richardson et al., 2005; Ford et al., 2007; Kane et al., 2010; Marsh
et al,, 2010); and (iii) cause full or partial geometric and kine-
matic decoupling of sub- and supra-detachment deformation (e.g.

* Corresponding author. Uni CIPR, PO Box 7800, N-5020 Bergen, Norway.
Tel.: +47 97562768, +47 55583650.
E-mail address: Anette.B.Tvedt@uni.no (A.B.M. Tvedt).

0191-8141/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jsg.2013.08.002

Stewart et al., 1997; Withjack and Callaway, 2000; Ford et al., 2007).
Hence, ductile layers may significantly affect the geometry and
evolution of extensional fault arrays, resulting in marked temporal
and spatial variations in structural style, fault-related folding and
displacement distribution (e.g. Rowan et al., 1999; Kane et al., 2010;
Marsh et al., 2010; Duffy et al., 2012). The impact of ductile layers on
normal fault array evolution becomes even more complex when
polyphase extension occurs, because a second phase of extension
can lead to: (i) reactivation of sub-detachment, typically ‘thick-
skinned’ faults, and triggering of ‘thin-skinned’ extension of the
supra-detachment cover; and (ii) the growth of salt- and shale-
cored structures due to thin-skinned extension of the cover,
which can itself cause faulting of the overburden (e.g. ‘reactive
diapirism’; Vendeville and Jackson, 1992; Jackson and Vendeville,
1994; Van Rensbergen et al., 1999).

Relatively few studies have addressed the structural style and
evolution of normal fault arrays forming in response to salt- or
mudstone-influenced, polyphase extension (Richardson et al.,
2005; Kane et al.,, 2010; Duffy et al., 2012). The aims of this study
are to: (i) highlight the relative roles of sub-salt ‘basement’ reac-
tivation and salt mobilization, on the distribution and magnitude
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of supra-salt ‘cover’ deformation; (ii) assess the impact that salt has
on the magnitude of kinematic coupling between supra- and sub-
salt faulting; and (iii) determine how mudstone layers influence
the growth of normal fault systems in the supra-detachment
sequence. To achieve these aims we use high-quality, 3D seismic
reflection data (PGS MC3D-EGB2005) from the Egersund Basin,
offshore Norway (Figs. 1 and 2), which allow us to constrain, in
three-dimensions, the spatial relationship between, geometry and
distribution of displacement on basement and cover faults, and
thickness changes in coeval growth strata. Borehole data allows us
to directly constrain the composition of the faulted sequence, and
provide insight into the growth rate and spatial evolution of the
studied fault array. Our results provide new insight into the control

of polyphase rifting and ductile layers on the temporal and spatial
evolution of normal fault arrays.

2. Geological framework

The Egersund Basin trends NW—SE and represents the NW
extension of the Norwegian Danish Basin (Fig. 1). The basin initially
formed in response to Carboniferous-to-Permian rifting (Serensen
et al,, 1992; Ziegler, 1992). A thick succession of continental sedi-
ments was deposited in the basin during the Early Permian
(Serensen et al., 1992). During the Late Permian, the Egersund Basin
represented a sub-basin of the ‘North Permian Basin’ (Serensen
et al,, 1992; Ziegler, 1992), which formed following the syn- to

Fig. 1. Location of the Egersund Basin (EGB) in the North Sea north east of the Central Graben (red square in the inset of simplified structural map of the North Sea). Structural maps
and extent of ZSG is based on observations in this study with data from Millennium Atlas (Zanella and Coward, 2003) and data from the Norwegian Petroleum Directorate. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Block diagram indicating the location of the studied fault array related to the salt anticline to the east. Horizon displayed on the top of the block is the top of the Bryne
Formation. The colours on the sides of the block represent the age of the stratigraphy: Brown = Permian, Light red = Zechstein Supergroup, Purple = Triassic and Blue = Jurassic.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

post-orogenic extensional collapse of the Variscan Orogen
(Hodgson et al., 1992; Serensen et al., 1992). Repeated flooding and
desiccation of the North Permian Basin resulted in deposition of a
thick (1000—1500 m; Serensen et al., 1992) salt-rich succession (the
Zechstein Supergroup; Hodgson et al., 1992; Serensen et al., 1992;
Davison et al., 2000; Glennie et al., 2003). Early Triassic rifting
triggered flow and reactive rise of the salt, and formation of a va-
riety of salt structures. The faults investigated in the study area
nucleated in the supra-salt cover at this time (Serensen et al., 1992).
Lower Jurassic deposits are absent in the Egersund Basin
(Figs. 2 and 3) due to formation of the Mid-North Sea Dome during
the Early Jurassic (Husmo et al., 2003). Subsequent rifting during
the Middle Jurassic initiated in response to deflation of the dome
(Underhill and Partington, 1993; Husmo et al., 2003), causing
reactivation of major NW—SE-striking normal faults that bound the
Egersund Basin (Serensen et al., 1992). Syn-tectonic deposition of
the Bryne, Sandnes, Egersund, Tau and Sauda Formations (Fig. 3)
documents net-deepening of the basin during the Middle to Late
Jurassic (Vollset and Doré, 1984). Extension rates decreased (Mgller
and Rasmussen, 2003), and a marine transgression occurred during
the Early Cretaceous, resulting in deposition of deep-water
mudstone and marl (Flekkefjord, Asgard, Sola, and Redby Forma-
tions) (Fig. 3) (Vollset and Doré, 1984; Isaksen and Tonstad, 1989).
Rifting eventually ceased in the Late Early Cretaceous, and a period
of basin shortening and inversion, probably related to the onset of
the Alpine orogenic event, occurred during the Late Cretaceous,
leading to folding, salt re-mobilisation and reverse reactivation of
pre-existing, rift-related faults (Ziegler, 1992; Vejbaek and
Andersen, 2002; Jackson and Lewis, 2012; Jackson et al., 2013).

3. Data and methodology
3.1. Database

The database for this study comprises a pre-stack time-
migrated, three-dimensional reflection seismic survey (PGS MC3D-
EGB2005), tied to 13 wells. The study area covers an area of
552 km? in the north-western part of the Egersund Basin (Figs. 1
and 2). Crossline and inline spacing are 25 m, and the seismic
sections are displayed with reverse polarity, so that an increase in
acoustic impedance is presented by a trough (red), while a decrease

in acoustic impedance is represented by a peak (black) (SEG Eu-
ropean Convention; Brown, 2003). Crosslines are orientated NE-SW
and inlines are orientated NW—SE. The vertical seismic resolution
in the interval of interest is c. 20—40 m, based on a frequency range
of 25—35 Hz and velocity range of 2700—3700 ms ™.

The age of the mapped seismic horizons and the lithology of the
stratigraphic intervals they bound, were constrained by formation
top data from 13 wells (Fig. 1; Table 1). We mapped 24 faults in the
studied fault array, and 15 were subject to quantitative analysis of
throw. Fourteen seismic horizons were mapped to constrain the
throw distributions on the fault surfaces, and thickness variations
in stratigraphy adjacent to the faults. Both fault throw and growth
strata thickness patterns provide insights into the growth history of
individual fault segments and the array as a whole.

3.2. Methodology

Four methods were used to determine the growth history of
the studied fault array: (i) creation of throw-length (T-x) plots,
which allow the map-view growth history of the faults to be
assessed (Walsh and Watterson, 1990; Childs et al., 1995;
Gawthorpe and Leeder, 2000); (ii) creation of throw-depth (T-z)
plots, which provide insights into the potential role of dip linkage
on fault growth (Mansfield and Cartwright, 1996; Hongxing and
Anderson, 2007), and which allow us to discriminate between
periods of syn-sedimentary faulting and blind fault propagation
(e.g. Williams et al., 1989; Nicol et al., 1996); (iii) strike-projections
of fault throw, which illustrate throw distribution across fault
surfaces and provide insights into the growth and linkage history
of segmented normal fault systems (Walsh and Watterson, 1991);
and (iv) generation of time-thickness (isochron) maps and
expansion indices for key stratigraphic intervals, which together
illustrate variations in sediment thickness adjacent to and reveal
the growth history of, fault systems and arrays (Thorsen, 1963;
Rouby et al, 2003; Jackson and Rotevatn, 2013). The use of
isochron maps to constrain the growth of normal faults is only
valid if sedimentation rate exceeds or is comparable to fault
displacement rates (Childs et al., 2003), which we will demon-
strate is the case for the Egersund Basin.

Fault throw was constrained by measuring differences between
the footwall and hanging wall horizon cut-offs on seismic profiles
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Fig. 3. Stratigraphic framework showing the key seismic horizons, their ages and information about the evolution of the Egersund Basin. Colour coding of the different periods is
continued throughout the article. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(generally inlines) oriented perpendicular to local fault strike.
Throw was recorded every 100—600 m, depending on the degree of
structural complexity and rapidity of along-strike throw variations.
The error of throw measurements in the Middle Jurassic and post-
Aptian succession is small and estimated to +4 ms, based on the
generally excellent quality of the seismic data. However, data
quality and resolution deteriorates in the Triassic succession as well
as in the Tithonian to Aptian interval, where we estimated throw
measurement errors to be £6 ms. Where folds are developed
adjacent to the fault surfaces, we record fault throw values that
include and exclude the ductile component of deformation.

We use check-shot velocity data from nearby wells (18/10-1, 17/
12-1 and 17/12-2; Table 1) to depth convert throw values recorded
in time (ms TWT) to metres. This exercise indicates that the pat-
terns and shapes of throw variations on T-z plots are the same in
both the time and depth domains, so we elect to present all throw
values in milliseconds two-way time (ms TWT) (Fig. 4). Well data
and seismic facies observations suggest that limited lateral sedi-
mentological heterogeneity exists in the faulted succession, which
together with small throw values leads us to believe that the effects
of differential compaction across the studied faults is negligible
(Mansfield and Cartwright, 1996).
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Table 1
Wells within the Egersund Basin (Data from the Norwegian Petroleum Directorate).

Well TD depth (m RKB) Oldest penetrated stratigraphic unit
17/12-1R 4298 Zechstein

17/12-2 2334 Devonian (no formation defined)
17/12-3 2730 Skagerrak

18/10-1 2800 Skagerrak

9/2-1 3755 Skagerrak

9/2-2 3548 Skagerrak

9/2-3 3421 Bryne

9/2-4s 3313 Bryne

9/2-5 3354 Bryne

9/2-6s 3642 Bryne

9/2-8s 3345 Zechstein

9/2-11 2836 Bryne

9/3-1 1970 Skagerrak

9/3-2 3151 Skagerrak

4. Description of the salt-influenced fault array

The fault array contains a wide range of normal fault geometries
and styles of linkage. For descriptive purposes, the fault array is
divided into a basement-restricted fault array (i.e. faults that tip-out
upward into the salt), cover-restricted fault array (i.e. faults that tip-
out downward into the salt) and a basement-involved fault array (i.e.
faults that offset both sub- and supra-salt strata and the salt itself)
(Fig. 5).

4.1. Geometry of the basement-restricted fault array

The basement-restricted fault array consists of faults which
strike NNW-SSE and mainly dip to the west. A small subpopulation
of faults, which are shorter and have less throw, are oriented at a
large angle to this trend (Fig. 5a and b). The largest basement fault is
13.8 km long, has a maximum throw of 165 ms (314 m) at top
basement level and is divided into four geometric segments. Throw
on the basement-restricted faults typically varies between 80 and
140 ms (c. 150—266 m) (Fig. 6).

4.2. Geometry of the cover fault array

The NNE—SSW-trending, cover-restricted fault array is c. 16 km
long, c. 6 km wide and consists of a series of WNW- or ESE-dipping,

en-echelon normal fault segments that step progressively westward
toward the north (Figs. 2 and 5c—f). The cover-restricted fault array
occurs directly above the basement-related fault array, or along the
southern part of the array it is laterally offset from it by up to 8 km.
In the north—east of the array, mean fault strike changes from
NNE—SSW to WNW—ESE (Fig. 5¢—f). In cross-section, the majority
of the cover-restricted faults are planar and dip 45—55° on the
time-migrated seismic data. In map-view, the faults are straight or
slightly curved. Based on the vertical extent (i.e. height) of their
constituent fault segments, their location within the study area and
their inferred style of growth, the cover-restricted fault array is
divided into two geographic domains (northern and southern;
Fig. 5d).

4.2.1. Northern Domain

Faults in the Northern Domain (Figs. 5d and 7) are 1 km to at
least 3.2 km long, and they generally tip out downward either into a
very thin (<30 ms or 55 m) salt layer or within the basement where
salt is absent. The faults tip out upward within Triassic or Upper
Jurassic strata (Fig. 7a and b). Many fault tips are overlain by low-
relief (30 ms or 45 m) monoclines, especially above faults that do
not breach the mudstone-rich Upper Jurassic interval (Fig. 7b). T-z
plots (Fig. 7b) and throw strike-projections (Fig. 7d) for cover-
restricted faults in the Northern Domain are typically character-
ized by an asymmetric throw distribution. For example, maximum
throw (56 ms or 90 m) occurs at the centre of fault C1, near the
top Triassic (Fig. 7b), gradually decreasing downward (throw
gradient = 0.03) toward the lower Triassic, followed by an abrupt
decrease in throw and marked increase in throw gradient (throw
gradient = 0.30) from this stratigraphic level to the lower fault tip.
Above the position of maximum throw, throw decreases relatively
rapidly upward (throw gradient = 0.24) to just below the top of the
Bryne Formation. Above this point, throw decreases at a lesser rate
(throw gradient = 0.06) toward the upper fault tip, which occurs in
the lower part of the Sauda Formation (Fig. 7b). Near the lateral tips
of fault C1, where less throw occurs, the same gradual downward
decrease in throw into the lower part of the Triassic succession is
observed. In summary, T-z plots for cover-restricted faults in the
northern domain contain three main inflection points and are thus
characterized by: (i) high throw gradients just above where they
terminate downward into the salt; (ii) gentle throw gradients
within the Triassic succession; (iii) high throw gradients in the
Middle Jurassic; and (iv) low throw gradients in the Lower Jurassic.

Fig. 4. (a) Graph for depth to travel-time comparison so as to determine the depth conversion formula, using check shots from three nearby wells; (b) Throw-time (ms) plot and (c)

Throw — depth (m) differ in shape, but not geometry.



6 A.B.M. Tvedt et al. / Journal of Structural Geology 55 (2013) 1-20

Fig. 5. Simplified maps of fault patterns based on fault interpretations and coherance discontinuities in the horizontal continuity of amplitude of the seismic (variance maps) for: (a)
and (b) Basement (pre-Zechstein) fault array and salt distribution. (c) and (d) Cover faults at Middle Jurassic level for the Top Bryne Formation where the cover fault array has
approximately its maximum throw. Figure lines for later figures included. (e) and (f) the cover fault array at a Middle Cretaceous level displayed on the Top Higher Asgaard.
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Fig. 6. Example variance map of a measured basement fault with corresponding D-L profile. The measured basement fault can be divided into at 4 hard linked segments based on
the 3 throw minima.

Fig. 7. (a) and (b) Seismic profile illustrating the cover fault C1 to the right, bound between the basement or very thin salt and Upper Jurassic strata. T-z plot shows an asymmetric,
upward-truncated vertical-throw profile where the maximum throw is at the transition between Upper Triassic and Middle Jurassic. (c) Variance map of fault C1 in the Northern
Domain with each selected point for the throw-length profile along the Top Bryne Formation. (d) Throw strike-projections with truncated contours toward the upper tipline.
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Fig. 8. Expansion indices showing growth in the hanging wall of faults; (a) C1 the Northern Domain with increasing fault growth from the deposition of the Skagerrak, Bryne,
Sandnes, Egersund and Tau Formations. (b) C2 in the Southern Domain showing fault growth during deposition of the Skagerrak, Bryne, Egersund, Tau and Sauda Formations and
during deposition of the Hod Formation. (c) C3 in the southern domain show fault growth during deposition of Skagerrak, Bryne, Egersund and Tau Formations. (d) C4 in the
southern domain show fault growth during deposition of Skagerrak, Bryne, Egersund, Tau and the lower Asgard and Flekkefjord Formations.

Expansion indexes indicate increased hanging wall thickness for
the Skagerrak, Bryne Egersund Sandnes and Tau Formations
(Figs. 8a and 9a—b).

4.2.2. Southern Domain

Faults in the Southern Domain strike NE-SW, dip NW or SE and
are up to 6.2 km long (Fig. 5d). The majority of these faults tip out
upward in Lower Cretaceous strata and downward into the salt.

T-z plots taken at the point of maximum throw, and strike-
projections of throw on the fault surfaces indicates that, like the
faults in the northern domain, faults in the Southern Domain are
characterized by asymmetric throw distributions (Figs. 10—12).
Several faults in the southernmost part of the Southern Domain
bifurcate along strike, such that a single fault surface passes along-
strike into two, laterally separate segments (e.g. C3 and C4; Figs. 1,
10 and 13a). Where two segments are developed, they are typically
separated across and tip out into the mudstone-dominated Upper
Jurassic interval. For example, seismic sections and T-z profiles
(Fig. 10b) indicate that where throw on the structure is greatest
(70 ms or 109 m), fault C3 consists of a single fault surface with
throw distributed asymmetrically on the lower portion similar to
northern domain faults, whereas the upper portion of the fault has
more symmetrically distributed throw laterally and an overall c-
shaped profile in the slip direction. Two throw maxima are
observed on the fault: a lower one near the top of the Bryne

Formation (70 ms and 109 m), and an upper one near the top of the
Asgard Formation (36 ms or 47 m) (Fig. 10b). Along strike to the
north, C3 is represented by two discrete segments, with the upper
and lower segments being stratigraphically restricted to the Lower
Cretaceous and Triassic-to-Middle Jurassic intervals, respectively
(Figs. 10d and 13a). In this location, mudstone-dominated strata of
the Egersund, Tau and the Sauda Formations are undeformed, and
maximum throw on the lower and upper segment occurs near the
top of the Bryne (17 ms and 27 m) and Asgard (16 ms or 21 m)
Formations, respectively (Fig. 10d). A strike-projection of throw on
fault C3 confirms that the upper and lower segments are only
locally linked for about a 1 km long portion located near the centre
of its 7.5 km length (Fig. 10f). Furthermore, Fig. 10f indicates that the
lower segment has a strongly asymmetric throw distribution,
whereas the upper segment is characterized by relatively sym-
metric, broadly elliptical throw contours. Expansion indices and
isochron maps indicate increased hanging wall thickness for the
Skagerrak, Bryne, Egersund and Tau Formations (Figs. 8c and 9a—c).

Fault C4 has the same general geometry as fault C3, and is a
single fault where throw is greatest, and two physically separate
segments laterally toward the fault tips (C4 in Fig. 5d; Fig. 11).
However, T-z plots indicate that the point of maximum throw
(127 ms or 227 m) on the lower segment is observed within the
Triassic rather than near the top of the Middle Jurassic. Below
this point, throw decreases gradually and gently downward



Fig. 9. Isochron thickness maps illustrating sediment thicknesses and depocentre migration of the: (a) Bryne Formation (Upper Triassic to Middle Jurassic) with increased hanging
wall thickness in the graben toward the north, indicative of syn-sedimentary faulting during this time. (b) Sandnes and Egersund Formations (Middle -Upper Jurassic) where the
depocentre migrated southward. (c) Lower part of Sauda Formation (Upper Jurassic) where the main depocentre migrated further south. (d) Tor and Hod Formations (Upper
Cretaceous) with decreasing sediment thickness across the salt anticline (note the change of scale on this map). (e) Each interval used for time thickness maps is indicated by letters on
figure showing thickness variations of sedimentary sequences. Upper Triassic and Middle Jurassic sediments (highlighted purple and blue colours) increase in thickness toward the
NW indicating the initiation of the formation of a salt weld between the salt diapir and the salt anticline during this time. There is also a slight decrease in thickness from the east
toward the top of the salt anticline of the Upper Triassic sediments which may indicate build-up of the salt anticline. Intra Aalenian unconformity is thought to have caused some of the
thinning of the Skagerrak Formation across the salt anticline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(throw gradient = 0.10) within the lower part of the Triassic,
before abruptly and rapidly (throw gradient = 0.76) decreasing
just above the salt. In this location, the top of the salt is offset by
100 ms (186 m), whereas the base of the salt (i.e. top basement)
is not offset, even though the salt is relatively thin (<200 ms or
370 m) in this area (Fig. 11a—d and f). Above the point of
maximum throw, throw decreases gradually upward toward the
top of the Sauda Formation, thereby defining an overall asym-
metric profile to the lower segment of C4. In contrast, the upper
segment of fault C4 is characterized by a more symmetric dis-
tribution of throw and elongated, elliptical throw contours,
which are centred on the point of maximum throw (32 ms or
42 m) in the upper part of the Asgard Formation (Fig. 11f).
Expansion indices and isochron thickness maps indicate
increased hanging wall thickness for the Skagerrak, Bryne,
Egersund, Tau and the lower Asgard and Flekkefjord Formations
(Figs. 8d and 9a—c).

The Tau and Egersund Formations are typically folded into low-
relief (up to 50 ms or 75 m), 100—400 m wide synclines in the
hangingwalls of faults in the Southern Domain (Figs. 10a—d, 11a—b
and 12a—d). T-z profiles that include this ductile component of the
deformation show that the large amount of folding occurs in the
mudstone-dominated Upper Jurassic unit (Fig. 11b and d). The
relief of the synclines increases with increasing fault throw (e.g.
Tau Formation in Fig. 11b and d). Where the faults in the Southern
Domain bifurcate along strike, these mudstone-dominated Upper
Jurassic layers appear as low relief (22 ms or 33 m) monoclines
above the upper tip-line of the lower segment of the fault
(Fig. 10d).

4.3. Basement-involved faults

By definition, cover-restricted faults do not offset basement.
However, cover fault C2, which is located in the western part of
the Southern Domain, represents a notable exception because,
along its northern portion, it is physically linked to a basement-
involved fault (Figs. 12, and 13b). Where C2 is decoupled from the
basement-involved fault, T-z profiles display an asymmetrical
lower part located within Triassic-Upper Jurassic strata, and a
slightly offset upper part within Upper Jurassic-Cretaceous strata
(Fig. 12a—b). Two throw maxima are observed: a lower one at the
top of the Skagerrak Formation (48 ms or 76 m) and an upper one
at the top of the Asgird Formation (10 ms or 14 m). Along strike
to the north, where the cover-restricted and basement-restricted
faults are physically linked and form a through-going fault, T-z
profiles can be divided into three segments, where a lower
asymmetric portion has throw maximum at top Basement
(125 ms or 237 m) (Fig. 12c—d) with a rapid upward decreasing
throw gradient (0.79) into the salt, an asymmetric middle portion
and a symmetric upper part, which are similar to those observed
along strike to the south. Strike-projections of throw display
tightly spaced contours toward the lower fault tip. Tightly spaced
contours are also observed toward the top of the Bryne Forma-
tion (Fig. 12f), whereas the uppermost portion of the fault dis-
plays more elliptical contours that are centred on maximum
throw at the top of the Asgard Formation. Expansion indices and
isochron thickness maps indicates increased hanging wall
thickness for the Skagerrak, Bryne, Egersund, Tau, Sauda and Hod
Formations (Figs. 8b and 9a—d).

5. Growth of the thin-skinned fault array
Based on their stratigraphic occurrence (i.e. cover- or basement-

restricted, or basement-involved) and growth histories, we define
three type of faults: 1) cover-restricted growth faults formed by

radial propagation of a single fault surface, 2) cover-restricted
growth faults formed in response to dip-linkage of segments and
3) dip-segmented, basement-involved faults formed in response to
upward propagation of a sub-salt fault into the cover.

5.1. Cover-restricted growth faults formed by radial propagation

Cover-restricted growth faults are mainly developed in the
Northern Domain (Fig. 5d). Maximum throw is observed at the
top of the Triassic succession, suggesting that the fault nucleated
at this structural level. This interpretation is supported by the
observation that Middle Jurassic strata thicken abruptly across
these faults (Figs. 8 and 9a), which we also infer to mean that the
faults nucleated in the very shallow subsurface and/or rapidly
propagated upward to the free surface (Baudon and Cartwright,
2008a; Jackson and Rotevatn, 2013). Furthermore, high throw
gradients near the upper tips of these faults are characteristic of
syn-sedimentary growth faults (Fig. 14) (e.g. Nicol et al., 1996;
Baudon and Cartwright, 2008a). The elliptical throw contours,
which are centred on the position of maximum throw, and D-L
profiles strongly suggest that the fault grew via radial propaga-
tion of its tips rather than via segment linkage (e.g. Watterson,
1986; Walsh and Watterson, 1988; Baudon and Cartwright,
2008a). The absence of Lower Jurassic strata make it is difficult
to determine whether faulting also occurred during the Early
Jurassic. Irrespective of the Early Jurassic history of these faults,
the observation that the latest Middle Jurassic and Upper Jurassic
succession (Sandnes, Egersund and Tau Formations) thicken
across the faults, and that the upper tips are associated with high
throw gradients, indicate that these faults were active in the Late
Jurassic (Early Tithonian) (Figs. 7, 8a and 9a—b).

5.2. Cover-restricted growth faults formed by dip linkage of blind
faults

Most faults in the Southern Domain of the cover fault array are
longer and taller than faults in the Northern Domain, implying
that they accommodated strain over a greater rock volume than
their northern counterparts. Faults in the Southern Domain
(Fig. 5d) are characterized by either a single, continuous fault
surface that offset Triassic, Jurassic and Cretaceous strata
(Figs.10—12), or a fault surface that bifurcates along strike (Figs. 1,
10 and 13a). This variability in structural style, in combination
with their more complex throws distributions, suggests that faults
in the Southern Domain have a more complex growth history than
those in the north. The asymmetric throw distribution of the
lower fault segments of cover faults C2 and C3 show rapid upward
decrease in throw from the point of maximum throw. Based on
this observation, and expansion indices (Fig. 8b and c) and
isochron maps (Fig. 9), we interpret that faults exemplified by C2
and C3 were syn-sedimentary growth faults that were active from
the Triassic to Late Jurassic. Fault C4 has a slightly different throw
profile, characterized by a gradual upward decrease from the
point of maximum throw, which is indicative of a fault that
propagated blind and did not breach the free surface. However,
expansion indices (Fig. 8d) indicate that the fault breached the
surface during the middle Triassic, and remained as surface-
breaching structure until it was finally buried in the Kimmer-
idgian. The low throw gradients in the Triassic could possibly be
explained by high sedimentation rates in the south.

C2, C3 and C4 all show elliptical throw contours centred on
a second throw maximum located on the upper part of the fault.
We suggest that this throw distribution results from a second
phase of fault growth related to post-burial reactivation in
the Southern Domain, which occurred by either 1) upward,
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Fig. 10. (a) Seismic profile with cover fault C3 (C3) in the Southern Domain, where (b) is with interpreted horizons and faults. T-z plots indicate the asymmetric throw distribution
across the location of throw maximum. (c) and (d) Seismic profile illustrating fault C3 north of profile in (a) and (b). Cover Fault C3 has an upper and lower segment as indicated on
the T-z curve. (e) Variance map of fault C3 with corresponding throw length profile along the top of the Bryne Formation showing gradual decrease in throw toward the northern
and southern fault tips. (f) Throw strike-projections on the fault surface illustrating a concentric shape of throw distribution on the upper part of the fault segment, and an
asymmetrical shape on the lower part of the fault segment.
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Fig. 11. (a) Seismic profile with cover fault C4 in the Southern Domain, where (b) is with interpreted horizons and faults. (c) and (d) Showing fault segments which split along strike
into an upper and lower segment. T-z plots perpendicular to strike of the fault plane (red line indicating where drag is not included in the picks, while black line indicates where
throw is recorded at inflection points of the drag folds. (e) Variance map of Cover Fault C4 with corresponding throw length profile showing gradual decrease in throw toward the
northern fault tip, while more rapid decreasing throw toward the southern fault tip. (f) Throw strike-projections on the fault plane showing the asymmetrical throw distribution.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. (a) and (b) Seismic profile perpendicular to strike of the Cover Fault C2 in the Southern Domain. Here the fault offsets the basement, while in figure (c) and (d) a flat-ramp
structure decoupling the basement fault from C2,as shown by the T-z plots in (b) and (d). (e) Variance map of fault C2 with corresponding throw-length profile along the Top Bryne
Formation showing one throw minima at 2900 m, which can be an indication of early linkage of two individual fault segments. This linkage is also indicated on (f) the throw strike-

projection on the fault surfaces with two bulls’ eyes at level of Top Bryne. Throw strike-projections also illustrate the coupled and decoupled relationship between the lower and
middle segment through the salt.
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Fig. 13. (a) Ilustration of bifurcation of cover fault C3 along strike, where a single fault surface passes along-strike into two, laterally offset segments. (b) Illustration of the

interaction between the basement and cover fault C2.

blind propagation of pre-existing, buried faults (i.e. the ‘classic’
model for fault reactivation; Richard and Krantz, 1991) or 2)
by nucleation of a newly formed fault segment in the ‘cover’,
in Lower Cretaceous strata, which propagated downward (and
upward) before linking with the deeper segment (Fig. 14)
(Baudon and Cartwright, 2008b). We suggest the latter model
is applicable for faults in the Southern Domain, based on
the observation that two throw maxima are developed. One
is below and one above the Jurassic mudstone-dominated
detachment, which are separated by a zone of little or no
throw (Figs. 14c and d and 15). We interpret that folding adja-
cent to this style of fault documents upward propagation and
fault-related folding ahead of the upward-propagating, lower
segment; eventual linkage of the upper and lower segment

leads to breaching of the fold and its preservation in the hanging
wall of the now-linked structure (Mansfield and Cartwright,
2001; Rykkelid and Fossen, 2002).

6. Trigger for nucleation and growth of the cover-restricted
fault array

A key question is “What caused the nucleation and growth of
the cover-restricted fault array?” The north-western part of the
Egersund Basin is defined by a west-dipping half graben, which is
bound by the east-dipping Sele High Fault System. Sub-salt, Lower
Permian (and older) strata, and the salt-basement contact, dip
westward toward the basin-bounding fault (Fig. 16), implying that
the thin-skinned fault array could have simply formed as a gravity-
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Fig. 14. Simplified illustrations of a vertical throw distribution plots for (a) a syn-sedimentary fault, such as the faults in the northern domain; (b) for a fault which first was syn-
sedimentary with a blind fault nucleating in the overburden and propagating to interact with the syn-sedimentary fault; and (c) syn-sedimentary fault with a blind fault nucleating
in the overburden. The blind propagation of faults forms a monocline with the shale which acts more ductilly. As the two faults propagate, the monocline is breached resulting in
coupled deformation as in (b). (d) Simplified vertical-throw profiles from this study for comparison.

Fig. 15. Summary of analyses for this study. Fault activity is illustrated by wider shaded area for greater throw. Hanging wall growth of faults illustrating the thickening of different
formations in the hanging wall, and sedimentary growth on either side of the salt anticline are based on the thickness maps and expansion indices (see Figs. 8, 9 and 17).
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Fig. 16. (a) Time structure map of Top Basement with basement fault array on top and
the Sele High Fault System to the west. (b) Isochron thickness map of the ZSG. (c) The
salt anticline is close to parallel to the salt wall with diapirs to the west and the studied
fault array in the east. The lines on either side of the salt anticline represent profiles
used for expansion indices in Fig. 17.

driven system, triggered by basin margin faulting and associated
basement tilting. This interpretation would be consistent with the
mean NNE—SSW trend of the thin-skinned fault array. However,
salt mobilization, in the absence of thick-skinned tectonics, can also
occur. To assess whether the studied fault array formed in response
to thick-skinned extension and ‘passive’ gravity-gliding above the
salt or active growth of a salt structure, which may or may not have
been linked to basement-involved tectonics, we need to assess the
pattern of the salt mobilization.

6.1. Timing of salt mobilization

Several salt structures are developed in the north-western part
of the Egersund Basin. One of these structures is a broadly ENE—
WSW-trending salt anticline. This anticline displays relief of
500 ms (1019 m) and it is flanked to the west by an apparent weld,
where the salt would be very thin or absent (Figs. 2, 9e and 16b)
(Wagner III and Jackson, 2011). Because it is located only 10 km to
the west of, and has the same strike length as and trends sub-
parallel to the fault array, we speculate that salt flow related to
the growth of this anticline was responsible for the nucleation and
growth of cover-restricted fault array (Figs. 5 and 16b and c). We
therefore use seismic-stratigraphic observations from seismic
profiles, supra-salt isochron maps and isochron thinning ratios
(sensu Higgins et al., 2009; see also Jackson et al., 2013) to assess
the timing of formation of this salt anticline, and its temporal
relationship to the cover-restricted fault array (Figs. 9, 16 and 17).
Isochron thinning ratios illustrate the ratio between the sediment
thickness above the salt anticline and the thickness of the same
unit 6 km to the west and east of the salt anticline. The profile to
the west of the anticline is located above the salt weld and the one
to the east is located between the anticline and the fault array
(Figs. 16b—c and 17).

Our analysis indicates that the Lower Triassic interval is broadly
tabular and concordant with the folded upper surface of the salt
anticline, whereas the upper part of the Skagerrak Formation
(Carnian-to-Rhaetian age strata), the Bryne, Egersund, Sandnes and
Tau Formations, and the lower part of Sauda Formation (i.e. middle
Aalenian—to-middle Tithonian age strata) thin across the salt
anticline (Figs. 9e and 17). Major thickening of the Carnian-to-
Rhaetian interval of the Skagerrak Formation is only observed
down the western flank of the anticline, implying that the structure
was primarily growing in response to salt withdrawal from the
west, below the subsiding minibasin in the region of the future
weld (Fig. 17a). It is important to note that some thinning may have
been caused by erosion along the Intra Aalenian Unconformity
(Husmo et al., 2003), but from seismic profiles and growth analysis
it is clear that some of the thickening is related to true syn-
sedimentary structural growth (Fig. 9e). From the Bajocian to the
Bathonian, further growth of the anticline is demonstrated by
thickness variations in the Bryne Formation. However, in contrast
to the Triassic times, stratal thickening is asymmetric along strike of
the western limb, and most pronounced along the southern end of
the structure, implying preferential growth of the salt anticline in
this location at this time. Furthermore, thinning of Bajocian-to-
Bathonian strata onto the eastern flank of the anticline is
observed at this time, implying that: (i) salt was now being with-
drawn from east of the anticline; or (ii) that structures along the
newly initiated, cover-restricted fault array were responsible for
generating accommodation and thicker successions to the east of
the anticline. After a period of relatively dramatic growth in the
Triassic and Middle Jurassic (i.e. expansion indices of up to 4.5),
growth of the salt anticline during the Late Jurassic and Cretaceous
appears to have been more moderate (i.e. expansion indices <1.5).
Almost no growth occurred in the Albian to Cenomanian, before a
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Fig. 17. Profiles of expansion indices for the sedimentary formations on the western (Dark purple) and eastern side (green) of the salt anticline (for profile locations see Fig. 16¢); (a)
The upper part of the Skagerrak Formation; (b) the Egersund Formation (note the change in axis values on this specific profile); (c) the Egersund and Tau Formations; (d) the Sauda
Formation; (e) the Lower part of Asgard and the Flekkefjord Formation; (f) the higher part of the Asgard Formation; (g) the Cromer Knoll Group; (h) the Hod Formation; and (i) the
Tor Formation. The axes to the left give the expansion index value for the western side of the salt anticline, while the ones to the right are for the eastern side of the salt anticline.
Note that the axis values are the same on every figure with the exception of (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

second period of anticline growth occurred during the Turonian to
Campanian, which was principally associated with growth in the
north while thinning in the south on the western side of the salt
anticline (Figs. 9d and 17h). The same pattern can also be recog-
nized in strata of Maastrichtian age (i.e. Tod Formation), along the
smaller thickness variations imply slower rates of growth (Fig. 17i).

6.2. Controls on salt mobilization

These analyses indicate that salt flow and growth of the anticline
was pulsed, and can be divided into two stages. The first stage
occurred in the Late Triassic (Carnian times) (Hospers et al., 1988;
Serensen et al., 1992; Goldsmith et al., 2003). Hospers et al. (1988)
claimed that a large amount of salt structures developed indepen-
dent of faulting and were randomly distributed in the flat-bottomed,
deep part of the Norwegian—Danish Basin. In contrast, Koyi and
Petersen (1993) argued that the salt structures were largely
controlled by basement faults. We suggest that in the Triassic, ac-
tivity on the Sele High Fault System caused basement tilting and salt
flow, possibly due to the withdrawal of salt from the western side of
the anticline to feed a salt wall that developed in the immediate
hanging wall of the Sele High Fault System (Fig. 18a—c). The second
stage of salt mobilization occurred during the Late Cretaceous

(Figs. 9d, 17h—i and 18e—f), possibly in response to basin shortening
and inversion (Jackson et al., 2013). Diapir rejuvenation and ‘active’
diapirism has also been suggested for the large salt diapirs in Central
Graben, North Sea (Davison et al., 2000).

7. Discussion

7.1. What triggered nucleation and growth of the cover-restricted
fault array?

A clear spatial relationship exists between the cover- and
basement-restricted fault arrays. Previous studies have shown that
cover-restricted fault arrays are more likely to develop nearby and
strike sub-parallel to, basement-restricted faults, because flexure,
tilting and gravity gliding of the cover above basement faults can
lead to fault nucleation and growth (Vendeville et al., 1995; Erratt
et al, 1999; Withjack and Callaway, 2000). We propose that
Triassic activity on the Sele High Fault System triggered westward
gliding and mobilization of salt, and formation of the cover-
restricted fault array due to thin-skinned extension of the Triassic
cover (Fig. 18a—d). Based on the spatial relationship between the
cover- and basement-restricted fault arrays, we propose that
flexure of the cover across a series of sub-salt steps associated with
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Fig. 18. Simplified sketch of the evolution of the fault array. (a) to (c) Late Triassic cover faults developed from pre-existing basement-bounding faults and contemporaneous salt
mobilization during the Middle to late Triassic. This resulted in formation of the cover fault array in the Late Triassic. (d) The faulting continued into the Upper Jurassic when the
tectonic activity ceased and the cover fault array was buried. (e) Late Cretaceous inversion triggered re-mobilization of salt which led to nucleation of blind faults in the cover, which
again reactivated some faults within the fault array (f). To the North where the Zechstein Group was already depleted by the Middle Jurassic, no reactivation occurred (e).
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basement-restricted faults controlled the initiation and localisation
of the cover-restricted fault array. The Sele High Fault System acted
as a downdip buttress, which resulted in the formation of a salt-
cored buckle fold that was principally fed by salt derived from its
western margin. Death of the fault array probably occurred in
response to the development of the salt weld, and the cessation of
salt flow and cover gravity gliding.

We speculate that mild reactivation of the cover-restricted fault
array in the Southern Domain was triggered by Late Cretaceous
(Turonian) basin inversion (Jackson et al., 2013), which cause
shortening and amplification of the salt anticline, which may have
resulted in local extension of the cover updip to the east. The
location of basement-restricted faults and salt thickness controlled
the location and style of cover-restricted fault growth at this time.
For example, in the northern part of the fault array, where the salt is
relatively thin, the cover-restricted faults were not reactivated
(Fig. 18e). In the southern part of the fault array, where the salt is
relatively thick, cover faults were reactivated, and new faults
formed in the Cretaceous overburden (Fig. 18e and f). Furthermore,
salt thickness has a clear relationship to the magnitude of lateral
offset between basement and cover faults; i.e. cover faults in the
north are co-linear in cross-section with basement faults, whereas
in the south, lateral offset between these two fault populations
scales roughly with the thickness of the salt. These observations are
in general agreement with the predictions of scaled physical
models by Withjack and Callaway (2000), who indicated a close
relationship between the style and distribution of supra-salt
deformation and the thickness of salt, where the lateral offset be-
tween basement faults and cover faults increases with increasing
salt thickness.

7.2. Growth of normal faults in mechanically layered sequences

The growth of the fault array was influenced by mechanically
layered nature of the host rock. For example, salt locally
controlled the degree and style of coupling between sub- and
supra-salt deformation, and thick mudstone-dominated units in
the cover controlled the growth and final structural style of
several structures in the cover-restricted fault systems. The fact
that through-going, basement-involved faults bifurcate and pass
along strike into physically separate, laterally distinct segments,
which are decoupled by salt, implies that in the latter location,
the segments are kinematically coupled despite being geometri-
cally decoupled. This relationship suggests that kinematic co-
herency between sub- and supra-salt segments is maintained by
sub-seismic, distributed, ductile strains within the salt (Childs
et al., 1996; Schopfer et al., 2006). A similar interpretation can
be applied to the relationship between cover-restricted faults
that bifurcate along strike. In this case, thick mudstones, rather
than salt, deform by ductile flow and serve to maintain kinematic
coherency between the sub- and supra-mudstone segments. This
model of segmented fault growth by fault formation in ‘strong’,
brittle layers and, at least at low strains, ductile flow in ‘weak’
layers is consistent with the results of discrete element models
(DEM) of Schopfer et al. (2006).

8. Conclusions

This study has provided a detailed analysis of the geometry and
throw distribution of a thin-skinned fault array located immedi-
ately south—east of a low-relief salt anticline. We conclude that the
supra-salt fault array evolved in stages of (i) syn-depositional
growth faulting at the free surface due to salt mobilization trig-
gered by Triassic extension along major basin-bounding basement
faults; (ii) tectonic quiescence and burial of the fault tips Upper

Jurassic to Turonian times; and (iii) salt re-mobilization triggered
by basin inversion initiated in the Turonian, leading to blind reac-
tivation in parts of the fault array (Figs. 15 and 18).

The driving mechanism behind fault activation and reactivation,
and thus the overall evolution of the fault array is a combination
between basement faulting and salt (re-)mobilization in response
to regional tectonic events. In the final part of the evolution of the
fault array, reactivation appears to have been largely controlled by
salt mobilization in response to basin inversion without reac-
tivation of the basement-involved fault array, because faults that
show blind reactivation at this stage are located where the under-
lying salt is thick, while the non-reactivated faults are found where
salt is near depleted. Hence, reactivation only occurred where salt
mobilization was able to affect the fault array. The fault array pro-
vides an example of sub- and supra-salt faults that are geometri-
cally un-linked through the salt along most of its extent, but locally
physically linked where strains were sufficiently large to discretely
breach the ZSG. However, despite the large extent of geometric
decoupling across the ZSG, deformation was kinematically coupled,
in the sense that the basement faults still affected the nucleation
and localization of the cover faults.
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Abstract

Normal faulting and the deep subsurface flow of salt are the fundamental processes
controlling the tectonic development of many salt-rich sedimentary basins. However,
our detailed understanding of the spatial and temporal relationship between normal
faulting and salt movement is poor due to a lack of natural examples constraining their
geometric and kinematic relationship in three-dimensions. We use 3D seismic
reflection and borehole data from the Egersund Basin, offshore Norway to determine
the structure and growth of a normal fault array formed during the birth, growth and
death of an array of salt structures. We show that the fault array and salt structures
developed in response to; (i) Late Triassic-to-Middle Jurassic thick-skinned extension
and reactive diapirism; (ii) Early Cretaceous extensional collapse of the walls; and (iii)
Jurassic-to-Neogene active and passive diapirism, which was at least partly coeval with
and occurred along-strike from areas of reactive diapirism and wall collapse. Our study
supports physical model predictions, showcasing a three-dimensional example of how
protracted, multiphase salt diapirism can influence the structure and growth of normal

fault arrays.
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1. Introduction

Supra-salt normal fault arrays can form in response to halokinesis and/or regional
extension. During regional extension, which may be triggered by thick-skinned
extension, or thin-skinned gravity gliding or spreading, reactive diapirs form due to
upwelling of salt into space created by extensional thinning of overburden (Fig. 1)
(Vendeville and Jackson, 1992b; Jackson and Vendeville, 1994; Mauduit and Brun,
1998; Rowan et al., 1999; Hudec and Jackson, 2007). Even after regional overburden
extension has ceased, supra-salt faults can continue to grow in response to more local
stretching caused by active or passive diapirism (Fig. 1; Vendeville and Jackson,
1992b; Schultz-Ela et al., 1993; Rowan et al., 2003; Dooley et al., 2009). Faults
triggering reactive diapirism normally strike sub-parallel to elongated salt walls, with
progressively younger faults developing towards the crest of the salt wall as it rises; in
contrast, faults formed during passive or active diapirism are arranged in radial or
concentric arrays flanking the rising diapir (Vendeville and Jackson, 1992b; Davison
et al., 2000a). Salt diapirs may also collapse in response to ongoing thin-skinned
extension, principally due to widening of diapirs at a time when the amount of
extension outpaces salt flow into the diapir, which may be linked to the development
of salt welds (Vendeville and Jackson, 1992a; Rowan et al., 1999). As demonstrated
by physical models, it is thus plausible that a single diapir may simultaneously rise and
fall due to the along-strike flow of salt within the body, leading to arching-related,
radial and concentric faults where the diapir is active or passive, and wall-parallel faults
where the wall is rising or collapsing (Fig. 1d; Vendeville and Jackson, 1992a;
Vendeville and Jackson, 1992b; Ge et al., 1995; Guglielmo et al., 1997). The link
between overburden deformation and salt mobilisation is important, helping us
understand the kinematics and dynamics of salt mobilisation and, more generally, the

structural evolution of salt-bearing sedimentary basins.

To the best of our knowledge, the three-dimensional geometry and kinematic evolution
of a supra-salt fault array during the multiphase growth and demise of a salt diapir has

never been documented using data from a natural example, thus the predictions of
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Fig. 1. Conceptual figure showing diapir piercement during regional extension. The growth of
diapirs may go through some or all of these stages; (a) reactive diapirism; (b) active diapirism, where
the supra-salt cover load pressurizes the salt; and (c) passive diapirism where sediment downbuilding
occurs while the diapir continues to grow. These processes can occur simultaneously along strike
(d). Modified from Vendeville and Jackson (1992b) and Hudec and Jackson (2007).

physical models remain untested. Motivated by this, we here use high-quality 3D
reflection seismic and borehole data from the Egersund Basin, offshore Norway to
illustrate how supra-salt normal fault arrays may evolve during multiphase salt
diapirism (Fig. 2). We investigate the growth history of individual fault segments and
the fault array as a whole, before turning our attention to how this triggers and is
triggered by, multiphase salt mobilisation. Because there are no explicit, focused
studies on how faulting and salt flow are linked with emphasis on along-strike
variability, we investigate the effect that lateral migration of salt along the walls and
into flanking stocks has on the evolution of overlying fault arrays. The natural example

documented here tests the predictions of physical models replicating the rise and
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collapse of salt diapirs. We show that along-strike salt flow within mature salt diapirs
has an important control on the nature and timing of overburden deformation
(Vendeville and Jackson, 1992b; Vendeville and Jackson, 1992a; Ge et al., 1995;
Guglielmo et al., 1997; Guglielmo et al., 1999).

2. Geological Setting

The studied fault array lies in the Egersund Basin, which is located in the southern part
of the Norwegian North Sea, c. 115 km offshore SW Norway. The NW-trending basin
is bounded by the Sele High to the W, the Stavanger Platform to the NE, the Lista Nose
to the SE and the Flekkefjord High to the S (Fig. 2).

Initial opening and subsidence of the Egersund Basin occurred in response to Late
Carboniferous to Permian transtension, resulting in the formation of a series of normal
faults, including the Sele High Fault System, and the creation of the North Permian
Basin (Sgrensen et al., 1992; Ziegler, 1992). During the Early Permian, a thick
succession of continental sediments was deposited (Sgrensen et al., 1992; Glennie,
1998). During the Late Permian, a marine transgression occurred, leading to the
deposition of a thick succession of evaporites (the Zechstein Supergroup; Hodgson et
al., 1992; Sgrensen et al., 1992; Davison et al., 2000b; Glennie et al., 2003). The
Zechstein Supergroup is absent or very thin on the structural highs surrounding the
Egersund Basin (Jackson and Lewis, 2013; 2016), whereas it is relatively thick in the
basin centre (1000-1500 m; Sgrensen et al., 1992). During the Triassic, the Sele High
Fault System was reactivated, causing tilting of the Zechstein salt layer, and gravity-
gliding, stretching and normal faulting of the overburden (Fig. 2b) (Sgrensen et al.,
1992; Tvedt et al., 2013; Mannie et al., 2014; Jackson and Lewis, 2016). Small salt
rollers that developed between overburden rafts later evolved into salt diapirs, the
growth and demise of which was intimately related to the supra-salt fault array we

study here (see section 6).
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Fig. 2. Location of the Egersund Basin in the North Sea, NE of the Central Graben (red square in
the inlet of simplified structural map of the North Sea with the main structural imprints). Extent of
Zechstein Supergroup is based on own observations, combined with data from Evans et al. (2003),
Jackson and Lewis (2013). Structural maps based on Zanella and Coward (2003), Jackson and Lewis
(2013), data from the Norwegian Petroleum Directorate and own observations.
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Fig. 3. Stratigraphic framework showing the key (and interpreted) seismic horizons, their
representative ages and the tectonostratigraphic evolution of the Egersund Basin. Colour coding of
the different periods is continued throughout the article. The data used for the lithologies and
tectonostratigraphic framework are compiled from Sgrensen et al. (1992), Vollset and Doré (1984),
Tvedt et al. (2013), Norwegian Petroleum Directorate and well data.
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During the Early Jurassic, plume-related crustal up-warping led to the establishment of
the Mid-North Sea Dome, resulting in widespread erosion focused on the North Sea
Rift triple junction (Underhill and Partington, 1993). Lower Jurassic deposits are
therefore only locally preserved in the study area and, more commonly, are represented
by the intra-Aalenian unconformity (Husmo et al., 2003). As the Mid-North Sea dome
deflated in the Middle Jurassic, a new episode of rifting initiated, and basin-bounding
faults, such as the NW-trending Sele High Fault System, were reactivated (Fig. 2a)
(Sarensen et al., 1992; Underhill and Partington, 1993; Husmo et al., 2003).
Reactivation triggered renewed salt mobilisation and associated fault growth during
the Middle-Late Jurassic (Tvedt et al., 2013; Mannie et al., 2014). During the Late
Jurassic fault slip and overall subsidence rates were high (Fig. 3) (Vollset and Doré,
1984). Rifting ceased in the Early Cretaceous (Mgller and Rasmussen, 2003) and,
during the Late Cretaceous (Turonian - Maastrichtian), inversion occurred in response
to Alpine-related crustal shortening (Ziegler, 1992; Vejbaek and Andersen, 2002).
Inversion caused rejuvenation of pre-existing salt structures, expressed by diapir
squeezing and active diapirism (Wilson et al., 2013), a process that continued until the

Miocene (Segrensen et al., 1992).

3. Database and Methods

3.1. Database

The database for this study comprises two pre-stack time-migrated, three-dimensional
reflection seismic datasets (PGS MS_ST98M3 and PGS MC3D EGB2005), which are
tied to 15 wells (e.g. Figs. 2 and 4). The seismic data cover a total area of 3600 km?;
we here focus on a c. 250 km? portion of the north-western Egersund Basin, where salt

structures and their genetically related normal fault arrays are well-imaged (Fig. 2).
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Fig. 4. (a) Seismic well tie of well 18/10-1. (b) Checkshots from three wells in close proximity to
the studied fault array are used to construct a depth conversion formula. (c) Frequency map to show
the frequency variations in the interval of interest.
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Table 1: Wells within the Egersund Basin (Data from the Norwegian Petroleum Directorate).

Well TD depth (m RKB) Oldest penetrated stratigraphic unit
17/12-1R 4298 Zechstein

17/12-2 2334 Devonian (no formation defined)
17/12-3 2730 Skagerrak

18/10-1 2800 Skagerrak

8/3-2 2657 Skagerrak

9/2-1 3755 Skagerrak

9/2-2 3548 Skagerrak

9/2-3 3421 Bryne

9/2-4s 3313 Bryne

9/2-5 3354 Bryne

9/2-6s 3642 Bryne

9/2-8s 3345 Zechstein

9/2-11 2836 Bryne

9/3-1 1970 Skagerrak

9/3-2 3151 Skagerrak

Line sampling is 25 m and the seismic sections are displayed with normal polarity
(SEG European Convention; Brown, 2003), whereby an increase in acoustic
impedance is represented by a peak (black), and a decrease by a trough (red). Inlines
are orientated N-S and crosslines are orientated E-W. The dominant frequency in the
interval of interest is ¢. 25-45 Hz and acoustic velocities range between 2700 and 3700
ms, yielding a vertical seismic resolution of c. 15-43 m in the interval of interest (Fig.
4c). This resolution is sufficient to allow detailed mapping of the salt structures and
their genetically related normal fault arrays, and pre-, syn- and post-kinematic strata

documenting their growth (see below).

We have mapped 16 seismic horizons, the ages of which are age-constrained by 15
wells located within the seismic survey area (Figs. 3 and 4a, Table 1). Mapping of these
horizons allows us to constrain how throw is distributed on the salt-related faults and
to determine their kinematics (see section 3.2). We mapped 22 faults; seven of the
largest, best-imaged faults that accommodated the majority of the extensional strain,
were selected for detailed kinematic analysis. The faults have been mapped on seismic

profiles orientated perpendicular to local fault strike. Attribute maps (e.g. variance
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maps showing coherence discontinuities in the horizontal continuity of amplitude of
the seismic; Bahorich and Farmer, 1995; Cartwright, 2007) are used to aid fault

interpretation.

3.2. Methodology

In this study we use three different techniques to document the structural style and
assess the growth of the supra-salt fault array. First, we use throw-distance analysis (T-
X) and throw backstripping to detect zones of linkage between fault segments and to
elucidate the lateral growth of faults (Walsh and Watterson, 1990; Childs et al., 1995;
Gawthorpe and Leeder, 2000; Gupta and Scholz, 2000; Kim and Sanderson, 2005; Giba
et al.,, 2012). As we demonstrate in section 5, the faults established their near-full
lengths early in their growth history, before progressively accumulating displacement
without further significant lateral tip propagation (cf. Walsh et al., 2002; Giba et al.,
2012); we therefore elect to use the “vertical throw subtraction method” (Chapman and
Meneilly, 1991; Childs et al., 1993) rather than the ‘T-max method’ (Rowan et al.,
1998; Dutton and Trudgill, 2009) for throw backstripping. Second, we use throw-depth
analysis (T-z) to: (i) assess the role of dip linkage during normal fault growth, (ii)
evaluate how the mechanical properties of the host rock influences fault growth, and
(iii) identify periods of syn-sedimentary faulting and blind fault propagation
(Mansfield and Cartwright, 1996; Nicol et al., 1996; Jackson and Rotevatn, 2013;
Tvedt et al., 2013). Third, isochron (time-thickness) maps and expansion indices are
used to investigate growth strata thickness variations, which can provide important
information on the formation and growth of depocentres and, therefore, the kinematics
of the bounding faults (Thorsen, 1963; Rouby et al., 2003; Jackson and Rotevatn, 2013;
Tvedt et al., 2013).

Fault throw is recorded perpendicular to local fault strike every 100-200 m, depending
on the degree of structural complexity and rapidity of along-strike throw variations.
We have assigned an error of throw measurements in the Middle Jurassic and post-

Aptian succession, within which the seismic quality is good-to-excellent, to +4 ms. The
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seismic quality within the Triassic and Tithonian—to-Aptian successions is poor-to-

good, and we therefore estimated the throw measurement errors to be +8 ms.

We use checkshot velocity data from five nearby wells (8/3-2, 9/1-1S, 17/12-1, 17/12-
2 and 18/10-1; Table 1) to depth convert throw values recorded in milliseconds two-
way time (ms TWT) to metres (Fig. 4b). Depth conversion indicates that the patterns
and shapes of throw variations on T-z plots are the same in both the time and depth
domains; throw values are therefore presented in milliseconds two-way time (ms TWT)
rather than metres (cf. Baudon and Cartwright, 2008c). Taylor et al. (2008) demonstrate
that differential compaction may influence calculation of fault throw in cases where
the faulted growth sequence has a high shale content (>70%) and post-faulting burial
is large (i.e. several kms). The faults we study have <2 km throw and are buried to
relatively shallow depths (<0.5 km), and the host rock is comprised of a mixed sand-
shale sequence with limited lateral sedimentological heterogeneity in the faulted
succession. These observations suggest that differential compaction did not strongly
influence throw variability on the studied faults, nor did it negatively impact our
kinematic analysis derived from these throw data (Mansfield and Cartwright, 1996;
Taylor et al., 2008).

4, Salt structures

The Egersund Basin contains a range of salt structures, including salt walls, stocks and
anticlines (Figs. 5 and 6). Salt stocks are up to 2500 ms TWT tall (3550 m), typically
extending up from the Upper Permian source layer into the Lower Palaeocene (SU11)
(e.g. Omega Diapir; Mannie et al., 2014), or into the Upper Eocene-Middle Miocene
(SU13) (e.g. Delta Diapir; Mannie et al., 2014) (Figs. 5 and 6). The Omega and Delta
diapirs are per definition salt stocks, but for consistency with a previous naming
convention established by (Mannie et al., 2014), we retain these names. Salt walls and
anticlines are up to 700 ms TWT thick (1200 m) and 500 ms TWT thick (1019 m; e.g.
the Xi anticline; Fig. 5), respectively. Between salt structures, the salt is relatively thin
(typically <160 ms TWT or <300 m), or welded (Figs. 5 and 6).
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Fig. 5. Isochron map illustrating salt thickness in the studied part of the Egersund Basin, including
major salt structures, such as salt walls, salt stocks and salt anticline.

In this study we focus on the supra-salt fault array that formed to the NW and SE of
the Delta Diapir (Fig. 7). The salt walls underlying the studied supra-salt fault array
trend SE and are divided into two parts, separated by the Delta Diapir; (i) a north-
western wall that is 14 km long, 3.1 km wide and 490 ms TWT (1039 m) thick; and (ii)
a south- eastern wall that is 18 km long, 3.7 km wide and up to 549 ms TWT (1004 m)
thick, which is pinned between the Delta and Omega diapirs (Figs. 5 and 6). Both salt
walls have relatively sharp triangular crests and occur in the footwall of major supra-
salt normal faults (e.g. Fig. 8a). The south-eastern salt wall gradually increases in
height towards the NW towards the Delta Diapir, where it pierces through the Jurassic
strata. In contrast, on the north-western side of the Delta Diapir, the transition from salt
wall to salt stock is steeper (Fig. 6a). A small salt accumulation, which may indicate
an immature salt stock, is observed near the central part of the south-eastern salt wall
(Fig. 5 and 6). The salt walls and the Delta and Omega diapirs are flanked to the NE
and SW by salt welds.
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Fig. 6. Seismic profiles showing a cross section of the Delta and Omega diapirs perpendicular and
parallel to strike of the studied supra-salt fault array, illustrating the graben configuration and
stratigraphic sequences affected by growth of the fault array and salt stocks.
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5.  Geometry and kinematics of the supra-salt fault array

The studied supra-salt fault array trends SE, parallel to the underlying salt walls. The
fault array is 36 km long and up to 7.5 km wide, and consists of a series of NE- and
SW-dipping normal fault segments with throws up to 1190 ms TWT (2180 m; Figs. 7
and 8b). Individual fault segments are soft-linked or hard-linked, separated by breached
or unbreached relay zones (Fig. 7a-f). Some faults bifurcate along strike and bound
narrow fault lenses of host rock. The fault array on the NW side of the Delta Diapir,
and between the Delta Diapir and the Omega Diapir, form the boundaries to relatively
asymmetric half-grabens. Individual fault segments are up to 16 km long, slightly
cuspate and convex-into-the-footwall in map-view; immediately adjacent (<2 km) to
the salt stocks, however, fault strike abruptly changes by c. 90° and the faults terminate
at ¢. 90° to the stock-sediment interface (Fig. 7a-f). In cross-section, the faults are
relatively planar, although their dip locally decreases towards their lower tips as they

approach and ultimately detach in the salt (Fig. 8b).

5.1. Graben-bounding faults: geometry and throw distribution

In this section we describe three of the major graben-bounding faults that display
geometric features and growth histories characteristic of the three stages of fault growth
we later define (F1, F2 and F7). The geometry and kinematics of some minor antithetic

faults will also be briefly described in section 5.1.4.

Fault - F1

F1is 16 km long and is laterally pinned between the Sele High Fault System in the NW
and the Delta Diapir in the SE (Fig. 7). F1 strikes WNW-ESE, dips to the NNE and is
mainly salt-detached, although locally, to the NW, the fault cross-cuts the salt and
extends down into the pre-salt succession (Fig. 8). The faults upper tip is located within
the Upper Cretaceous (Turonian-Danian; SU9-SU11) succession to the NW and the
Eocene (Selandian-Lutetian; SU12) succession to the SE (Fig. 8a-c). Maximum throw
(1190 ms TWT; 2180 m) is located near the fault centre, near the top of the Upper
Triassic (SUL) (Fig. 8b). On T-x profiles for the lower, Triassic to Upper Jurassic units
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Fig. 7. Simplified maps of fault patterns based on fault interpretations and coherence discontinuities
in the horizontal continuity of amplitude of the seismic (variance maps) for; (a) and (b) H4-
Kimmeridgian; (c) and (d) Cover faults at H8 —Cenomanian level; (e) and (f) the cover fault array at
H10 — Maastrichtian level. (g) Variance map of top Pre-salt. (h) Time structure-map of top basement.
Locations of later seismic sections are included in Fig. 7c.
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Fig. 8. (a-c) Seismic profiles illustrating the geometry of the fault F1, including T-z profiles and
corresponding expansion indices. T-z plot shows an asymmetric, upward truncated vertical-throw
profile where the maximum throw is at the transition between SU1 and SU2. (d) Throw-Distance
plot illustrating the lateral variation in throw along strike of F1 for individual seismic units. (e)
Expansion indices along strike of F1, indicating that the fault length was established during
deposition of SU5 (Tithonian). (f) Throw strike-projections of F1 illustrating the three-dimensional
throw distribution.
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Fig. 9. Isochron maps of; (a) SU5-SU7 (Tithonian-Aptian), (b) SU8 (Albian-Cenomanian), (c) SU9
(Turonian-Campanian), (d) SU10 Maastrichtian and (e) SU11 (Danian) illustrating depocentre
locations and fault growth.

(H1-H5), throw decreases relatively symmetrically away from the location of
maximum throw, with high throw gradients occurring towards both lateral tips (e.g. up
to 0.3 and 0.6 to the NW and SE, respectively, at the stratigraphic depth of H5; Fig.
8d). We also note that individual throw maxima for the upper units (Cretaceous; H6-

H10) are located progressively closer to the Delta Diapir (Fig. 8d).

160



The T-z profile and throw strike-projections for F1 show an asymmetric vertical throw
distribution characterised by two throw maxima: a lower maximum (1190 ms TWT;
2180 m) located near the top of the Triassic (SU1) and a minor upper maximum (63
ms TWT; 78 m) located near the top of the Maastrichtian (SU10) (Fig. 8b, ¢ and f).
The lower segment of the T-z plot, which contains the lower throw maximum, is
characterised by high throw gradients (1.6) below the throw maximum towards the
lower salt-confined tip. Relatively high throw gradients (1.0) also characterise the part
of the fault surface located between the lower throw maximum and the top of the
Albian-Cenomanian succession (SU8). From the Turonian (SU8) towards the top of
the Campanian (SU9), throw decreases gradually upwards to the throw minimum
separating the lower and upper maxima. Throw then increases upwards to the second
throw maximum located near the top of the Maastrichtian (SU10); from here upwards

towards the upper fault tip, throw gently decreases (gradient of 0.13).

Throw gradients are positively correlated with expansion indices (i.e. high throw
gradients correlate with units characterised by large expansion indices; Fig. 8a-c).
Furthermore, isochron maps confirm that across-fault stratal expansion occurs in the
Aalenian-Cenomanian succession (SU2-SU8), indicating that F1 was active during
deposition of these units (Fig. 8a-c and e). Across-fault expansion of relatively old
growth strata (i.e. Bajocian-Tithonian; SU2-SU5; Fig. 8a,c and e) immediately inboard
of the present lateral fault tips indicates that the early fault-controlled depocentre was
nearly as long as the present length of F1; this indicates that the fault had established
its length early, during deposition in the Tithonian (SU5) (cf. Walsh et al., 2002; Childs
et al., 2003; Jackson and Rotevatn, 2013). The greatest across-fault stratal expansion
(EI=3) occurs in the Tithonian-Aptian, suggesting this is the period when the fault was
most active (SU5-SU7; Fig. 9a). No across-fault expansion (EI=1) occurs in the
Turonian-Campanian (SU9), which we interpret to document a period of relatively
minor fault activity. A subsequent period of syn-depositional faulting is recorded by

across-fault expansion of the Danian (SU11) (EI=1.38) interval (Figs. 8b-c and 9c-¢).
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Fault - F6

F6 is 12 km long, dips to the SSW, strikes ESE-WNW and is pinned to the NW by the
Delta Diapir (Fig. 7). F6 detaches downward into salt and its upper fault tip is located
within the Eocene (Selandian-Lutetian) succession (SU12; Fig. 10a). Maximum throw
(653 ms TWT; 1052 m) is located near the fault centre, near the top of the Tithonian
(SU5) (Fig. 10a). At the stratigraphic depth of SU5, throw gradients towards the lateral
tips are broadly similar, although lateral throw gradients are higher towards the NW
and the Delta Diapir, than towards the SE (e.g. H4 and H5; Fig. 10c). In a similar
manner to that observed for F1, individual throw maxima for the overlying Cretaceous
and Palaeogene units (H6-H12) are located progressively closer to the Delta Diapir for
F6 (Fig. 10c).

The vertical distribution of throw on F6 is broadly similar to that of F1. Overall, two
zones of high throw are observed in the Tithonian (SU5) and Maastrichtian (SU10),
with these being separated by a throw minimum in the Turonian-Campanian succession
(SU9) (Fig. 10a-b). The stratigraphic depth of maximum throw is slightly shallower on
F6 (near top Tithonian) than on F1 (near top Triassic) (Figs. 8a-c, e and 10a-b). SU1-
SU3 (Triassic-Oxfordian) are however not present in the hangingwall of the fault,
possibly due to tectonic thinning of the roof of the salt wall or no deposition here as a
result of erosion of the lower most units as the salt was rising. The lower segment of
the T-z plot, which contains the lower throw maximum (653 ms TWT; 1052 m), is
characterised by high throw gradients away from this point of maximum throw, both
downwards towards the lower salt-confined fault tip (0.78) and upwards towards the
top of the Turonian-Campanian succession (SU9) (0.57) where the throw minimum
occurs (Fig. 10a). From the throw minimum upward, throw steadily increases to the
upper throw maxima (117 ms TWT; 134 m), and from here upwards towards the upper
fault tip, which is located within the Selandian-Lutetian succession (SU12), throw

decreases gently (gradient of 0.32).
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Fig. 10. (a) Seismic profiles illustrating the geometries of fault F6, with corresponding T-z profile
and expansion index plot. (b) Throw strike-projections of F6 illustrating the three-dimensional throw
distribution. (c) Throw-Distance plot illustrating the lateral variation in throw along strike of F6 for
individual seismic units. (d) Expansion Indices along strike of F6, indicating that the fault length
was established during deposition of SU6 — SU7 (Berriasian-Aptian).

As observed for F1, throw gradients on F6 are positively correlated with expansion
indices. Expansion indices and isochron maps indicate that F6 broke surface during
deposition of the Berriasian-Barremian succession (SU6) (EI=2.7; Fig. 10a).
Expansion indices of >1.3 in the Berriasian-Barremian succession (SU6), immediately
inboard of the lateral fault tips (Fig. 10d) suggest that the depocentre was nearly as long
as the present length of F6, again demonstrating that the fault had established its near-
full length early in its history, during the Berriasian-Barremian. Greatest across-fault

stratal expansion occurs within the Berriasian-Aptian succession (SU6-SU7; EI=2.7-
164



2.2), thus we interpret this was a time of significant displacement accumulation. Minor
across-fault stratal expansion characterises the Albian-Cenomanian succession (SU8)
(E1=1.2), likely signifying a time of relatively minor fault activity and displacement
accumulation. We interpret that interval characterized by relatively low across-fault
expansion (SU9-10; Turonian-Maastrichtian) documents a period of relatively minor
fault activity. Increased across-fault expansion of the Danian succession (SU11)
(E1=2.0) is signifying a subsequent period of more significant displacement (Fig. 9e
and 10a). The Upper Eocene-Middle Miocene succession (SU13) increases in thickness
into the synclinal flexure developed on the hangingwall side of F6 (Fig. 10a); this
observation suggests the fault grew by blind propagation during the Late Eocene-

Middle Miocene, and since then, has been inactive.

Fault - F7

F7is 16 km long, dips to the NNE and strikes WNW-ESE. F7 detaches downward into
salt and is bound by the Omega Diapir to the SE (Figs. 7 and 11a). On the NW side of
the salt culmination between the Delta Diapir and the Omega Diapir (Fig. 6a), the upper
tip of F7 is located within the Lower Cretaceous (Berriasian-Barremian) succession
(SU6), whereas on the SE side it is mainly located within the Eocene (Selandian-
Lutetian) succession (SU12 or SU13; Fig. 11a-b). Maximum fault throw (414 ms TWT,;
695 m) is observed at the centre of the fault near the top of the Tithonian (SU5; Fig.
11a; cf. F6). T-x profiles for F7 are relatively asymmetric at all stratigraphic levels.
Furthermore, these profiles indicate that F7, on the NW side of the salt culmination
between the Delta and Omega diapirs, only offsets the Kimmeridgian-Tithonian (SU4-
SU5S), whereas, on the SW side, it offsets strata as young as Salandian-Lutestian (SU12)
(Fig. 11b). T-x profiles for H4 and H5 show higher lateral throw gradients towards the
tip located adjacent to the Omega Diapir (0.51 and 1.05 respectively), whereas lower
throw gradients occur towards the NW (0.15 and 0.9 respectively) (Fig. 11b).
Individual throw maxima for the Cretaceous and Palaeogene units (H6-H12) are
located progressively closer to the Omega Diapir (Fig. 11b; cf. F1 and F6; Figs. 8d and
10c).
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T-z profiles for F7 show the same characteristics as for other supra-salt faults located
further to the NW (e.g. F1 and F6; Figs. 8 and 10), with an asymmetric vertical throw
distribution characterised by two throw maxima: a lower maximum (414 ms TWT; 695
m) located near the top of the Tithonian succession (SU5) and a more subtle, upper
maximum (63 ms TWT; 78 m) located near the top of the Maastrichtian succession
(SU10) (Fig. 11a). The lower segment of the T-z plot, which contains the lower throw
maximum, is characterised by low throw gradients away from the throw maximum
downwards towards the lower salt-confined fault tip (0.2), and upwards from the throw
maximum towards the top of the Berriasian-Cenomanian succession (SU8) (0.4). From
the top of the Berriasian-Cenomanian succession (SU8) towards the top of the
Maastrichtian succession (SU10), throw increases gradually (0.1) upwards to the
second throw maximum; from here upwards towards the upper fault tip within the

Danian succession (SU11), throw decreases by a throw gradient of 0.4 (Fig. 11a).

Expansion indices and isochron maps indicate that F7 broke surface during deposition
of the Berriasian-Barremian succession (SU6). Expansion indices for SU6 are >>1
immediately inboard of the present lateral fault tips (Fig. 11c), suggesting F7
established its near-full length early in its history, by Berriasian-Barremian times.
Expansion indices and isochron maps indicate F7 was active during the Berriasian-
Cenomanian (SU6-SU8), was inactive during the Turonian-Maastrichtian (SU9 and
SU10; Fig. 11a), and was reactivated during deposition of SU11 (Danian) (Fig. 9 and
11a).
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Fig. 11. (a) Seismic profile showing the F7 with corresponding T-z diagram and expansion index
plot. (b) Throw-Distance plot illustrating the lateral variation in throw along strike of F7 for
individual seismic units. (c) Expansion Indices along strike of F7, indicating that the fault length
was established during deposition of SU6 (Berriasian-Barremian).
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5.2. Secondary faults

Even though the large faults described above accommodated much of the strain
associated with growth history of the supra-salt fault array, we feel it is necessary to at
least briefly describe the structural style and kinematics of smaller, ‘secondary’ faults
if we are to fully understand the whole growth history of the fault array. These faults
strike broadly parallel to the large faults (i.e. WNW-ESE) and underlying salt walls,
have up to 478 ms TWT (c. 800 m) throw and are up to 11 km long (e.g. F2-F5 and F8;
Figs. 7, 8a-c, 11a, 12 and 13). Many of these faults are antithetic to the large faults,
with maximum throw occurring at various stratigraphic levels (e.g. near the top of SU1
for F5, near the top of SU4 for F3, and near the top of SU5 for F2 and F9; Figs. 8 a-c,
12 and 13). These secondary faults are mainly progressively younger towards the crest
of the salt walls (Figs. 12 and 13). Furthermore, whereas almost all secondary faults
have their lower tips near the top of the salt, their upper tips lie at various stratigraphic
levels, from as deep as the Tithonian (SU5; e.g. F11 in Fig. 12) to as shallow as the
Upper Eocene-Lower Miocene succession (SU13; e.g. F8 in Fig. 12). Isochron maps
and expansion indices indicate that the secondary faults initiated after and are thus
slightly younger than F1, F6 and F7 (i.e. F5 formed during deposition of SU2, and F2
during deposition of SU6; Fig. 13).
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Fig. 12. Seismic profile perpendicular to strike of the fault array, crossing the salt culmination
between the Delta and Omega diapirs, showing the geometries of Faults F7-F12. Arrows are
indicating first seismic units showing fault related growth.
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Fig. 13. Block diagram showing the fault array on top of SU5 (Tithonian) showing the map view
geometries of faults and diapirs, with corresponding T-z profiles of smaller scale faults, F2-F5.

6. Growth of the supra-salt fault array; interpretation and discussion

By analysing salt body and fault geometry, fault throw patterns, and thickness
variations in pre- and syn-kinematic strata, we here outline the trigger and driving
mechanisms for, and growth history, of the supra-salt fault array described above. For
each stage of salt-fault development, we begin by outlining the fault kinematics before
focusing on how this relates to salt mobilisation and the growth of salt structures.
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6.1. Initial fault growth, reactive diapirism and initial salt stock formation
6.1.1. Initial fault growth and fault length establishment

Based on T-z, T-x and El plots, and thickness changes in syn-kinematic growth strata,
we interpret that supra-salt fault initiation was strongly diachronous across the array,
spanning the Late Triassic to Late Jurassic, and that the depth of fault nucleation varied.
This interpretation is based on the following observations; (i) maximum throw occurs
near the top Triassic (SU1) on F1 (Fig. 8b), suggesting this fault nucleated at this
structural level. Across-fault thickening of immediately overlying Middle Jurassic
strata suggest the fault nucleated in the very shallow subsurface and/or rapidly
propagated upward to the free surface (Nicol et al., 1996; Baudon and Cartwright,
2008b; Jackson and Rotevatn, 2013; Tvedt et al., 2013); (ii) maximum throw on F6 and
F7 occurs near the top of the Upper Jurassic succession (SU5), suggesting that these
faults nucleated at this structural level (Figs. 10a and 11a). High throw gradients above
the point of maximum throw (SU5 for both F6 and F7), and across-fault thickening of
immediately overlying Lower Cretaceous strata into the early formed depocentres
suggest the faults nucleated in the very shallow subsurface and/or rapidly propagated
upward to the free surface (Figs. 9a, 10 and 11). Shallower and later nucleation of F6
and F7 compared to F1 further suggest the fault array nucleated earlier on the NW than
the SE side of the Delta Diapir; and (iii) T-z profiles and expansion indices for the
secondary faults indicate they nucleated at broadly the same time as the larger faults
(i.e. Middle Jurassic to earliest Cretaceous), but at shallower stratigraphic levels
towards the central parts of the graben and near the crests of the salt walls (e.g. F2-F5
and F8-F12; Fig. 8a-c, Fig. 12 and 13). Lower Jurassic strata are only locally preserved
in the Egersund Basin due to the erosion related to growth of the Mid-North-Sea Dome,
thereby making it difficult to determine how the faults evolved during the Early

Jurassic.

Isochron maps and expansion indices suggest F1 had established its near-full length by

the Tithonian (SU5), c. 21 Myr after its initiation, which equates to only 19% of its

total c. 112 Myr slip history (Fig. 8d and 9a). F6 and F7 had established their near-full

lengths by the Berriasian—Barremian (SU6), c. 20 Myr after they initiated, which
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equates to ¢. 19% of their total c. 104 Myr slip history (Figs. 10d and 11c). The faults
thus established their full lengths early in their growth history before progressively
accumulating displacement (Figs. 8, 10 and 11) (cf. Walsh et al., 2002; Giba et al.,
2012). Based on this observation, we elect to use the ‘original method’ of Chapman
and Meneilly (1991) and Petersen et al. (1992) rather than the ‘vertical throw
subtraction method’ of Dutton and Trudgill (2009) for throw backstripping and to
analyse the kinematic history of the fault array in greater detail (Fig. 14) (see Jackson
et al., in review). Our analysis indicates that F1 had attained c. 75% of its final length
by the end of the Bathonian (SU2) (Fig. 14a) and its near-full length by the Tithonian;
Likewise, F6 lengthened rapidly before accumulating displacement, attaining c. 79%
of its final length by the end of the Barremian (SU6), with its near-full length
established by the end of the Aptian (SU7) (Fig. 14b).

We suggest that lateral propagation of the fault array was impeded by intrabasin
heterogeneities, which drove the switch to fault growth by displacement accumulation.
The north-western part of the fault array terminates at the Sele High Fault System,
which was active during the Triassic and Jurassic, and which became inactive during
the Cretaceous (Jackson and Lewis, 2016). North-westwards termination of the supra-
salt fault array at the Sele High Fault System suggest the latter was likely present before
and thus may have restricted the north-westwards propagation of the former (Figs. 2a
and 7). Expansion indices and isochron maps (Figs. 8e and 9a) indicate that the fault
array established its full length relatively early in its development during the Late
Jurassic and, therefore, that its lateral fault tip was located near the Sele High Fault
System at this time (SU5). The significant (c. 90°) and abrupt change in fault strike
immediately adjacent to the Delta and Omega diapirs (Fig. 7, 8, 9 and 10) suggests
these structures were present, at least in an embryonic form, and forming lateral barriers

to fault propagation and strike during the earliest stages of fault growth.
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Fig. 14. Throw backstripping of the F1 (a) and F6 (b), illustrating early fault establishment. Note
that H1, H2 and H3 cannot be mapped SE of ¢. 12000 m for F1, due to poor seismic imaging below
the overhanging diapir flank.
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6.1.2. Reactive rise and early stock nucleation

Having established that initial fault nucleation occurred in the Late Triassic to Late
Jurassic, we here turn our attention to the impact this had on salt mobilisation and how
this impacted further fault growth. We suggest that supra-salt faulting in the Late
Triassic caused the initial reactive rise of salt in the form of rollers, which eventually
grew to form salt walls (Fig. 15 and 16a). Our kinematic analysis (Figs. 10 and 11)
indicate that faults initiated slightly later to the SE of the Delta Diapir than to the NW,
and that reactive rise of the diapirs occurred until at least the Early Cretaceous, as

indicated by the younging of faults towards the salt wall crest (Figs. 12, 15 and 16).

Younging of faults towards the salt wall crest (e.g. F1 and F2-F5; Fig. 8, and F7-F12;
Fig. 12) suggest salt rose in response to reactive diapirism (Vendeville and Jackson,
1992b). This interpretation is further supported by the fact that F1, and F6 and F7 were
surface-breaking growth faults during the Late Triassic-Late Jurassic (Fig. 8) and Late

Jurassic (Figs. 10 and 11) respectively, which was coeval with regional thick-skinned

Fig. 15. Seismic profiles illustrating how different parts of the fault array reflect different stages of
the growth history where reactive diapiric rise, collapse and active rise of salt have occurred
simultaneously along strike, showing similarities with Vendeville and Jacksons (1992a) physical
models.
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extension (Sgrensen et al., 1992; Vendeville and Jackson, 1992b; Jackson and
Vendeville, 1994). Progressively younger faults occur towards the central part of the
salt wall near the salt culmination between the Delta and Omega diapirs (Fig. 12). We
interpret that the broadly triangular salt wall profile observed beneath F6 and F7 (Figs.
11a, 12a) and above the salt culmination between the Delta and Omega diapirs (Figs.
12 and 15), represent remnants of reactive diapirs, the geometries of which were
modified during subsequent diapir extensional collapse (Vendeville and Jackson,
1992b; Mauduit and Brun, 1998) (see also section 6.2.2).

The physical models of Ge et al. (1995) show that reactive diapirs are capable of
restricting lateral growth of supra-salt faults and causing a local change in fault strike
near the salt-sediment interface (Y-shaped splay), the latter likely reflecting near-diapir
stress perturbations. We observe similar salt-fault relationships in the Egersund Basin,
with Kimmeridgian faults changing strike by c. 90° immediately adjacent to the Omega
and Delta diapirs (Fig. 7a-b), suggesting these salt structures were present, at least in
an immature form, and able to influence fault geometry and growth at this time. This
observation also suggests that salt stock nucleation and initial inflation pre-date fault
formation, explaining why the fault tips were pinned laterally at an early stage and why
subsequently growth was thus primarily by displacement accrual. This is further
supported by the observation that Middle-Upper Triassic strata are thin towards the
Delta and Omega diapirs and the intervening salt walls (e.g. Fig. 6 and 12), suggesting

early development of salt walls and stocks beneath the fault array.

6.2. Diapir collapse and continued fault growth
6.2.1. Continued fault growth and displacement accumulation

Expansion indices and isochron maps indicate that F1, F6 and F7 were most active
during the latest Jurassic (Tithonian) to Early Cretaceous (Aptian) (SU5-SU7; Figs.9a).
As discussed in section 6.1.1, the faults established their near-full lengths relatively
early in the Tithonian-Barremian; further fault growth was dominated by displacement
accrual rather than lateral tip propagation. During the Late Jurassic to Early Cretaceous,

the main depocentre associated with the fault array on the north-western side of the
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Delta Diapir was located directly above the salt wall (SU5-SU7; Fig. 9a). Further to
the SE, between the Omega and Delta diapirs, two depocentres were present at this
time (SU5-SU7; Fig. 9a), separated by a low-relief salt culmination across which a
relatively thin sedimentary succession accumulated (Fig. 5); these thickness patterns
indicate that the salt culmination was already established during the Late Jurassic. The
faults continued to accumulate displacement during the Albian-Cenomanian (SU8),
with the associated depocentres becoming asymmetric due to strain focusing along the
NE margin (Fig. 9b). During the Turonian-Maastrichtian, only minor fault activity
occurred as indicated by low across-fault expansion index values in strata of this age
(SU9 and SU10).

6.2.2. Salt wall collapse

Based on the limited lateral thickness variations of the Upper Triassic-Quaternary strata
NE and SW of the fault array and underlying salt wall, we propose that salt was nearly
welded in these areas during the Late Triassic (Fig. 6b-c). As described by Vendeville
and Jackson (1992a), diapir collapse can occur when diapirs widen and salt flow is too
slow to maintain the height of the diapir. We propose that limited salt supply, linked to
welding to the NE and SW of the main wall, caused the wall to begin to collapse during
the Latest Jurassic-Early Cretaceous. Our interpretation that the diapir began to
collapse at this time is indicated by the increased thickness of Jurassic and Lower
Cretaceous sediments in the half-grabens and by the development of a series of
relatively open synclines that developed in Triassic (SU1), Jurassic (SU2-5) and lower
Cretaceous (SU6-SU7; Berriasian-Aptian) strata preserved in the following three areas;
(i) the area between the Sele High Fault System and the Delta Diapir; (ii) the area
between the Delta Diapir and the salt culmination; and (iii) the area between the salt
culmination and the Omega Diapir (Figs. 6a and 9a). Thickening of Upper Jurassic-
Lower Cretaceous strata in the graben between the salt diapirs and the salt culmination
indicate salt withdrawal occurred from below the central part of the graben during this
time; because this salt could not easily flow northwards or southwards into the already
welded areas, it is likely it flowed laterally into and contributed to inflation of the Delta

and Omega diapirs (Fig. 6 and 16). The style of stock growth at this time is cryptic,
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with the Delta and Omega diapirs either growing as active structures below a thin roof
or as emergent passive diapirs. Salt evacuation caused further subsidence of the crestal
graben in the Early Cretaceous (Fig. 15 and 16), especially on the NW side of the Delta
Diapir (Figs. 8b and 16).

6.3. Fault decay and growth of salt stocks
6.3.1. Decay and death of the fault-array

We interpret that dip linkage played a role in the latter stages of growth of the supra-
salt fault array, with this process being recorded by two zones of relatively high throw
(and expansion indices; i.e. Late Triassic to Early Cretaceous and the Early Palaeocene;
Figs. 8b, 11a and Fig. 10a) located on the upper and lower parts of the fault surface
being separated by a zone of relatively low throw (and low expansion indices; i.e.
Turonian-Maastrichtian) (cf. Watterson, 1986; Walsh and Watterson, 1988; Mansfield
and Cartwright, 2001; Rykkelid and Fossen, 2002; Baudon and Cartwright, 2008b;
Baudon and Cartwright, 2008a; Jackson and Rotevatn, 2013; Tvedt et al., 2013;
Rotevatn and Jackson, 2014). This throw pattern suggests that an early formed fault
that was active in the Late Triassic to Early Cretaceous became inactive in the
Turonian-Maastrichtian, with further extension in the Danian (SU11; e.g. Figs 8, 9e
and 11a) resulting in the formation of a fault in Upper Cretaceous strata, and downward

propagation of this fault to link with the pre-existing, underlying segment.

The Danian succession (SU11) thickens across most of the largest faults in the array
(Figs. 8b-c, 9e, 10a, 11a and 12), especially on the NW side of the Omega Diapir. These
thickness changes document the last period of true syn-sedimentary fault growth and
half-graben subsidence in the Egersund Basin (Fig. 9e). Fault activity waned shortly
after this period of Danian reactivation, with the last phase of faulting during the Late
Eocene being documented by blind fault propagation into the lower part of the
Bartonian-Serravalian (SU13) (F8; Fig. 12).
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6.3.2. Collapse of salt walls and growth of salt stocks

The Turonian to Maastrichtian succession (SU9-SU10) thins towards the Delta and
Omega diapirs (Figs. 6 and 9), likely reflecting the rise of salt due to differential loading
(Vendeville and Jackson, 1992b; Schultz-Ela et al., 1993), or simple buoyancy (active
diapirism; Hudec and Jackson, 2007). Just along strike of the salt stocks, Danian
(SU11) strata are thicker immediately adjacent to the Omega and Delta diapirs,
reflecting growth of the major graben-bounding faults (e.g. F1, F6 and F7; Figs. 9 and
10). Given this temporal relationship between fault-driven subsidence due to ongoing
salt wall collapse, and salt stock rise due to passive or active diapirism, we infer that
salt was flowing along the salt wall into the rising stocks. Our T-x plots and isochron
maps indicate that, during deposition of Upper Cretaceous to lower Palaeogene growth
strata, the locus of maximum throw migrated towards the diapir. This may indicate
that, during the Late Cretaceous to early Palaeogene, salt stocks were fed by salt

sourced from progressively closer locations within the collapsing wall.

Danian (SU11) to lowermost upper Neogene strata (SU14) are arched above the Delta
and Omega diapir crests (Fig. 6). Arching of the overburden above these diapirs could
either be caused by regional shortening or active diapirism; in fact, regional shortening
may have triggered active diapirism (Schultz-Ela et al., 1993; Davison et al., 2000b;
Hudec and Jackson, 2007), and it is known that regional shortening and basin inversion
occurred during the Turonian-Maastrichtian (Wilson et al., 2013), leading to the
formation of the teardrop-shaped diapirs (Jackson and Lewis, 2012). However, the
presence of folded Neogene strata clearly indicate that the Delta and Omega diapirs
were active and rising after the main period of basin shortening. Hudec and Jackson
(2011) propose that, where the arched roof thickness is >20% of the diapir height,
arching most likely reflects regional shortening. In contrast, where roof thickness is
<20%, roof arching may simply reflect active diapirism. Present arched overburden
thickness above the Delta and Omega diapirs are 4% and 5% of the diapir heights,
respectively (Table 2), suggesting arching may simply reflect active diapiric rise in the
absence of regional shortening. Cessation of active diapir rise during the Neogene

likely reflect exhaustion of the source layer, perhaps due to welding (Ge et al., 1995).
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Fig. 18. Conceptual sketch of how the fault array evolved through time; (a) Late Triassic-Middle
Jurassic: Salt wall formation, reactive diapirism and fault nucleation; (b) Jurassic: Salt stock
nucleation, continued reactive diapirism and fault linkage; and (c) Cretaceous: Major collapse,
continued fault growth and diapirism along strike. These mechanisms are shown in seismic profiles;
reactive rise of salt diapirs (profile a-a’), collapse (profile b-b’) and active diapirism (profile c-c”)
occurring simultaneously along strike, where salt withdrew from beneath collapsing parts of the salt
walls into the emerging diapirs.
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7. A genetic four dimensional model for the evolution of supra-salt fault
arrays during the rise and fall of salt diapirs

The growth of the supra-salt fault array and the flow of Zechstein salt were intimately
coupled for ca. 171 Myr, spanning the Late Triassic to Neogene. Reactive diapirism
(Late Triassic—Early Cretaceous) was followed by diapir collapse (Late Jurassic-
middle Palaeogene) and, eventually, growth of salt stocks by passive and active
diapirism (Late Jurassic-Neogene) driven by the along-strike flow of salt within
collapsing walls. These processes partly overlapped in time, occurring simultaneously
along strike of a single salt wall-stock system and genetically related supra-salt fault
arrays. These processes are documented in physical models (Vendeville and Jackson,
1992a; Vendeville and Jackson, 1992b; Ge et al., 1995) but, until now, has not been

documented in a natural example.

Based on our observations from the Egersund Basin we here propose a genetic model
for the four-dimensional development of a supra-salt fault array forming during the
birth, growth and death of a series of physically and kinematically linked salt diapirs.
The initial formation of a supra-salt fault array may be caused by a range of processes,
including; (i) gravity-gliding and thin-skinned extension; (ii) regional thick-skinned
extension; or (iii) gravity spreading. Irrespective of the exact trigger, overburden
faulting causes reactive rise of salt walls (Fig. 16). Fault growth may follow the isolated
or coherent fault model (Walsh et al., 2002; Jackson and Rotevatn, 2013), with the wall
being of broadly similar length to the overlying fault array. At this time, new faults
form as reactive diapirs inflate and widen, with younger overburden faults
progressively initiating closer to the crest of the rising salt walls. Stocks may nucleate
on the wall crest where the roof is thinnest (Ge et al., 1995; Guglielmo et al., 1997).
Early formed stocks may impede lateral propagation of the faults, resulting in high
throw gradients at their tips and abrupt changes in their strike due to local perturbation
of the regional extensional stress by hoop stresses flanking the inflating stocks. If the
autochthonous salt layer is very thin or welded, inflating stocks may be fed by salt
flowing along strike within flanking walls, which begin to collapse due to ongoing

overburden extension related to thin-skinned or regional thick-skinned tectonics
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(1992b; Vendeville and Jackson, 1992a; Ge et al., 1995). Grabens develop above
collapsing walls and the degree of collapse will then drive the feeding of the growing
salt stocks. Even if true regional thin- or thick-extension ceases, thin-skinned faults
may continue to be active and the crestal graben may continue to subside due to
widening of the previously reactive diapirs and the along-strike flow within the walls.
At this time, diapir collapse is accommodated in the overburden by progressively fewer
faults that are located progressively nearer the crest of the salt walls (Fig. 16). As stocks
begin to cannibalise salt from increasingly proximal locations in the flanking walls,
faults may initiate progressively closer to and the locus of maximum subsidence may
migrate along-strike towards, this area. During the latter stages of their development,

salt stocks may grow by active or passive diapirism.

Our genetic four-dimensional model shows many geometric and kinematic similarities
to the physical models of VVendeville and Jackson (1992a; 1992b), Ge et al. (1995) and
Guglielmo et al. (1997; 1999). More specifically, our model highlights the structural
style and kinematic variability that can occur simultaneously along strike of a salt body
in response to coeval wall collapse and stock rise (Figs. 1, 15 and 16). However, as
may be predicted, our natural example is more complex than the physical models, with
multiphase diapirism and fault growth, and fault dip linkage, in particular, being key
processes. This complexity reflects the fact that salt mobilisation and fault growth
reflect regional, far-field tectonic events such as whole crust extension and contraction,
as well as local events related to thin-skinned extension. We have shown that 3D
seismic reflection and borehole data allow us to investigation the dynamics of
overburden deformation above salt, allowing us to track the four-dimensional flow of
salt; this study thus provides us with a better understanding of the tectono-stratigraphic

evolution of salt-influenced sedimentary basins.

8. Conclusions

We have used 3D seismic reflection and borehole data to illustrate how multiphase salt
mobilisation influences the structural style and growth of supra-salt fault arrays. More
specifically, this natural example has allowed us to test, in fully three-dimensions and
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for the first time, the predictions of previous physical models focused on normal fault
structural style and kinematic development during the rise and fall of salt diapirs. Our

main conclusions are:

1. We recognise three stages of salt mobilisation and associated fault growth; (i)
thick-skinned extension in the Late Triassic to Middle Jurassic, which caused
base-of-salt and overburden tilting, overburden stretching, the nucleation and
initial syn-sedimentary growth of a supra-salt fault array, and reactive diapirism;
(ii) syn-sedimentary fault growth during the Early Cretaceous, which was
triggered by extensional collapse of underlying salt walls driven by continued
thin-skinned extension; (iii) passive and active diapirism from the Jurassic until
the Neogene, with salt being fed into the stock by along-strike flow within the
flanking walls; hence wall collapse and stock rise were coeval, with these
processes being recorded in the growth histories of the genetically related supra-
salt fault array.

2. Near-final fault lengths were established at an early stage in their development
(i.e. after up to only 20% of their growth histories), with fault growth being
dominated by displacement accumulation and not lateral tip propagation.

3. For much (i.e. c. 80%) of the fault growth history, lateral tip propagation was
inhibited by extant, albeit low-relief salt diapirs, and thick-skinned, basement-
involved faults.

4. The natural example documented herein show-cases how a fault array can grow
through reactive rise, collapse, and active piercement of salt, and how this can
occur simultaneously through time. This variation along strike of the system
reflects the interplay between several different mechanisms such as differential
loading, and salt flow along the salt wall. The growth history and fault
geometries of the natural example documented herein, are far more complex
than that predicted by the physical models, with multiphase salt diapirism and
fault growth, and fault dip linkage in particular, being key processes.

5. This study illustrates how 3D seismic reflection and borehole data allow us to

investigate the dynamics of supra-salt overburden deformation, and how this
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can be used to track the three-dimensional flow of salt, and providing us with a
better understanding of the tectonostratigraphic evolution of salt-influenced

sedimentary basins.
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Chapter 3. Synthesis

This research focuses on how and why supra-salt normal fault arrays form and the
extent to which salt may control the geometry and growth of such fault arrays. Our
research provides detailed investigations of the techniques used to determine the style
of growth of seismic-scale syn-sedimentary normal faults and three case studies of the
three-dimensional growth of supra-salt normal fault arrays, where fault growth is
related to multiphase salt diapirism. The case studies illustrate how several different
triggering and driving mechanisms may operate simultaneously along strike, as well as
how they can change through time. In this study, we show how supra-salt fault arrays
evolve above thin and thick salt in extensional basins and downslope on passive
margins. The fault arrays are initiated and driven by several mechanisms, including
basement faulting and salt mobilisation. The fault arrays are triggered by extension
and/or contraction causing gravity gliding, resulting in reactive diapirism, collapse, and
passive and active rise of salt etc. In the following we synthesize and discuss the main
findings of the present study, and assess their implications for investigation of supra-

salt fault arrays and the tectono-stratigraphic evolution of salt-basins.

3.1 Synthesis of main findings and key implications of the
study

3.1.1 Techniques used to track fault growth and the flow of salt

In this research, a wide range of techniques have been applied to fully understand the
growth of supra-salt fault arrays. The fault arrays exemplified herein (Paper I1-1V) are
analysed by using methods describing the three dimensional throw distribution, such
as throw-depth and throw-length analysis and strike-throw projections, combined with
isochrons and expansion indices to determine the three-dimensional growth history of
individual faults, as well as the supra-salt fault arrays. In paper | we describe these
different methods and exemplify their use and their limitations, while in Paper I1I-1V
we apply these methods to illustrate different aspects of salt related fault growth. To
analyse the evolution of such supra-salt fault arrays exemplified herein, extensive fault
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analysis is needed to understand their evolution of the and how the growth is related to

salt mobilisation.

To determine how the faults have lengthened and accumulated displacement, two
throw backstripping methods (the “original’ and *modified” methods; Paper | & Paper
1V) can be used. As stated in Paper |, a priori knowledge of which fault growth model
is most likely is needed when choosing which method to apply. In Paper IV we used
expansion indices along strike of individual fault segments to identify syn-sedimentary
faulting near the lateral fault tips and thereby establishing that the near-final fault length
established relatively early in the growth history. These observations lead to the
conclusion that the ‘original’ method was the most applicable when performing

backstripping of the faults.

We have here shown how different techniques be used to describe the temporal and
spatial evolution of a supra-salt fault array and salt mobilisation, where e.g. the lateral
change in maximum throw for younger strata can illustrate where collapse occurs at a
given time, where fault length analysis can shed light on when salt stocks start to
nucleate, and where expansion indices can indicate e.g. when salt anticlines were
forming and when a fault established its near-final length. The combination of different
analyses such as displacement-length profiles, including backstripping of those,
vertical throw distribution, throw strike-projections, thickness maps and expansion
indices can yield important knowledge about the temporal and spatial evolution of a
supra-salt fault array, and lead to a better understanding of the flow of salt. Detailed
quantitative fault analysis in combination with a qualitative approach, as exemplified
herein, has a range of other applications and is essential in the assessment of
displacement distribution, fault zone geometry as well as growth- and linkage history.
Comprehensive three-dimensional fault displacement analysis is therefore important,
capturing a level of detail in displacement distribution and fault history that would

otherwise be lost.

186



3.1.2 The complexity of triggers and driving mechanisms of fault growth
in a salt influenced basin
The recent improvement of seismic acquisition has resulted in high quality 3D seismic
datasets that have given us new insight into the interplay between salt mobilisation and
supra-salt cover deformation and sedimentation patterns (e.g. Richardson et al., 2005;
Marsh et al., 2010; Lewis et al., 2013; Wilson et al., 2013; Harding and Huuse, 2015;
Jackson et al., 2015; Jackson and Lewis, 2016). Even though research during the past
decades have increased our knowledge about salt tectonics, there are still unresolved
questions regarding triggering and driving mechanisms. This thesis presents three
studies of fault arrays in two different basins. In both basins the fault arrays display

complex growth histories that are clearly influenced by the flow of salt.

The research conducted within the Egersund Basin allowed us to investigate the growth
of two supra-salt fault arrays. The three-dimensional growth histories of the two supra-
salt fault arrays (Paper Il and 1V) are quite different even though they are oriented
nearly perpendicular to one another (Fig. 3.1). The fault array in Paper Il, is developed
above a relatively thin (c. 100 m) salt layer and a sub-salt fault array, whereas the fault
array studied in Paper 1V, is located above an up to c. 600 m thick salt wall separated
by tall (2.7 km) salt stocks. Even though the fault arrays were active during broadly the
same time period and both initiated by cover stretching related to activity on the large,

thick-skinned, basin-bounding faults, their mechanisms of fault growth are different.

The fault array studied in Paper Il was initiated by re-activation of a pre-existing sub-
salt fault array during the Late Triassic and was deactivated after burial of the fault tips
during the Late Jurassic to Turonian times. Salt re-mobilisation triggered by basin
inversion initiated in the Turonian, led to blind reactivation of some of the faults in
parts of the fault array. The reactivated faults are located where the underlying salt is
thicker, while the non-reactivated faults are found where salt is depleted, indicating
that salt was at least controlling much of the later phases of fault growth. The supra-
salt fault array is geometrically decoupled through the salt along most of its extent, but
locally physically linked where strains were sufficiently large to discretely breach the
Zechstein Supergroup. Despite the large extent of geometric decoupling across the
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Zechstein Supergroup, deformation was kinematically coupled, in the sense that the
basement faults still affected the nucleation, localization and geometry of the supra-

salt faults.

The supra-salt fault array studied in Paper IV was initiated by movement on a thick-
skinned, basin bounding fault in the Late Triassic, causing salt mobilisation by base
salt tilting and gliding, which in turn caused the nucleation and initial fault growth by
thin-skinned extension. Overburden gravity gliding and stretching drove reactive
diapirism and salt wall growth that continued into the Late Jurassic, when the salt
stocks nucleated. The faults reached their near-full length during this time, caused by

lateral restriction by the Delta and Omega diapirs and the Sele High Fault System. The

Fig. 3.1. The localisation of fault arrays relative to each other and relative to halite rich salt (Zone 4
(>80 % halite; Jackson and Lewis, 2016)
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amount of fault growth during reactive diapirism during the Late Triassic-Late Jurassic
was controlled by salt flow into the widening salt walls (though extension was driving
the reactive diapirism). Subsequent to reactive diapirism, diapir collapse due to along-
strike migration of salt within the wall drove further fault growth, principally by
displacement accrual in the Early Cretaceous, with active diapirism occurring
simultaneously along strike. Active diapirism occurred until the Neogene, which drove
further salt wall collapse and fault growth near the diapirs (Figs. 16 and 17 in Paper
V).

The research of the supra-salt fault arrays in the Egersund Basin illustrates how two
closely related supra-salt fault arrays may evolve differently in response to different
salt-related forcing mechanisms. The different mechanisms of fault growth in the two
fault arrays in the Egersund Basin is most likely a result of the salt thickness and
composition. Jackson and Lewis (2016) illustrate how salt thickness and composition
can impact the structural style and growth of supra-salt faults by the use of the Sele
High Fault System (Fig. 3.1). Their study of the Zechstein Supergroup indicates that
the salt beneath Paper IV fault array is containing more halite than beneath Paper II
fault array. The higher content of halite result in a lower viscosity for the salt, hence
more mobile salt (Jordan, 1987; Jackson and Talbot, 1989; van Keken et al., 1993;
Hudec and Jackson, 2007; Wagner I11 and Jackson, 2011). The increased salt mobility
will then in turn result in different growth patterns and structural styles. The Zechstein
Supergroup is also much thicker beneath Paper 1V fault array. Duffy et al. (2013)
showed that thin salt (c.100 m) can result in variable degree of decoupling between
basement and overburden deformation and provide a detachment for gravity-gliding of
the cover, while thicker salt can to a larger extent control the structural styles and syn-
rift stratal geometries. Overall, the difference in the growth patterns and structural
styles of the two fault arrays studied in the Egersund Basin is suggested to be a result
of thickness and composition variations of the salt, in addition to the fact that the supra-
salt fault array to the north (Paper Il) in its early growth history was largely controlled
by basement faulting, while the fault array to the south (Paper 1V) was controlled by

gravity gliding and reactive diapirism.
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Within the Santos Basin on the Sdo Paulo Plateau the salt is thick and have much larger
control on the structural style compared to the Egersund Basin where salt is thinner.
The mechanisms of initiation of growth of the supra-salt fault arrays are also much
more complex and harder to elucidate within this part of the Santos Basin. Existing
models describing the relationship between extensional faulting and salt mobilisation
on passive margins are largely focused in the up-slope part (often referred to as the
extensional domain) or the downslope domain (often referred to as the contractional
domain). The case study of the fault array within the Santos Basin on the S&o Paulo
Plateau showed in Paper Il are within what is often referred to as the contractional
province of the Santos Basin (Cobbold and Szatmari, 1991; Demercian et al., 1993;
Garcia et al., 2012; Rowan et al., 2012). However, this specific study provide an
example of supra-salt-salt fault arrays formed in an area where salt mobilisation is
cryptic and may be ‘translational’, or at least locally moving at different rates causing
both compressional (i.e. folding; Fig 5 in Paper 111) and extensional deformation (i.e.
reactive diapirism; Fig 4b in Paper I11). This suggests that the ‘contractional domain’
is at least locally extensional or may actually be termed a ‘transtensional domain' in
this part of the Sdo Paulo Plateau. Differences in the style of supra-salt faulting
observed within Sdo Paulo Plateau may be related to variability in the rate and
divergence of salt mobilisation. In contrast to the up-slope ‘extensional domain’ and
the ‘contractional domain’ of a passive margin where the typical structures observed
are often related to textbook examples of e.qg. rafts, reactive diapirs and downdip buckle
folding and thrusts, the complexity of movement of salt in the ‘translational domain’
may cause enigmatic mechanisms of fault growth both related to local extension and
shortening. Furthermore, the research of the supra-salt fault arrays within the Santos
Basin demonstrates that, based on the fault and salt body geometry, and fault
displacement distributions alone, it may be difficult to confidently constrain the

mechanisms triggering fault nucleation and/or driving fault slip accumulation.

The mechanisms of supra-salt normal fault growth, both in rift basins and on passive
margins, are generally well described in 2D and by analogue physical experiment
(Vendeville and Jackson, 1992b; Vendeville and Jackson, 1992a; Schultz-Ela et al.,
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1993; Ge et al., 1995; Guglielmo et al., 1997; Hudec and Jackson, 2007; Brun and Fort,
2011), and several studies during the past decades have studied supra-salt fault arrays
in 3D (Rowan et al., 1998; Richardson et al., 2005; Marsh et al., 2010), but there has
been little focus on the multiphase salt mobilisation and the possible different trigger
and driving mechanisms of supra-salt fault growth. This research has shown how
seismic reflection data can be used to document the structural style and growth of
supra-salt extensional fault arrays during the subsurface flow of salt and how this can

be used to differentiate between different mechanisms.

3.1.3 Implications for models of normal fault growth and fault length
establishment
An accepted model is that faults lengthen during accumulation of displacement (e.g.
Watterson, 1986; Cowie and Scholz, 1992b; Gillespie et al., 1992). The displacement-
length ratios of normal-faults are well documented from numerous studies in the
literature (e.g. Muraoka and Kamata, 1983; Krantz, 1988; Walsh and Watterson, 1988;
Gudmundsson and Béackstrom, 1991; Cowie and Scholz, 1992b; Dawers et al., 1993;
Cartwright et al., 1995; Schlische et al., 1996; Schultz and Fossen, 2002) and are often
represented in a logarithmic diagram (Fig. 3.2a). This diagram has commonly been
used in favour of the ‘isolated fault’ model (e.g. Watterson, 1986; Walsh and
Watterson, 1988; Dawers et al., 1993; Cartwright et al., 1995), resulting in a linear

displacement-length ratio (g = 1.0; Fig. 3.2a) for normal, strike-slip, and thrust faults.

Recent studies (e.g. Walsh et al., 2002; Childs et al., 2003; Giba et al., 2012; Jackson
and Rotevatn, 2013) have shown that some faults reach their near-full length early in
their growth history, and that subsequent strain is accommodated through displacement
accrual accompanied by limited tip propagation only. In both the Santos and Egersund
basins (Paper II, 111 & IV) we have observed faults that have established their lengths
early in the growth history, in accordance to the ‘coherent’ growth model (see Paper
1). However, individual fault segments studied in this research do not differ in present-
day length-displacement ratios from non-salt influenced fault segments (Fig. 3.2a) and
their final throw-length ratios are within the established trend (Krantz, 1988;
Gudmundsson and Béackstrom, 1991; Cowie and Scholz, 1992b; Dawers et al., 1993;
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Cartwright et al., 1995; Schlische et al., 1996; Schultz and Fossen, 2002). This raises
the question of whether faults behaving according to the ‘coherent fault” model are
hidden in the logarithmic displacement-length diagram. To address this, we have
backstripped some of the faults that Papers II-1V revealed to have established their
near-final lengths early. When inserting the backstripped values into the logarithmic
displacement-length diagram (Fig. 3.2a), these faults end up on the common trend on
this diagram despite the fact that they were ‘underdisplaced' early in their growth
histories in contrast to predictions of the 'isolated fault model'. Hence, the complex
growth history of the faults is not justified when plotting displacement-length ratios in
the logarithimic diagram. The logarithmic way of showing displacement and length
data may result in that the finite displacement-length distributions of faults behaving
according to the ‘isolated fault’ or the ‘coherent fault” models will not differ
significantly. In Figure 3.2b, showing the same values on a regular diagram without
the logarithmic scale, it becomes very clear that the faults attained their lengths early
in the growth history, and mainly accumulated throw after early length establishment.
Walsh et al. (2002) demonstrated the power of showing the cumulative displacement
and length versus time of faults from the Timor Sea, which indicate that these fault
attained their near-full length early in their growth history. The same observations can

be made of faults showed in this research (Fig. 3.3).

A question arising from these analyses is “Why did the faults establish their lengths so
early?”” Recent studies (Walsh et al., 2002; Childs et al., 2003; Giba et al., 2012;
Jackson and Rotevatn, 2013) have shown that some faults reach their near-full length,
early in their growth history, and that subsequent strain is accommodated through
displacement accrual accompanied by limited tip propagation. Studies by Walsh et al.
(2002), Giba et al. (2012) and Jackson and Rotevatn (2013) indicate that the fault arrays
inherited their fault length from underlying structures, resulting in near-final fault

lengths, early in their growth history.
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Neither the fault array studied in Paper 1V in the Egersund Basin or the Santos Basin
indicate inheritance of fault length from underlying structures. According to Schultz et
al. (2006) the displacement-length ratio for faults depends primarily on three factors:
the Youngs’ modulus, the magnitude of shear driving stress, and the yield strength. For
example will a stiffer rock such as a granite require greater near-tip stresses to break
than a sandstone, leading to larger values of displacement along the fault (Schultz and
Fossen, 2002; Schultz et al., 2006). If the fault frictional strength is low, this will result
in reduced displacement gradients along the fault (Cowie and Scholz, 1992a; Schultz
et al., 2006). In both the Santos and Egersund Basins we know that the faults were
surface breaching during their early growth history, meaning that the sediments in
which they formed were unconsolidated or weakly consolidated and thereby most
likely had a low shear modulus (low rock strength or hardness). This in combination
with the low viscosity of the salt below could maybe result in rapid propagation of the

faults as the shear yield strength near the fault tips is low.

Fig. 3.2. (a) Logarithmic plot of lengths against maximum displacement for faults in this research,
including the backstripped values of three faults from this research and their corresponding growth
paths through time. The grey coloured data points represent displacement-length relations of faults
from previous studies (Krantz, 1988; Gudmundsson and Béackstrom, 1991; Cowie and Scholz, 1992b
and references therein; Dawers et al., 1993; Cartwright et al., 1995; Schlische et al., 1996; Schultz
and Fossen, 2002). (b) Non-logarithmic overview of the the backtripped values of three faults from
this research showing the how the throw-length relationship has evolved through time.
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Retardation of further fault-lengthening within the fault array studied in Paper IV is
suggested to be a result of lateral restriction by early emplacement of salt stocks and
presence of the Sele High Fault System. Within the research area within the Santos
Basin there are not any significant lateral restrictions except for the possibility of it
being the salt itself. The ability of salt to flow easily and form an undulating surface
quite rapidly allows for possible restriction in the lateral direction. The lateral
retardation of further lengthening can also be a result of interaction between the
established faults (Nicol et al., 1996; Childs et al., 2003).

Fig. 3.3. Growth curves for two of the faults in the Egersund Basin (Paper 1V) showing the
changes in fault throw (a) and fault length (b) through time. The dashed lines indicate
approximation of early length and throw evolution.
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3.2 Concluding remarks

Over the past decades, the interest in salt tectonics has increased dramatically. Despite

that 3D-seismic data have been available for a few decades, the understanding of supra-

salt faulting has mainly been based on observations in the cross-sectional plane of

observation, whereas the lateral variability in salt movement and fault evolution have

mainly been considered in analogue physical experiments. The research presented in

this thesis has demonstrated the strength of using three-dimensional data and

combining quantitative and qualitative analyses to investigate supra-salt faulting and

its relationship to salt mobilisation through time. The main findings and implications

are summarized below:

The detailed quantitative and qualitative fault analysis, as exemplified
herein, has a range of applications and is essential in the assessment of
displacement distribution, fault zone geometry as well as growth- and
linkage history. Comprehensive three-dimensional fault displacement
analysis is therefore important, capturing a level of detail in displacement

distribution and fault history that would otherwise be lost.

All three case studies indicate that as soon as a fault has formed, nevertheless
the mechanism, the fault can more easily reactivate due to remobilisation of
salt without relation to regional extension. As a fault is formed by extension,
the salt mobilisation during late stages may affect the supra-salt faulting, e.g.
allowing normal reactivation of faults even though the stress is on a regional

scale contractional.
The tectonic regime of the salt basin has an important influence on the

character of supra-salt deformation, mainly in terms of complexity of

mechanisms initiating and driving supra-salt faulting.
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The driving mechanism behind supra-salt fault nucleation in this study
support previous observations that faults can form by direct extension related
to basement faults or only be kinematically linked. Basement faults can
control the nucleation and localization of cover faults through salt without

being geometrically linked.

The results presented in this study provide new insight into how supra-salt
fault array can grow in terms if mechanisms, and give important knowledge
to take into account when investigating a salt basins’ evolution. This research
is important both for the general salt tectonic understanding, but also for
understanding the formation of e.g. hydrocarbon traps in the supra-salt

overburden.

The growth of a supra-salt fault array can be influenced by changes in salt
wall geometry along strike, from reactive walls to collapse and active
diapirism along strike, with immature salt rollers and ridges, to mature active
diapirs. This variation along strike of the array reflects the interplay between
several different mechanisms such as differential loading, and salt flow
along the salt wall, and show-cases how a fault array can grow through
reactive rise, collapse, and active piercement of salt, and how this can occur
simultaneously through time. The natural example from the Egersund Basin
shows a far more complex geometry and evolution than that predicted by
previous physical models, with multiphase salt diapirism and fault growth

and fault dip linkage in particular, being key processes.

From this research, it is clear that some of the supra-salt normal faults both

in the Egersund Basin (Paper 1V) and Santos Basin (Paper I1l1) established

their lengths early. In the Egersund Basin, rapid length establishment could

be a result of lateral restrictions by basin bounding faults and the pre-

existing/contemporaneous growth of salt stocks. The faults in the Santos

Basin are suggested to have established their lengths early either because of
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possible retardation in the lateral direction by the undulating top salt surface

itself or interaction between the established faults.

This study provides a contribution to the understanding of overburden
deformation linked to salt mobilisation, with specific focus on how salt has
moved through time by investigating the overburden and how that can track
the flow of salt, offering insight into the complex interplay between salt
diapirism and faulting, showcasing three-dimensional examples of how
protracted, multiphase salt diapirism can influence the structure and growth

of normal fault arrays.

Detailed investigation of the dynamics of overburden deformation above
salt, have implications for the prediction the four-dimensional flow of salt
study and can thereby provide us with a better understanding of the tectono-
stratigraphic evolution of salt-influenced sedimentary basins. This in turn
may have implications for understanding fault seal capacity and thus, fluid
flow dynamics during production or the delineation and risking of fault

controlled traps in hydrocarbon exploration and production.
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3.3 Perspectives

In light of our observations and results throughout the project, new research

possibilities arose for expanding and improving this knowledge:
Fault length establishment

Further detailed research on supra-salt normal fault arrays focusing on the fault length
establishment in different salt basins could investigate whether there is a trend that
supra-salt normal faults establish their lengths early, and if so where and why. This can
have implications for the understanding of syn-sedimentary fault growth in salt basins,
and have implication for the understanding of sedimentary routing patterns, depocentre
locations through time, reservoir distribution, hydrocarbon traps in the supra-salt
overburden and can help quantify where to expect sand-on sand juxta positioning due
to fault growth. This can also be expanded to normal faults in general, to better
understand where faults lengthen early. Detailed investigation of both timing of fault
growth and establishment of their lengths should also be considered to get a better
understanding of the common trends of the ‘coherent’ and ‘isolated’ fault models.
Detailed investigation should include expansion indices, isochron maps and three-
dimensional fault throw analysis, aided by relay zone and throw backstripping through

time.
Internal salt mobilisation and supra-salt faulting

The current limitation of the seismic resolution within the salt has made it quite hard
to determine how the salt flow has occurred through time and this have largely been
based on field examples from outcrops and mines, and physical experiments. With the
improved imaging of internal salt geometries the recent years, it has been possible to
investigate the internal movement within the salt and thereby better constrain the
different mechanisms responsible for the growth of salt structures (e.g. Van Gent et al.,
2011; Strozyk et al., 2012; Dooley et al., 2015; Jackson et al., 2015). As the seismic
resolution has improved we can now better combine analyses of internal salt movement

and supra-salt fault analyses to better understand the interplay between the salt and the
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supra-salt overburden through time and thereby get a more detailed understanding of a

salt basin’s evolution.
Stress field perturbation associated with salt diapirism

In the Egersund Basin, the faults near the Omega and Delta diapirs are changing strike
with almost 90 degrees close to the salt stocks. This change of strike is similar to the
‘hoop stresses’ around salt stocks in the Central Graben, North Sea, investigated by
Carruthers et al. (2013) using the geometry of polygonal fault patterns to reconstruct
the evolving stress state of salt stocks. To further investigate this stress field
modification associated with the propagating and interacting tips of salt-related fault
systems (e.g. radial faults interacting with collapse graben bounding faults) using
numerical modelling to simulate the stress field modification through time could be

beneficial to better constrain the timing of diapir growth.
Supra-salt sub-seismic deformation related to salt mobilisation

This research is limited by the resolution of three-dimensional seismic data. To further
constrain the growth mechanisms of supra-salt wall faults, analogue studies in the field
can provide details about sub-seismic deformation related to growth of such supra-salt
fault arrays and may provide further insights into how to constrain the trigger and
driving mechanisms. Further, this can have implications for the understanding of
reservoir segmentation and trap configurations in hydrocarbon exploration and
production. Possible analogues in the field suggested are e.g. at Qushm Island and Bon

e Kooh Chahar Berkeh in Iran or near the Ellesmere Island in the northern Canada.
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Postface

Some rocks are special, and behave quite differently from the stable rocks we encounter
every day. Salt is not only a supplement to make your popcorn taste better or make
your drive home safe when the roads are icy. Salt is one of those unique rocks, which
almost like a magic trick has the ability to dissolve, travel by water and then appear
again somewhere completely different in the world. It can in solid state move very fast!
It can glide down the slope, it can rise higher than any human building built, and if the
salt has been placed somewhere cramped with more solid friends, salt is the first to
leave the party and move away to somewhere more convenient. Salt can be a stylist,
controlling the apparent looks of its surrounding more solid friends. Who would have
thought that the salt we put in our mouth every day is one of the fastest on the track
when comparing solid rocks? Salt is the solid rocks’ Ferrari; it can move so fast that
the other rocks cannot keep up, and collapse as they try to keep pace, leaving them
tremendously deformed. Only every now and then, the quick gumbo clay tries its best
to show off some of its speed, but he is more like a sprinter, he cannot keep up for long.

Salt is fascinating, salt is complex, salt is quite unique.
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The structural style and evolution of normal fault systems above mobile salt is less
understood compared to those developed in rifts where strong variations in mechanical
stratigraphy are absent. In this study we examine how extensional fault arrays evolve
during the reactive rise, collapse and subsequent active rise of salt diapirs. We use 3D
seismic data from the Egersund Basin, offshore Norway to investigate the three-
dimensional growth history of supra-salt fault arrays. We study two fault arrays that
are orientated nearly perpendicular to one another; Fault Array 1 (FAL), which trends
NW, is located above a c. 600 m thick salt wall separated by tall (2.7 km) salt stocks,
whereas Fault Array 2 (FAZ2), trends N and is developed above a relatively thin (c. 100
m) salt layer and a sub-salt fault array. FA1 is c. 35 km long and comprises segments
up to 16 km long with throws up to 2 km. FA2 is 16 km long, comprises segments up
to 6 km long with throws up to 230 m. The evolution of these two fault arrays is divided
into four main stages; (1) initial syn-sedimentary fault growth during the Late Triassic—
to-Middle Jurassic; (2) continued growth of FA1 during the Late Jurassic—to-Early
Cretaceous at a time activity on FA2 has ceased; (3) Late Cretaceous reactivation of
FAL and FA2; and (4) death of FA2 by the end of the Late Cretaceous, whereas FA1
continued to grow until the Neogene. Even though the fault arrays were active during
broadly the same time period and both initiated by cover stretching related to activity
on the large, thick-skinned, basin-bounding faults, their growth mechanisms are

different; FA1 was initiated through gliding, with further slip controlled by reactive
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diapirism, diapir collapse and active diapirism, which occurred simultaneously along
strike during stages 2 to 4. FA2 was initiated by re-activation of a pre-existing sub-salt
fault array, mainly through kinematic coupling, during stage 1, before being buried
during stage 2. Parts of FA2 were then reactivated during stage 3, in response to salt
mobilization driven by basin inversion. The reactivated faults are located where the
underlying salt is thick, while the non-reactivated faults are found where salt is
depleted. This study illustrates how two closely related supra-salt fault arrays may

evolve differently in response to different salt-related forcing mechanisms.
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Many salt diapirs are accompanied by crestal graben structures in overlying
sedimentary layers. The growth and style of such supra-salt grabens are controlled by
the evolution of the underlying diapir. Structures related to the rise and fall of diapirs
during thin-skinned extension are particularly well studied in cross-sections, but
although a number of recent studies focus on the 3D evolution of normal fault growth
in salt-influenced settings, the effects of salt on lateral fault growth and map-view fault
geometries are clearly far less constrained than those observed in cross-section. The
reason for this is probably that high-resolution 3D seismic data have only become
extensively used in geological research over the past decade or so. In this study we
present a three-dimensional analysis of the structural style and growth history of supra-
salt normal fault arrays that have formed in response to growth and demise of an array
of salt walls and stocks in the Egersund Basin, Norwegian North Sea. More specifically
we assess fault kinematics and salt wall evolution through time, and investigate the
effect that lateral migration of salt along the salt walls and into the salt stocks has on
the evolution of the overlying fault systems. We use: (i) 3D seismic mapping of faults
and age-constrained growth strata; (ii) mapping of three-dimensional throw

distributions on fault surfaces; and (iii) expansion indices and thickness maps.

The studied thin-skinned ENE-WSE striking normal fault system is developed above a

salt wall, bounding two c. 15 km long, 8 km wide grabens separated by a large (3.5 km

222



tall) salt stock. Individual fault segments are up to 15 km long and are relatively planar
in cross-section. In map-view the faults are relatively straight, although they change
strike by c. 90° immediately adjacent to the central salt stock. We interpret the change
in fault strike immediately adjacent to the salt stock to reflect perturbation of the
regional stress field driving thin-skinned by hoop stresses surrounding the stock. Our
quantitative analysis of fault kinematics, based on the construction of throw-distance
(T-x) and throw-depth (T-z) plots in addition to strike projection of fault throw, lead us
to conclude that thin-skinned fault systems developed in two stages; i) nucleation and
initial growth in Middle to Late Jurassic times, contemporaneous with reactive
diapirism and salt wall growth, and ii) renewed fault growth in the Lower Cretaceous
linked with extensional collapse of walls. Furthermore, thickness maps and expansion
indices indicate that the salt stock started to grow in the Lower Cretaceous,
contemporaneous with the most rapid accumulation of displacement on the overlying

fault array.

This study showcases a three-dimensional example of how multi-phase salt diapirism
may influence lateral fault growth and fault geometry both vertically and laterally
during reactive diapirism and extensional collapse of salt walls. Furthermore, this study
tests previous analogue models of fault kinematics and salt tectonics during the rise

and fall of salt diapirs.
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The structural style and evolution of normal fault arrays related to salt-mobilization is
less well understood than crustal scale rift basins. In this study we use three-
dimensional seismic data from the Santos Basin to characterize supra-salt extensional
fault arrays and assess the influence of mobile evaporites on their evolution. To
evaluate the structural style and growth history of the fault arrays we apply the
following methods: 1) 3D mapping of faults and age-constrained growth strata, 2)
geometric and kinematic classification of fault segments, and 3) mapping of three-
dimensional displacement distributions on fault surfaces. The supra-salt fault arrays
develop either along the edge of, or at the center along the top of, the flat-topped salt
stocks. The fault arrays tip out downward into large salt stocks and display relatively
long, hard-linked segments, up to . Throw analyses suggest a staged evolution of (1)
rapid developed surface-breaching faults (2) which then as a consequence have
propagated laterally and have caused hard linkage of fault segments and development
of fault arrays. Salt rollers are present in the footwall of the faults, and increase in
amplitude with increasing displacement. We hypothesize that the localization of the
fault arrays may result from (i) internal collapse of an enigmatic sequence within the
salt stock (ii) related to salt heterogeneity, (iii) salt stock geometry and flank steepness,
or (iv) pre-existing irregularities at the top of the salt stocks at the time of deposition
of the overlying strata.

In this study we will highlight the importance of detailed structural analyses for
determining the structural evolution of salt- influenced fault arrays. The studied fault
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arrays above the salt stocks in the Santos Basin seem affected by local mobilization of
salt. Based on the three-dimensional displacement analyses we conclude that salt
mobilization allows faults to develop laterally where strain is accommodated for by the

salt rather than the surrounding rocks.
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1 Department of Earth Science, University of Bergen, Allégaten 41, 5007 Bergen, Norway
2 Centre for Integrated Petroleum Research, University of Bergen, Allégaten 41, 5007 Bergen,
Norway
3 Department of Earth Science & Engineering, Imperial College, London SW7 2AZ, UK

In this this study we illustrate the structural style and growth history of a fault array in
response to salt-mobilization by the use of 3D seismic reflection and well data from
the Egersund Basin, Norwegian North Sea. The studied thin-skinned NE-SW striking
normal fault array (c. 16 km long and approximately 6 km wide) developed in response
to the growth of a low-relief salt pillow. General mapping, geometric analysis and fault
displacement analysis reveal differences between the fault evolution in the southern
part of the area where salt is thick, and the northern part, where salt is thin or depleted,
in terms of geometry, timing and fault linkage or coupling between faults in the subsalt
section and the cover. Present-day throw distributions suggest both lateral and vertical
growth and linkage. Furthermore, the intricate but systematic style of displacement and
growth suggests a staged evolution of; (1) initial syn-sedimentary fault growth during
the late Triassic- middle Jurassic contemporaneous with growth of a salt pillow to the
west, and (2) subsequent fault initiation at a shallower level contemporaneous with
remobilization of the salt, with downward fault propagation and linkage with pre-
existing stage 1 faults, resulting in reactivated fault surfaces in the late Cretaceous-
early Tertiary. Based on the three-dimensional displacement analyses we conclude that
salt mobilization controls the development of the fault array, where reactivation only
occurs where salt is not depleted. A close connection is observed between pre-salt (sub-

salt) fault occurrence and the localization of shallower faults formed during salt
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mobilization, showing that strain was largely transferred through the salt layer during

the fault development.

Three-dimensional seismic data have provided important insights into the development
of salt-influenced normal fault arrays; in particular, we will highlight the lateral growth
and linkage and the importance of dip linkage and blind fault reactivation.
Comprehensive three-dimensional fault displacement analysis is therefore important,
capturing a level of detail in displacement distribution and fault history that would

otherwise be lost.
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Industry applications of quantitative fault analysis illuminated by a case
study from the Egersund Basin, offshore southern Norway

Anette Broch Mathisen Tvedt 1, 2, Christopher A-L Jackson3, Atle Rotevatn 1, 2,
Haakon Fossenl, 2, Rob Gawthorpe 1

1 Department of Earth Science, University of Bergen, Allégaten 41, 5007 Bergen, Norway
2 Centre for Integrated Petroleum Research, University of Bergen, Allégaten 41, 5007 Bergen,
Norway
3 Department of Earth Science & Engineering, Imperial College, London SW7 2AZ, UK

In this this study we illustrate how fault displacement- and sedimentary growth
analyses can be integrated to document the three-dimensional structural style and
growth history of a fault array. The combination of different analyses such as
displacement-length profiles, vertical throw distribution, thickness maps and expansion
indices can yield important knowledge about the temporal and spatial evolution of a
fault array. The application and integration of these methods will be illustrated by a
case study utilizing three-dimensional reflection seismic in the analysis of a fault array
in the Egersund Basin, Norwegian North Sea. The studied thin-skinned NE-SW
striking normal fault array (c. 16 km long and approximately 6 km wide) developed as
a response to the growth of a low-relief salt pillow. General mapping and analysis of
fault displacement distribution and geometry were undertaken, revealing differences in
the geometric and temporal evolution between the southern part of the array where salt
is thick, and the northern part of the array, where salt is thin or depleted. The intricate
but systematic style of displacement and growth suggest a staged evolution of; (1)
initial syn-sedimentary fault growth during the late Triassic- middle Jurassic
contemporaneous with growth of a salt pillow to the west and (2) subsequent fault
initiation at a shallower level, which then propagated down and vertically linked with
pre-existing deeper faults (formed during stage 1) resulting in reactivated fault
surfaces. Further, these analyses indicate that reactivation of the faults in the late
Cretaceous- early Tertiary is a result of contemporaneous remobilization of the salt.
Based on the three-dimensional displacement analyses we conclude that salt
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mobilization controlled the development of the fault array, where reactivation the
buried late Triassic to middle Jurassic faults is only observed where salt is not depleted.
A close connection is observed between pre-salt (‘basement”) fault arrays and the
localization of shallower (‘cover’) faults formed during salt mobilization. One of the
cover faults is coupled with one of the pre-salt faults, while the majority of faults are
decoupled and show that strain was largely transferred through the salt layer during the

fault development.

In hydrocarbon exploration and production, detailed quantitative fault analysis, as
exemplified herein, has a range of other applications and is essential in the assessment
of displacement distribution, fault zone geometry as well as growth- and linkage
history. This in turn may have implications for understanding fault seal capacity and
thus, fluid flow dynamics during production or the delineation and risking of fault
controlled traps in exploration. Comprehensive three-dimensional fault displacement
analysis is therefore important, capturing a level of detail in displacement distribution

and fault history that would otherwise be lost.
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1 Department of Earth Science, University of Bergen, Allégaten 41, 5007 Bergen, Norway
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The structural style and evolution of normal fault systems above thick, mobile salt
layers is less well understood compared to the normal faults developed in rifts where
strong variations in mechanical stratigraphy are absent. This study uses 3D seismic
reflection and well data from the Egersund Basin, Norwegian North Sea, to document
the structural style and growth history of a salt-related normal faults array. To evaluate
the evolution and morphology of the salt-influenced faults we apply the following
methods: 1) 3D mapping of faults and age-constrained growth strata, 2) geometric and
kinematic classification of the fault segments, and 3) three-dimensional mapping of
displacement distributions on the fault surfaces. Our analysis indicates that several of
the faults exhibit linkage geometries that differ from segmented faults in basins that
lack salt. In the northern part of the basin, the growth of a low-relief salt pillow led to
the development of a thin-skinned normal fault array, c. 16 km long and approximately
6 km wide, where the general dip directions of the faults are either northwest or
southeast. Throw generally increases northward along the fault array from 40-60 ms,
in the south, to a maximum of c¢. 140 ms in the north. Present-day throw distributions
suggest both lateral and dip growth and linkage. Furthermore, the intricate, but
systematic style of displacement and growth, suggest a staged evolution of (1) initial
syn-sedimentary fault growth and (2) subsequent reactivation and blind propagation of
some structures. Growth strata indicate syn-sedimentary faulting at the transition

between Skagerrak and Bryne formations (Late Triassic - Early Jurassic), which is

230



contemporaneous with growth of a salt pillow to the west. The reactivation of the faults
may either be caused by later salt mobilization or a later tectonic event. Three-
dimensional seismic data have provided important insights into the development of
salt-influenced normal fault arrays; in particular, we will highlight the lateral growth

and linkage and the importance of dip linkage and blind fault reactivation.
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