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Abstract

In regions experiencing multiple phases of extension, rift-related strain can vary
along and across the basin during and between each phase, and the location of maxi-
mum extension can differ between the rift phase. Despite having a general under-
standing of multiphase rift kinematics, it remains unclear why the rift axis migrates
between extension episodes. The role pre-existing structures play in influencing fault
and basin geometries during later rifting events is also poorly understood. We study
the Stord Basin, northern North Sea, a location characterised by strain migration
between two rift episodes. To reveal and quantify the rift kinematics, we interpreted
a dense grid of 2D seismic reflection profiles, produced time-structure and isochore
(thickness) maps, collected quantitative fault kinematic data and calculated the
amount of extension (f-factor). Our results show that the locations of basin-bounding
fault systems were controlled by pre-existing crustal-scale shear zones. Within the
basin, Permo-Triassic Rift Phase 1 (RP1) faults mainly developed orthogonal to the
E-W extension direction. Rift faults control the locus of syn-RP1 deposition, whilst
during the inter-rift stage, areas of clastic wedge progradation are more important
in controlling sediment thickness trends. The calculated amount of RP1 extension
(p-factor) for the Stord Basin is up to = 1.55 (£10%, 55% extension). During the
subsequent Middle Jurassic-Early Cretaceous Rift Phase 2 (RP2), however, strain
localised to the west along the present axis of the South Viking Graben, with the
Stord Basin being almost completely abandoned. Rift axis migration during RP2 is
interpreted to be related to changes in lithospheric strength profile, possibly related
to the ultraslow extension (<1 mm/year during RP1), the long period of tectonic qui-
escence (ca. 50 myr) between RP1 and RP2 and possible underplating. Our results
highlight the very heterogeneous nature of temporal and lateral strain migration dur-

ing and between extension phases within a single rift basin.
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1 | INTRODUCTION

In multiphase rifts the location of maximum extension (the
rift axis) often differs between rift phases. Using numerical
forward modelling, several factors have been proposed to con-
trol rift axis migration and rift basin abandonment during later
extension phases, such as variations in lithospheric and asthe-
nospheric rheology, crustal strength profiles during extension,
duration of tectonic quiescence between rift phases (interrift
period), and crustal extension rate (Bertotti et al., 1997; Braun,
1992; Naliboff & Buiter, 2015; Tetreault & Buiter, 2018; Tett
& Sawyer, 1996; van Wijk & Cloetingh, 2002). Multiphase
rifts are common and exist in Thailand (Morley, 2017), the
North Falkland Basin (Bransden et al., 1999), East Greenland
(Rotevatn et al., 2018), the northern North Sea (Badley et al.,
1984; Feerseth, 1996; Gabrielsen et al., 1990; Ziegler, 1992),
the Mid-Norwegian margin (Lundin & Doré, 1997; Reemst &
Cloetingh, 2000), and the East African Rift (Castaing, 1991;
Kolawole et al., 2018; Morley et al., 1990). However, how
strain has migrated during and between rift episodes is not well-
known for all of these rifts as dense subsurface data coverage is
required to image and reconstruct basin structure and the timing
of deformation events. Data availability and the well-known
geological history of the northern North Sea presents a unique
opportunity to study the main controls on rift axis migration
between different phases of extension.

The northern North Sea rift developed as a result of two
main episodes of crustal extension: a Middle Permian-Early
Triassic phase (RP1) and a Middle to Late Jurassic-Early
Cretaceous phase (RP2, Figure 1). The rift developed in rhe-
ologically and structurally heterogeneous crust, containing a
range of structures inherited from the Caledonian collisional
orogeny and a subsequent extensional collapse in the Devonian
(Fossen, 1992; Osmundsen & Andersen, 1994; Séranne &
Séguret, 1987). The ~450 km long, NE-trending, Viking-Sogn
graben system roughly defines the RP2 rift axis (Figure 1),
whereas RP1 extension was somewhat more distributed
across the rift (Badley et al., 1988; Claringbould et al., 2017;
Feerseth, 1996; Lervik, 2006; Odinsen et al., 2000; Steel, 1993;
Steel & Ryseth, 1990; Tomasso et al., 2008). The amount of
crustal extension (f-factor) during RP2 is thought to be less than
RP1 and mainly accommodated by large normal faults bound-
ing the Viking and Sogn grabens (Bell et al., 2014; Odinsen,
et al., 2000; Roberts et al., 1993, 1995). The main RP1 axis and
related rift basins are located along the Horda Platform and East
Shetland Basin on the east and west of the Viking Graben, re-
spectively (Ferseth, 1996; Lervik, 2006; Steel, 1993). Despite

Highlights

e Stord Basin located in the SE northern North Sea
developed during Permo-Triassic rifting with
p=1.55(x10%).

e During the Middle Jurassic-Early Cretaceous
rifting Stord Basin is abandoned with g = 1.01
(+10%).

e The rift axis migrates westward from the Stord
Basin to the Viking graben during the second rift-
ing event.

e The location of basin-bounding fault systems
was controlled by pre-existing crustal-scale shear
zones.

e Within the basin, rift faults are developed or-
thogonal to the Permo-Triassic E-W extension
direction.

an improved understanding of RP1 development in the East
Shetland Basin and northern Horda Platform, principally due
to the availability of large, higher-quality, 3D seismic reflec-
tion datasets (Bell et al., 2014; Claringbould et al., 2017; Deng,
et al., 2017; Duffy et al., 2015; Tomasso et al., 2008; Whipp
et al., 2014), our knowledge of the development and architec-
ture of the Stord Basin, the main RP1 basin in the northern
North Sea, is very limited.

Here we use high-quality 2D seismic reflection data
and 23 exploration wells to investigate temporal and spa-
tial variations in structural styles and depositional patterns
within the Stord Basin during RP1 and RP2 (Figure 1).
We also calculate the ratio between cumulative fault dis-
placement and fault length to understand if the RP2 faults
are under-displaced relative to RP1 faults, a characteristic
thought to be at least partly diagnostic of faults formed from
the reactivation of older structures (Deng et al., 2017; Kim
& Sanderson, 2005; Paton, 2006; Schultz et al., 2008). We
compare our observations on fault displacement versus fault
length to scaling relationships identified in the global data-
set, using this as a basis to discuss the potential influence of
structural inheritance on rift fault and basin geometry. We
calculate extension (f-factor) along two profiles across the
Stord Basin during RP1 and RP2 and compare them with
estimates from other basins in the northern North Sea rift.
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FIGURE 1

Location of the Stord Basin in the northern North Sea, offshore southern Norway shown by blue dashed line. Time-structure map

of Base Rift (Base RP1) shows the general structural configuration in the northern North Sea. Thin black lines in the background show 2D seismic

profiles utilised in this study. Red dotes are exploration wells used for well-seismic tie and stratigraphic correlation

We ultimately compare our observations from the Stord
Basin with other multiphase rifts and the predictions of nu-
merical forward models; this provides a basis for discussing
the possible reasons for the observed intra-rift strain mi-
gration and the ultimate abandonment of the Stord Basin,
despite it being the most extended area in the northern
North Sea region during RP1. Our results show that the
locations of basin-bounding fault systems were controlled
by pre-existing crustal-scale shear zones. Within the basin,
Permo-Triassic Rift Phase 1 (RP1) faults mainly developed
orthogonal to the E-W extension direction. Rift faults control
the locus of syn-RP1 deposition, whilst during the inter-rift

stage, areas of clastic wedge progradation are more import-
ant in controlling sediment thickness trends. The calculated
amount of RP1 extension (f-factor) for the Stord Basin is up
to f = 1.55 (£10%, 55% extension). During the subsequent
Middle Jurassic-Early Cretaceous Rift Phase 2 (RP2), how-
ever, strain localised to the west along the present axis of
the South Viking Graben, with the Stord Basin being almost
completely abandoned. Rift axis migration during RP2 is in-
terpreted to be related to changes in lithospheric strength pro-
file, possibly related to the ultraslow extension (<1 mm/year
during RP1), the long period of tectonic quiescence
(ca. 50 myr) between RP1 and RP2 and possible underplating.
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The northern North Sea rift basin developed as a result
of Middle Permian-Early Triassic extension followed by
thermal cooling and subsidence (RP1) and a Mid-Jurassic
to Early Cretaceous extensional phase (RP2) followed by
Cretaceous and Cenozoic post-rift thermal subsidence
(Badley et al.,, 1984, 1988; Ferseth, 1996; Gabrielsen
et al., 1990; Lervik, 2006; Odinsen, et al., 2000; Underhill
& Partington, 1993; Ziegler, 1990). Pre-rift crystalline base-
ment in the northern North Sea basin comprises Palaeozoic
and older rocks that underwent Caledonian orogenic de-
formation, followed by extensive crustal stretching in the
Devonian. The Caledonian basal thrust zone (décollement)
was reactivated as a low-angle extensional shear zone dur-
ing the Devonian post-orogenic extension (Mode I exten-
sion, Fossen, 1992). In addition, several major extensional
shear zones (Nordfjord-Sogn Detachment Zone, and the
Bergen Arc, Hardangerfjord, Karmgy and Stavanger shear
zones; Figure 1) developed during this period of Devonian
extension (Fossen, 1992; Osmundsen & Andersen, 1994;
Séranne & Séguret, 1987; Vetti & Fossen, 2012). These pre-
rift structures created a structurally and rheologically heter-
ogeneous crust that was subsequently stretched. Caledonian
and post-Caledonian (Devonian) structures were reacti-
vated several times onshore (Fossen et al., 2016; Ksiensyk
et al., 2016) and offshore (Fazlikhani et al., 2017; Lenhart
etal., 2019; Osagiede et al., 2019; Phillips et al., 2016; Reeve
et al., 2014) West Norway. The Carboniferous and Permian
strata in the North Sea region is marked by the deposition of
post-Variscan clastics of the Rotliegend Group and evapo-
rites of the Zechstein Supergroup, the latter being thickest
in the southern North Sea (Heeremans & Faleide, 2004;
Ziegler, 1992). These evaporites extend northward into the
South Viking Graben and pinch out immediately south of
the Stord Basin (Figure 1).

A major rift phase (RP1) in the northern North Sea
was driven by E-W extension that started in the Middle
Permian and continued into the Early Upper Triassic (ca.
260-220 Ma). The timing of RP1 rifting is based on (a) K/Ar
and Ar*’-Ar*® dating of amphiboles and whole-rock samples
from onshore southern Norway dykes, (b) the palacomag-
netic age of fault reactivation of the Nordfjord-Sogn detach-
ment farther north, (c) seismic-stratigraphic interpretation
of syn- and post-rift megasequences and (d) palynological
dating of Lower Triassic shales in northern Horda Platform
(Feerseth et al., 1976, 1995; Fossen & Dunlap, 1999; Steel &
Ryseth, 1990; Torsvik et al., 1992). The precise timing of RP1
activity is not known, since the Permian-Triassic boundary
has not been penetrated by wells or dated across large parts of
the northern North Sea basin. In the South Viking and Asta
grabens and the Ling Depression, where pre-RP1 units are

penetrated, RP1-related rocks overlie Zechstein Supergroup
evaporites and locally Devonian and Carboniferous sedi-
mentary rocks. At these locations, the top of the Zechstein
Supergroup evaporites is defined by a high-amplitude, re-
gionally mappable seismic reflection (Fazlikhani et al., 2017;
Jackson & Lewis, 2013; Phillips et al., 2016). Farther north
in the northern Horda Platform and East Shetland Basin,
Triassic units of various ages locally overlie Caledonian crust
and remnants of the Devonian basins. The mapped top of the
Zechstein Supergroup and the base Triassic horizon is inter-
preted as the base RP1 surface (Figure 1).

The deepest RP1 basin in the northern North Sea is the
Stord Basin, which is located on the southern Horda Platform
(Figure 1). However, RP1 basins are also well-developed in
the northern Horda Platform and in the eastern parts of the
East Shetland Basin (Claringbould et al., 2017; Odinsen,
et al.,, 2000; Phillips et al., 2019; Steel, 1993; Tomasso
et al., 2008). RP1 was followed by post-rift thermal subsid-
ence that lasted from the Early Triassic to Middle Jurassic,
and later by Rift Phase 2 (RP2) during the Middle Jurassic
to Early Cretaceous (Ferseth, 1996; Fearseth et al., 1995;
Odinsen et al., 2000; Steel & Ryseth, 1990). The amount
of extension (f-factor) in the northern North Sea rift var-
ies along and across the rift (Odinsen, et al., 2000; Roberts
et al., 1993, 1995). RP1 extension is more evenly distributed
across the rift compared to RP2, which was focused along
the axes of the Viking and Sogn grabens (Badley et al., 1988;
QOdinsen, et al., 2000; Roberts et al., 1993, 1995; Ter Voorde
et al., 2000). RP1 faults have in some cases been reactivated
or cross-cut by RP2 faults (Bell et al., 2014; Claringbould
et al., 2017; Deng, et al., 2017; Duffy et al., 2015; Tomasso
et al., 2008; Whipp et al., 2014). However, in the Stord Basin,
despite being located within the relatively well-studied North
Sea basin, the magnitude of extension and the distribution
of syn-rift depocentres during RP1 and RP2 are poorly
constrained.

3 | DATA AND METHODS

3.1 | Data and seismic interpretation

In this study, we use a dense (2-3 km spacing) grid of ~250
regional 2D seismic reflection profiles (NSR-03/12 and
SBGS-RY%4, courtesy of TGS, GNSR-91 and CNST86, cour-
tesy of The Norwegian Petroleum Directorate) and 23 explo-
ration wells in the Stord Basin (Figures 1 and 2a). Seismic
reflection profiles have variable orientations and most
image to depths of 9-s TWT (two-way time; ~20 to 25 km,
Christiansson et al., 2000) providing imaging of the middle
and upper continental crust including its uppermost sedimen-
tary layer (Figure 2c). We tied formation tops from explo-
ration wells to the seismic grid using well checkshot data
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(a) Base RP1 time-structure map of the Stord Basin and neighbouring Utsira High to the west and Stavanger Platform to the

east. Main basin bounding faults are @ygarden Fault System (@FS) and Utsira East Fault (UEF), each consisting of several segments. Location of
the underlying Caledonian/Devonian Utsira Shear Zone (USZ), Hardangerfjord Shear Zone (HSZ) and @ygarden Shear Zone (JSZ) are shown,
projected to the Base RP1 surface (transparent white polygons). Wells used in seismic well-tie are shown in red (basement drilled) and black.

(b) Simplified stratigraphic chart and main interpreted horizons in the Stord Basin. (c) Regional seismic profile (NSR-41153, courtesy of TGS)

across the Stord Basin, Utsira High, south Viking Graben and East Shetland Platform. Three main tectono-stratigraphic units are Permo-Triassic

(RP1) syn and post-rift, Middle Jurassic - Early Cretaceous (RP2) syn and post-rift covered by Cenozoic to present-day post-rift units

(Figures 2b,c and 3). Eight wells on the Utsira High and in
the southeastern part of the study area encounter crystalline
basement rocks (Figure 2a). This information is used to iden-
tify and map the boundary between the sedimentary cover and
crystalline basement. Away from the basement-penetrating
wells, our top basement interpretation (Base Rift surface) is
defined as a relatively high-amplitude, laterally continuous
packages of reflections that separate semi-continuous and
sub-parallel reflections defining the sedimentary fill of the
northern North Sea and the more chaotic and weaker underly-
ing reflections that characterise the crystalline basement (See

Figure 4 in Fazlikhani et al., 2017 for a detailed description).
The oldest mapped seismic horizon penetrated by a borehole
defines the top of the Upper Triassic (Top Hegre Group); no
wells penetrate the deeper Permian-Triassic boundary in the
Stord Basin. However, on the nearby Utsira High, well 25/11-
28 encountered a 345 m-thick interval of Permian Rotliegend
Group below only 82 m of Triassic Hegre Group rocks. Since
the Middle Triassic and older rocks have not been encountered
in wells within the study area, seismic horizon interpretations
older than the Upper Triassic Top Hegre Group are based
on the recognition of major changes in seismic facies and
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FIGURE 4 Time-thickness maps of (a) early syn-RP1 and (b) late syn-RP1. Highlighted faults show the length of the fault that is active

during syn-RP1

reflection terminations. This allows us to divide the interval
from Base RP1 to Upper Triassic Top Hegre Group into three
seismic units separated by Intra syn-RP1, and Top syn-RP1
horizons (Figures 2c and 3). We mapped five seismic hori-
zons between the top Upper Triassic and the seabed: (a) Early
Middle Jurassic (Base Brent Group), marking the Base RP2;
(b) Base Cretaceous Unconformity (BCU), marking the transi-
tion from syn to post-RP2; (c) Top Lower Cretaceous (Top
Cromer Knoll Group), as the top of early Cretaceous post-RP2,
(d) Top Upper Cretaceous (Top Shetland Group), top of late
Cretaceous post-RP2 and (e) Middle Miocene (Top Hordaland
Group, Figures 2 and 3). These horizons thereby bound and
thus define pre-, syn and post-RP2 units. Time-thickness maps
(isochrons) between key horizons primarily reveal fault-con-
trolled changes in sediment thickness. An absence of fault-
related thickness changes defines periods and/or locations of
fault inactivity, thus by measuring the lengths of fault-bound,
rift-related depocentres, we can define the active, at-surface
trace-lengths of the bounding faults (Childs et al., 2003;
McLeod et al., 2000; Petersen et al., 1992). The accuracy with
which we can measure active fault length and fault throw is

calculated based on the smallest detectable vertical and lateral
fault (measured on each time-structure map) offset in millisec-
ond (ms). We applied time-depth relationships obtained from
well checkshot data to convert throw values from time to depth
(Figure 3 in Fazlikhani et al., 2017 and Appendix S2). We es-
timate the spatial resolution of our seismic data to be 40 m at
500 ms (TWT) increasing to 60 m at about 5,000 ms (TWT)
depth, based on the seismic frequency ranging 20-30 (Hz) and
checkshot velocity data.

3.2 | Fault kinematic analysis and rift
extension estimation (#-factor)

Fault kinematics analysis is based on the seismically resolvable
length of the fault active during a particular time period (the
‘active fault length’) and fault throw and heave measurements.
Active fault length is measured for each isochron map where
there are thickness changes across the fault (Figures 4 and 5);
i.e. the length of the depocentre is used as a proxy for the ac-
tive fault length. We define and use the active fault lengths to
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discuss fault lateral propagation and tip retreat during RP1 and
RP2, and within the inter-rift periods. Fault throw was con-
strained by measuring the vertical distance between the hanging
wall and footwall cut-offs across the Base RP1 and RP2 seismic
horizons. Fault throw data were collected perpendicular to fault
strike using the available 2D seismic reflection lines and by
creating synthetic sections through time-structure maps where
we lacked truly fault-perpendicular 2D seismic lines. Synthetic
sections do not contain geophysical data (i.e. a seismic reflec-
tion image), but they do show projections of mapped surfaces
based on the interpreted 2D seismic grid (Appendix S1).

In the study area, the top acoustic basement is defined as
the ‘Base RP1’ and the Base Brent Group (Middle Jurassic)
as ‘Base RP2’. Where fault-related folds (drag folds) are ob-
served, the regional surface trend is extrapolated onto the fault
surface before throw values were measured to remove the ef-
fects of ductile deformation (Long & Imber, 2010). In order
to distinguish between fault throw accrued during RP1 and
RP2, we subtracted throw values measured across the base
RP2 surface from those measured across the base RP1 sur-
face (throw backstripping; e.g. (Veen & Kleinspehn, 2000).
In this method, the amount of throw that accumulated on
faults during the RP1 and RP2 post-rift stage is included in
the throw measurement for both rifting phases. Throw val-
ues were first measured in time (ms, TWT) and then depth
converted using available velocity-depth information (check-
shot data) from exploration wells (Appendix S2). Fault throw
data were plotted on throw versus length plots, from which
the temporal and spatial development of rift faults were in-
terpreted (see e.g. Jackson & Rotevatn, 2013; Peacock &
Sanderson, 1991). It should be noted that when a fault con-
sists of multiple overlapping segments (e.g. UEF3 or F2), we
measure the total throw by summing throw for each segment
(Appendix S1). Horizontal fault offset (heave) values were
also collected and used to estimate the amount of extension
(p-factor, McKenzie, 1978) during both rifting phases. We
summed backstripped fault heaves (by subtracting RP2 fault
heave from RP1 fault heave) across both the Base RP1 and
Base RP2 surfaces to calculate pre-rift (7})) and post-rift (7;)

length along two transects; this allowed us to estimate total
extension (f-factor). By combining time-thickness maps and
throw-distance plots, and by estimating the amount of exten-
sion, we explore the tectono-stratigraphic development of the
Stord Basin.

4 | Structural and stratigraphic
framework of the Stord Basin

In the following section, we describe the structural patterns
and seismic-stratigraphic units related to RP1 and RP2. The
main basin-bounding faults are the @ygarden Fault System
(@FS) to the east and the Utsira East Fault to the west
(Figures 1 and 2). The @FS comprises four segments (JFS2
— @FS5) and is ¢. 200 km long. The northernmost segment
(@FS1) continues northward into the northern Horda Platform
and is only partially imaged in the study area (Figure 1, see
(Bell et al., 2014). The Utsira East Fault consists of five main
segments (UEF1-5) and is c¢. 100 km long (Figures 1 and 2).
For completeness, in this section, we also briefly describe the
structure of the pre-Permian basement.

4.1 | Pre-Permian basement (Pre-rift) in the
Stord Basin

Caledonian nappe units are drilled offshore on the Stavanger
Platform in the southeast portion of the study area and on the
Utsira High in the western portion (Fazlikhani et al., 2017;
Riber et al., 2015; Slagstad et al., 2011). Towards the south-
eastern edge of the Utsira High, well 25/12-1 (Figure 2a)
drilled through conglomerates and sandstones of possible
Devonian age (see Slagstad et al., 2011). The top pre-rift
basement (Base Rift horizon) typically appears as a high-
amplitude, largely continuous reflection separating mostly
continuous and sub-parallel reflections above from chaotic
and discontinuous intrabasement reflections below (Figure 3,
see Appendix S4 for uninterpreted seismic profiles). These
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chaotic and discontinuous reflections are interpreted as
Caledonian nappes and/or Devonian rocks (seismic facies 2
in Fazlikhani et al., 2017). High-amplitude and dipping re-
flections below the Base Rift horizon (seismic facies 3 in
Fazlikhani et al., 2017) are interpreted as shear zones with
normal displacement that developed during the collapse
of the Caledonian orogenic lithosphere in the Devonian
(Fossen, 1992; Fossen & Hurich, 2005). Two of these shear
zones, the Hardangerfjord Shear Zone (HSZ) and Utsira Shear
Zone (USZ), bound the Stord Basin to the east and west, re-
spectively (Figure 2a).

4.2 | Permo-Triassic rifting (Rift Phase 1,
RP1)
42.1 | Syn-RP1

Sedimentary units between the Upper Triassic surface
(Top Hegre Group) and Base Rift surface (Figure 3 and
Appendix S3) are assigned to the Permo-Triassic rift phase

(RP1, Figure 2b). This unit is subdivided into syn- and post-
rift units based on lateral thickness changes observed in
seismic reflection data (Figure 2c). Intra syn-RP1 and Top
syn-RP1 (Early Triassic?) surfaces divide the syn-RP1 sedi-
ments into the ‘Early syn-RP1’ and ‘Late syn-RP1’ units
(Figures 2b,c and 3).

The early syn-RP1 depocentres are bound by sev-
eral rift-related faults distributed across the Stord Basin
(Figure 4a). In the west, the main depocentres are located in
the hanging wall of Utsira East Fault segments 1 and 3 (UEF1
& UEF3, Figure 4a) and are up to 1,500 ms (TWT) thick [up
to 4,600 m]. In the centre of the Stord Basin, Faults 4 and 2 (F4
and F2) bound two c. 1,000 ms [TWT, c. 3,400 m] thick dep-
ocentres of early syn-RP1 sediments (F2 and F4, Figure 4a).
In the east, a depocentre bound to the east by @ygarden Fault
System segment 3 (@FS3) contains up to 1,090 ms [TWT, c.
3,000 m] of early syn-RP1 sediments, whereas this unit thins
north-westwards to only 810 ms [TWT, c. 2,300 m] in the
hanging wall of Fault 1 (F1, Figure 4a).

Syn-RP1 sequences in the Stord Basin comprise Early
Triassic fluvial sandstones (Ferseth, 1996; Lervik, 2006;
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Steel, 1993; Steel & Ryseth, 1990). Since no wells in the
Stord Basin have encountered Permian sediments (Rotliegend
Group and/or Zechstein Supergroup), it is not possible to dif-
ferentiate between Permian and early Triassic clastics from
seismic reflection data alone. Zechstein Supergroup evapo-
rites were drilled south and west of the Stord Basin in the

Asta Graben, Ling Depression and Sele and Utsira highs, and
the South Viking Graben (Figure 1, see the limit of Zechstein
Supergroup). However, on the basement highs west and
southeast of Stord Basin, wells 16/3-2, 16/3-4, 16/3-6, 16/6-
1, 17/3-1; 25/6-1 and 25/12-1 penetrated basement without
encountering any Permian rocks: only wells 16/3-7, 25/11-17
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and 25/11-28, located on the Utsira High, drilled through
possible Permian clastics (Rotliegend Group) and carbonates
(Zechstein Supergroup, Figure 2a).

Away from well constraints, the distinctive signature of
evaporites in seismic reflection data (usually low-amplitude,
chaotic reflections, contained in strata-discordant bodies (e.g.
salt diapirs and pillows) surrounded by higher-amplitude,
more continuous seismic reflections) helps us identify the
presence of these rocks. However, the presence or absence of
Permian clastic rocks in the Stord Basin remains unclear. The
absence of Permian rocks in deep wells and apparent lack
of Zechstein evaporites as evaluated from seismic reflection
data indicate that the Stord Basin was most likely isolated
during RP1, disconnected from the Ling Depression and Asta
Graben in the south, and from the South Viking Graben to
the west. The apparent lack of early syn-rift deposits south
of the Stord Basin (see time-thickness map in Figure 4a)
supports this hypothesis. Towards the north, however, the
Stord Basin was most likely connected to the northern Horda
Platform and north Viking Graben via the hanging wall of F1
(Figure 4a,b).

Major late syn-RP1 depocentres are located in the hang-
ing wall of @FS3 to the east and UEF1 to the west. In the
centre of the Stord Basin, most of the accommodation in
the hanging wall of F2, F3 and F4 was filled during early
syn-RP1 and the late syn-RP1 sediment thickness is only
up to 1 km (in comparison to 3.4 km during early syn-RP1;
Figure 4a,b). During late syn-RP1, only the depocentre in
the hanging wall of @FS5 expands laterally (Figure 4b).
Major faults that were active during the early syn-RPI
period remained active during late syn-RP1; only UEFS5
was newly initiated during the late syn-RP1 (Figure 4a,b).
The majority of faults located in the middle, northern and
western parts of the basin (F1-4, @FS2 and UEF3-4) have
shorter apparent trace-lengths in late syn-RP2 compared to
early syn-RP1; only UEF1 maintained its length, whereas
UEF?2 is anomalous in that it doubled in length, presum-
ably by lateral tip propagation. In contrast, faults in the
eastern Stord basin (@FS3-5) grew laterally during late
syn-RP1, except for @FS2 in which fault length decreases
(Figures 4b and 5).

4.2.2 | Post-RP1

The post-RP1 is defined as the time interval between RP1
and RP2; during this time, the fault activity decreases in
comparison to the main RP1 and RP2 rift phases. Post-RP1
is subdivided into ‘Early post-RP1’ and ‘Late post-RP1’.
Early post-RP1 is bounded by the Top syn-RP1 (Early
Triassic) surface below and Top Hegre Group surface
above, whereas the Late post-RP1 is bounded by Top
Hegre Group surface below and the Base Brent Group
surface above (Figures 2¢ and 3). During early post-RP1,
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three main sediment depocentres are located in the hanging
wall of F1, the northern portion of @FS3 and in the hanging
wall of UEF3 (Figure 6a). The early post-RP1 section thins
in the southern part of the basin where the interval is only
up to 600 m thick in the hanging wall of UEF5 (Figure 6a).
Along the @FS the early post-RP1 section shows signif-
icant thickness variations, from 1,900 m in the northern
part of @FS3, thinning by up to 500 m southward. In gen-
eral, Early post-RP1 sediments (? Early-Middle Triassic to
Upper Triassic) are relatively evenly distributed through
the basin compared to early and late syn-RP1 (compare
Figure 4a,b with Figure 6a); this is related to the cessa-
tion of activity on several faults located in the centre of the
basin (e.g. F3). Note that NE-dipping faults in the footwall
of @FS5 are outside the study area and are not discussed
here (Figure 6a).

During late post-RP1, the key sediment depocentre,
which is 700 m thick (c. 500 ms, TWT, in comparison to
a 2,200 m thick early post-RP1 depocentre) is located in
the hanging wall of UEF2 and UEF3 in the western margin
of the basin (Figure 6b). This shows a general westward
migration of the main depocentre from Early post-RP1 to
Late post-RP1 (Figure 6a,b). Overall, this period is marked
by limited thickness variations in the basin in comparison
to early post-RP1.

Comparison of Early and Late post-RP1 time-thick-
ness maps show that the active parts of all active faults are
shorter during Late post-RP1. In the north and northeast
areas, F1 and the majority of @FS3 are no longer active
(Figure 6a,b). In the Early post-RP1, as F2 dies out, the
depocentres of F1 and northern @FS3 merge (Figure 6a).
The main fault activity during early post-RP1 occurs along
F1 in the north and basin bounding @FS and UEF faults.
During the late post-RP1 main fault activity migrates to
the west along the UEF segments (Figure 6a,b). Here it ap-
pears that early to late post-RP1 depocentre migration i.e.
from the north-northeast to west, is synchronous with the
migration of active normal faulting, unlike the diachronous
fault activity and rift depocentre migration during syn-RP1
(Figure 6a,b).

43 | Middle Jurassic — Early Cretaceous
rifting (Rift Phase 2, RP2)

43.1 | Syn-RP2

Syn-RP2 units are bounded by the Base Brent Group (Base
Middle Jurassic) and the Base Cretaceous Unconformity
(BCU) surfaces (Appendix S3). The main depocentre is lo-
cated in the centre of the basin, where Syn-RP2 is up to

820 ms TWT [c. 1,500 m] thick (Figure 7a). This depocentre
is not located in the immediate hanging wall of any fault and is
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associated with a set of westward-prograding clinoforms known
as the Hardangerfjord Delta (Gabrielsen et al., 2001; Jarsve
etal., 2014; Jarsve, et al., 2014; Sgmme et al., 2013). Faults that
were active during syn-RP2 are located at the eastern (@FS3-5
and F3) and western (UEF2-5) basin margins (Figure 7a).
OFS3 was the longest active fault during this period (c. 74 km,
Figure 5), yet it accumulated only c. 110 ms (~200 m) of throw
in ca. 30 Myr in the Middle Jurassic (Figure 8).

In the central part of the basin, F3 was active during
syn-RP2, with an active length of c¢. 20 km (Figure 7a),

following its last period activity during the Late syn-RP1. The
thickest part of Hardangerfjord Delta is located in the hang-
ing wall of F3 (Figure 8). F3 and a relatively small portion
of @FS5 are the only faults reactivated after the ca. 50 myr
period of inactivity between Late syn-RP1 (Early Triassic)
and syn-RP2 (Middle Jurassic). Reactivation of F3 might be
triggered by differential sedimentary loading (Fazlikhani &
Back, 2015) associated with westward progradation of the
Hardangerfjord Delta. However, a combination of sedimen-
tary loading and crustal extension during syn-RP2 might also
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explain the reactivation of F3. The time-thickness map of
syn-RP2 (Figure 7a) shows that the Stord Basin was tecton-
ically relatively quiescent during RP2, with only minor fault
activity occurring during the very earliest stages of rifting
(Figures 7a and 8).

4.3.2 | Post-RP2

The Post-RP2 phase in the Stord Basin spans the Early
Cretaceous to the present. The Cretaceous post-RP2 deposits
are here subdivided into the Lower and Upper Cretaceous,
whereas the Cenozoic post-RP2 is outside the scope of this
study and is not discussed further. The Lower Cretaceous
sequence is bounded by the BCU below and Top Cromer
Knoll Group (top Lower Cretaceous, Appendix S3) above.
The main sediment depocentre during this period is located
in the northern part of the study area (Figure 7b), reaching
a thickness of up to 1,000 m. A thick section also exists at
the southern end of the study area (Figure 7b). Sediment
deposition, therefore, appears to be directed to underfilled
accommodation around the edge of the previously depos-
ited Hardangerfjord Delta (dashed white line in Figure 7b;
also see Figure 8c). No fault activity is documented in the
Stord Basin during the Early Cretaceous post-RP2 period
(Figure 7b). The Upper Cretaceous sequence is marked by an
evenly distributed sediment thickness throughout the basin
(Figure 7c). In the centre of the basin, the Upper Cretaceous
section is only up to 280 m thick, gradually increasing to-
wards the southeast. Like the underlying Lower Cretaceous
succession, the Upper Cretaceous succession is virtually un-
affected by faulting (Figures 7c and 8).

5 | Fault kinematics

We present a kinematic analysis of basin-bounding faults
(Pygarden Fault System, @FS and Utsira East Fault, UEF)
and four significant intra-basin faults (F1-F4) in the Stord
Basin are presented below. Throw values in time were meas-
ured perpendicular to the fault strike and after depth conver-
sion are throw backstripped revealing the amount of fault
throw in meters for RP1 and RP2 (Appendix S3).

51 | Oygarden Fault System

The @ygarden Fault System (@FS) consists of four major
segments and bounds the eastern margin of the Stord Basin.
(@FS1 extends northwards to the northern Horda Platform be-
yond the extent of the Stord Basin and it is not, therefore,
considered further in this work (see Bell et al., 2014; Whipp
et al., 2014). @FS2 is the only segment that dips to the east
and it is not linked to any other segments of the @FS. This
is also reflected in the throw profile measured across the
Base RP1 horizon, which shows a maximum throw of 700 m

Basin IAS| EAGE — J—B
Research = WILEY
TABLE 1 Amount of extension (f-factor) measured across the

northern and southern Stord Basin during the RP1 and RP2. In order
to account for the contribution of subseismic faults 30% is added to the
measured values. See the text for details

Northern Stord
Basin

Southern
Stord Basin

RP1 RP2 RP1 RP2

Profile length, 7, (km) 83.55 84.30 61.20 6145
Measured heave 23.30 0.75 11.20 0.25
Initial profile length, 7, (km)  60.25  83.55 50 61.20
Calculated 1.39 1.009 1.22 1.004
Corrected for subseismic 1.55 1.013  1.32 1.006

faulting (+30%)

close to the centre, decreasing laterally towards the fault tips
(Figure 9). @FS2 was only active during syn-RP1 as shown
in time-thickness maps (Figures 4 and 9). Throw along @FS3
is greatest in the north (c. 3,200 m) and decreases gradually to
the south (to c. 1,000 m) where it links with @FS4 (Figure 9).
@FS3 strikes N-S in the north but rotates NNE-SSW close
to its southern tip (Figures 2a and 9). This fault segment
was mostly active during RP1, whereas some portions of
this fault segment were also active during RP2 (Figures 8a
and 9). However, <200 m of throw accumulated on @FS3
during RP2, only ca. 6% of throw accumulated during RP1
(Figure 9). Nevertheless, the active length of JFS3 during
RP2 was reduced by ca. 18% compared to RP1 (Figure 5a).

@FS4 is >45 km long, striking N-S in the north and
NE-SW in the south (Figure 9). This fault segment accumu-
lated c. 2,300 m of throw during RP1 close to the linkage point
with @FS3, with throw progressively decreasing southwards
(Figure 9). During RP2, @FS4 accumulated c. 200 m of throw,
with throw being rather evenly distributed along the structure.
Its length shortened slightly during RP2, having reached its
maximum length during late syn-RP1 (Figure 5a). Accrued
throw during RP2 is <10% of that accumulated during RP1,
whereas the fault length was reduced by ca. 25% (Figure Sa).

The 60 km-long @FS5 segment strikes N-S in the north
and NE-SW to the south, with a similar map view geome-
try to @FS4 (Figure 9). Maximum throw along @FS5 is c.
1,400 m, with most of this achieved during RP1 (Figure 9).
Unlike @FS3 and @FS4, where maximum throw occurs
close to their northern tip, the maximum throw on @FS5 oc-
curs close to its centre. During RP2, two isolated portions
of @FS5 were active; this contrasts with @FS3 and @FS4,
which were seemingly active along their entire trace-lengths
(Figure 9). Throw accumulated on @FS5 during RP2 reached
c. 150 m and c. 100 m in the northern and southern portions
of the fault, respectively. The maximum fault length was
established during RP1 and this was maintained during the
post-RP1 phase. However, fault length decreased to ca. 40%
of its original length during syn-RP2 (Figure 5a).
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UEF1 was only active during syn-RP1 (Figures 4a,b and 5b),
during which time it accumulated a maximum throw of c.
1,800 m. UEF2 has a concave-into-the-hanging wall plan-
view trace, dips to the east and is c. 45 km long (Figure 9).
Throw on this segment increases southwards and reaches
a maximum throw of c. 2,600 m close to its southern tip
(Figure 9). UEF2 was active throughout syn- and post-RP1,
and also syn-RP2, although only ca. 50% of its previously es-
tablished fault length was reactivated during the latter phase
(Figure 9). During RP2, UEF2 accumulated only ca. 10% of
the throw accumulated during RP1.

UEF3 is concave-into-the-footwall in map view and con-
sists of at least three east-dipping segments (Figures 2a and 9).
This structure is c. 50 km long and accumulated up to
2,800 m of throw during RP1 (Figure 9). During RP1 fault
throw was distributed evenly along the structure, with a sharp
decrease at the linkage points with neighbouring segments.
During RP2, UEF3 only accumulated a further c. 280 m of
throw, which is only 10% of that accumulated during RP1.
UEF4 is >30 km long, with the northern portion dipping
to the ESE and the southern portion to the ENE (Figure 9).
Approximately 1,500 m of throw accrued on the northern por-
tion of UEF4 during RP1, close to the linkage point to UEF3.
Throw gradually decreases southwards from this point. The
maximum fault length established during early syn-RP1 de-
creased by ca. 60% during Late syn-RP1 and then remained
constant (Figure 5b). During RP2, only the southern portion
of UEF4 was active, with up to c. 250 m of throw accumulat-
ing on a c. 10 km long portion of the fault (Figure 9). UEFS is
c. 35 km long and dips to the northeast (Figure 9). Maximum
throw along this fault segment (c. 800 m) occurs near its cen-
tre. During RP2, accumulated throw is only ca. 60% of that
accrued during RP1, reaching a maximum of 300 m.

5.3 | Intra-basin faults

We focus on four major faults in the centre of the Stord Basin
(F1, F2, F3 and F4, Figure 9). These faults have been cho-
sen as they have a significant influence on the internal basin
architecture and depositional patterns. Fault 1 (F1) is a seg-
mented fault with an overall eastward dip (Figures 2a and
9), whereas the northern tip of this fault (c. 12 km) extends
beyond the study area (Figure 1). Within the study area, F1
is about 70 km long and it was only active during RP1 and
early post-rift 1 as evidenced by time-thickness maps, during
which time it accumulated a maximum throw of c. 1,700 m
(Figures 4, 6a and 9). The fault achieved its near-final length
during early syn-RP1, before the active trace-length appar-
ently decreased during late syn-RP1 (Figure 5). The active
fault length during early post-RP1 was c. 30 km (Figure 5c).

F2 is located in the hanging wall of @FS3, strikes N-S, is
c¢. 50 km long, and has an overall westward dip (Figure 9).
F2 was active only during syn-RP1 (Figure 4a,b), during
which time is accumulated c. 1,400 m of throw near its centre
(Figure 9). F3 dips to the east and is ¢. 37 km long. Maximum
throw on F3 during syn-RP1 was c. 1,300 m, decreasing to
c. 100 m during syn-RP2. This fault was active during early
and late syn-RP1, before being reactivated during syn-RP2
along c. 20 km of the initial fault length established during
RP1 (Figures 7a and 9). The maximum syn-RP2 fault throw
is only ca. 10% of that accumulated during RP1, with the ac-
tive part of the fault being ca. 45% shorter during the latter
rift phase. Similar fault throw decrease versus fault length
shortening pattern during RP2 has also been observed on the
@FS and UEF fault segments. F3 is the only intra-basin fault
that was reactivated during RP2, whereas all other faults ei-
ther die out after RP1 or are continuously active during syn
and post-RP1, and onwards into syn-RP2 (Figure 5). F4 is
32 km long and dips broadly south-eastwards (Figure 9). This
fault accumulated c. 1,100 m of throw during the RP1 before
becoming inactive (Figure 4a,b).

6 | Extension estimate (f factor)
across the Stord Basin

The amount of rift-related extension is estimated by summing
fault heaves along two E-W profiles across the Stord Basin
(see Figure 9 for the location of profiles). We sum horizontal
distances between footwall and hanging wall cut-offs across
interpreted seismic-scale faults for the Base RP1 and Base
RP2 surfaces (top acoustic basement is taken as Base RP1
and Base Middle Jurassic surface as Base RP2). The differ-
ence between the present and restored length of the Base RP2
horizon is the extension accumulated during RP2, whereas the
difference in length between the restored length of the base
RP2 and the present length measured at base RP1 horizon
gives the extension occurred during the RP1. An important
consideration in measuring crustal extension by heave sum-
mation is the contribution of sub-seismic faulting, which is
typically estimated to 20%—40% (we present calculated S val-
ues in 30% + 10%) of the total extension for our level of seis-
mic resolution (Marrett & Allmendinger, 1992; Morley, 1996;
Walsh et al., 1991). The resolution relevant here is the lower
limit of fault throw detectable from our seismic data, which we
estimate to be c. 40 m at 500 ms depth, increasing to c. 60 m at
5,000 ms depth. Another source of error relates to fault block
rotation (Sclater & Célérier, 1988) and the amount of erosion
on the fault footwall block, particularly on large-displacement,
basin-bounding faults such as @FS and UEF (Morley, 1996).
However, only very modest block rotation is observed along
the basin-bounding faults in the study area, and fault-bound
footwalls appear more or less uneroded. We, therefore, only
consider the additional contribution from subseismic faults to
be significant.
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contour lines (continuous black lines) are from Click or tap here to enter text. that are used to calculate f values (for total amount of extension

that is not differentiated between rifting phases) in northern North Sea basin. Stars show the values calculated using fault throw estimates by (Bell

et al., 2014) in the northern Horda Platform (not corrected for subseismic faulting). Thick black lines are f values estimated in this study

Measured RP1 crustal extension along the two pro-
files shown in Figure 9 gives a stretching factor (f) of 1.39
(23.3 km of extension) in the north of the basin and f = 1.22
(11.20 km of extension) in the south (Table 1). Accounting
for subseismic faulting (30% + 10% of total extension) gives
p = 1.55 (33.3 km of extension) and f = 1.32 (16 km of
extension) for the northern and southern areas, respectively.
Extension is significantly lower during RP2 than RP1 in

the Stord Basin, with f = 1.009 (750 m of extension) in
the north and = 1.004 (230 m of extension) in the south
(Table 1). Accounting for subseismic faulting (30% + 10% of
total extension) gives f = 1.013 (1.07 km of extension) and
f = 1.006 (360 m of extension) for the northern and south-
ern areas, respectively. Comparing the northern and southern
parts of the Stord Basin reveals that extension in the north is
ca. 52% more than that in the south during RP1 (considering
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the 30% + 10% adjustment for sub-seismic deformation) in
the north. The RP2 extension in the north is ca. 66% more
than that in the south. These results show that the Stord basin
mainly developed during RP1, with ca. 95% of total exten-
sion (accumulated during RP1, RP2 and inter-rift period)
occurring during this time, and that the area experienced a

phase of tectonic quiescence during RP2.
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7 | DISCUSSION
7.1 | Regional perspectives of crustal
stretching

Previous estimates of RP1 and RP2 extension in the northern
North Sea have been calculated using several different meth-
ods, including crustal-scale thickness and backstripping of
lithospheric subsidence. Klemperer, 1988 provides a present-
day crustal thickness map for the northern North Sea basin,
showing that the crustal thickness along the northern and cen-
tral Viking Graben is <16 km, and <21 km along the south-
ern Viking Graben (7'}, post-rift crustal thickness). This value
increases towards the eastern and western rift margins to c.
26 km (See Figure 8b in (Klemperer, 1988). Sources of error
for these crustal thickness estimates are related to the depth to
Moho, basement velocity, the distribution and the thickness
of the Palaeozoic sedimentary section, and the interpreta-
tion of the Base Triassic horizon. Assuming a pre-rift crustal
thickness (7)) of 35 km and a simple pure-shear style ductile

-
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deformation of the crust, the total amount of rift-related crus-
tal extension under the north Viking Graben is f = 2.18,
p = 1.66 and = 1.34 for present crustal thicknesses of 16,
21 and 26 km (7)), respectively (Figure 10). These estimates
of crustal stretching are for the complete Late Palaeozoic-
Mesozoic rift; RP1 and RP2 are not differentiated.

2D forward modelling that takes into account fault-con-
trolled syn-rift stratigraphy (without including flexural
rigidity, (Odinsen, et al., 2000), and post-rift flexural back-
stripping along two sections on the Horda Platform and
on the East Shetland Basin suggest f = 1.4 for the north-
ern Horda Platform and g = 1.15 for the East Shetland
Basin during RP1 (Figure 10; Roberts et al., 1993, 1995).
The same studies estimate f = 1.05 for the northern Horda
Platform, = 1.3-1.4 for the northern Viking Graben and
= 1.15 for the East Shetland Basin during RP2. (Odinsen,
et al., 2000) applied crustal-scale forward modelling with an
initial uniform crustal thickness of 35 km to produce an es-
timate of # = 1.33 for RP1 in the northern Horda Platform,
p = 1.41 for the northern Viking Graben, f = 1.29 for the
eastern East Shetland Basin and f = 1.14 for the western East
Shetland Basin (Figure 10). Overall stretching factor esti-
mations by Roberts et al. (1993), Roberts et al. (1995) and
Odinsen, et al. (2000)) are in good agreement and slightly
higher than the values calculated by fault heave summation
by Bell et al., 2014 in the northern Horda Platform and Malgy
Slope (Figure 10). Stretching factor estimates for the northern
Horda Platform are </ = 1.4, which is below a proposed min-
imum value of # = 1.5 for the initiation of partial melting and

FIGURE 11
of fault displacement versus fault length
plot (D,,,/L, from (Schultz et al., 2008)
overlaid by RP1 and RP2 fault displacement
and length measurements. Enlarged graph

Global compilation

shows fault displacement and length for
@ygarden Fault System segments (green
circles), Utsira East Fault segments (violet
circles) and intra-basin faults (yellow
circles) in detail. RP2 faults are under-
displaced relative to the fault length,
suggesting the reactivation of RP1 faults
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underplating of the crust (Foucher et al., 1982; McKenzie &
O'Nions, 1991). However, Wrona et al., 2019 identify po-
tentially large volumes (472 + 161 km?) of now-crystallised
lower crustal melt below this region. In the Oslo Rift and
its equivalent offshore Skagerrak Rift, crustal partial melting
occurred with crustal stretching estimates of f = 1.4-1.6 (Ro
& Faleide, 1992).

Considering previous estimates of crustal stretching, our
results indicate that in the southern Horda Platform, the Stord
Basin experienced larger amounts of extension during RP1
(f = 1.55 £ 10% in the basin centre) than the northern Horda
Platform (f = 1.26—1.4). In southern Norway, directly east of
the Stord Basin, Permo-Triassic igneous dykes exist (Ferseth
et al., 1976; Fossen & Dunlap, 1999). The likely presence
of magmatic intrusions beneath the northern Horda platform
(Wrona et al., 2019), despite the area experiencing less ex-
tension during RP1 than the Stord Basin, and the presence
of Permo-Triassic dykes onshore southern Norway (c. 50 km
east of the Stord Basin) suggest that melting and magmatism
might have also occurred in the deeper parts of the Stord
Basin, although evidence of magmatic underplating is be-
yond the resolution of presently available data.

Numerical forward modelling has shown that varia-
tions in lithospheric and asthenospheric rheology, varying
crustal strength profiles during rifting, length of inter-rift
period(s) and overall extension velocity can control rift
axis migration and rift basin abandonment (Bertotti
et al., 1997; Braun, 1992; Brune et al., 2014; Huismans &
Beaumont, 2011; Naliboff & Buiter, 2015; Svartman Dias
et al., 2015; Tetreault & Buiter, 2018; Tett & Sawyer, 1996;
van Wijk & Cloetingh, 2002). Assuming the Middle Permian
— Early Upper Triassic rift phase lasted for ca. 40 mil-
lion years (ca. 260-220 Ma, Ferseth et al., 1976; Faerseth
et al., 1995; Steel & Ryseth, 1990; Torsvik et al., 1992) and
was associated with a stretching factor of f = 1.55 + 10% in
the Stord Basin (this study), this would correspond to an ex-
tension velocity of <1 mm/year; this is considered ultraslow
extension (Pérez-Gussinyé & Reston, 2001; Tetreault &
Buiter, 2018; Welford et al., 2010). Numerical modelling by
(Tetreault & Buiter, 2018) shows that ultraslow extension re-
sults in increased crust-mantle coupling and the creation of
symmetric margins. Although crustal extension in the Stord
Basin ceased long before continental breakup occurred, the
basin is symmetric (Figure 2c¢). Such a slow extension rate
might, therefore, explain the symmetry of the Stord Basin.
Numerical models suggest that the rift abandonment will
occur either by ultraslow extension rate or by a long period
of tectonic quiescence between extension episodes (Naliboff
& Buiter, 2015; van Wijk & Cloetingh, 2002). Here, in the
Stord Basin, we have a combination of ultraslow exten-
sion (<1 mm/year), possible magmatic underplating mod-
ifying crustal strength profile and a long period of tectonic
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quiescence (ca. 50 myr) between RP1 and RP2. These fac-
tors together may have caused lithospheric hardening, rift
basin abandonment and rift axis migration, despite a rela-
tively high amount of extension (f = 1.55 = 10%) in the
Stord Basin during RP1. Similarly, rift basins that developed
during the Permo-Triassic, Late Jurassic-Early Cretaceous
and Late Cretaceous-Early Tertiary along the mid-Nor-
wegian margin were abandoned as strain migrated over-
all westward-to-northwestward direction, away from the
Norwegian mainland (Gabrielsen et al., 1999; Reemst &
Cloetingh, 2000).

7.2 | Influence of preexisting structures on
rift fault strike and activity

The @ygarden Fault System (@FS) bounds the Stord Basin to
the east and consists of four main segments in the study area
(Figures 1 and 2a). The west-dipping @FS3 segment strikes
N-S over a 30 km extent from its northern tip, which then
gradually rotates to an NNE-SSW orientation. This strike ro-
tation of ca. 25° occurs at N59°33’, close to the southwest-
ern tip of an onshore section of the Hardangerfjord Shear
Zone (HSZ, Figures 1 and 2a). Farther south, @FS3 strikes
subparallel to the offshore extension of the HSZ (Figure 2a,
(Fazlikhani et al., 2017). The southern segments, @FS4 and
(@FS5, show an abrupt change in strike of ca. 50° for @FS4
and 45° for @FS5 near the offshore extension of the HSZ
(Figure 2a). This shear zone, therefore, appears to play a clear
role in the development of the @FS structural style.

Along the western margin of the Stord Basin, the Utsira
East Fault (UEF) is aligned with the Utsira Shear Zone
(USZ, Figures 1 and 2a). UEF1 strikes NE-SW, parallel
to the NE-SW-striking portion of the USZ and both trend
oblique to the regional E-W extension direction for RP1
(Feerseth et al., 1976, 1995; Steel & Ryseth, 1990; Torsvik
et al., 1992). However, UEF2 is not aligned with the USZ
trend and instead strikes almost N-S, perpendicular to the re-
gional E-W extension direction (Figure 2a). At this location,
the regional stress field related to the E-W extension direction
that is localised by the pre-existing USZ, played a key role in
controlling rift fault geometry and the development of two
fault trends. Further south, UEF3 and UEF4 are aligned with,
and most likely, reactivated the USZ. Also here, the variable
influence of the pre-existing USZ on the regional E-W exten-
sion caused the development of rift faults of variable orien-
tation. In the southwestern edge of the basin, UEF5 strikes
NW-SE; it is not, therefore, aligned with the USZ nor perpen-
dicular to the regional stress field. Here other factors, such as
lithological differences between the Utsira High (basement
high) and sedimentary rocks of southern parts of the Stord
Basin, may have promoted strain localisation and controlled
the geometry of UEFS5 (Bott et al., 1958; Castro et al., 2007;
Howell et al., 2019; Phillips et al., 2019).
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North of the Stord Basin (at 60° N, Figure 1), the USZ
strikes ENE-WSW, sub-parallel to the regional E-W exten-
sion direction (Figure 2a). Rift fault F1 strikes overall N-S
(Figure 1), although tips of individual fault segments have
a more NE-SW strike. F1 developed perpendicular to the
E-W regional extension direction; however, rotated seg-
ment tips are subparallel to the USZ, most likely associated
with mylonitic foliation or layering within the shear zone,
both of which may be prone to being preferentially reacti-
vated (Gontijo-Pascutti et al., 2010; Heilman et al., 2019;
Kirkpatrick et al., 2013; Morley, 2017; Osagiede et al., 2019;
Paton & Underhill, 2004; Salomon et al., 2015). In this case,
the orientation of the regional stress field is the primary
factor controlling rift fault development, whereas the pres-
ence of pre-existing structures locally influences segment tip
reorientation.

Within the basin, rift faults (F2, F3 and some minor faults)
mainly strike N-S (Figure 2a) and developed perpendicular
to the regional E-W extension direction. The exception is F4,
which strikes NE-SW, as well as some segments of F1 and F2
(Figure 2a). This may be due to the rotation of the local stress
by pre-rift basement structures parallel to the HSZ trend that
is not imaged in the available seismic data.

A logarithmic fault displacement-length plot of the stud-
ied RP1 faults (Figure 11) shows that all studied rift faults
and fault segments plot between D = L/10 and D = L/100
lines, whereas RP2 fault segments cluster around D = L/100
and towards D = L/1,000 lines. Comparing our observa-
tion with the global displacement versus length compilation
(Schultz et al., 2008) suggests that RP2 faults are under-dis-
placed relative to their length (Figure 11). There is now a
wealth of evidence that suggests that faults may present
with a low D-L ratio due to rapid fault growth (lengthen-
ing) in the early stages of fault development without much
displacement accrual (i.e. ‘constant-length’ fault growth;
see e.g. Nicol et al., 2005; Rotevatn et al., 2019); this in-
cludes faults growing in crust where there is no evidence
for large, pre-existing structures (cf. Meyer et al., 2002;
Walsh et al., 2002). Therefore, given that (a) the study area
has undergone several deformation phases and (b) the ob-
served low D-L ratios are associated with the later-phase
(RP2) faults and not the early-phase (RP1) faults, we suggest
that structural inheritance induced lengthening-dominated
fault growth behaviours during the second rift stage, lead-
ing to the observed ‘under-displacement’ of the RP2 faults.
Faults in the Stord Basin strike N-S, NE-SW and NW-SE
(e.g. compare faults on time-structure map in Figure 2a),
similar to the trend of pre-existing structures related to the
Caledonian and/or post-orogenic Devonian tectonic events.
These structures may have locally perturbed the regional
stress field and influenced rift fault strike and kinematics in
the early stages of fault development (Collanega et al., 2019;
Osagiede et al., 2019). Later, as extension continues, and
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fault segments grew and linked laterally, rift fault activity
focuses on fault segments that strike at a high-angle (e.g.
N-S) to the E-W regional stress field.

7.3 | Permo-Triassic (RP1) and Middle
Jurassic-Lower Cretaceous (RP2) rifting in the
Stord Basin and northern North Sea

Slip on RP1 faults in the Stord Basin created signifi-
cant accommodation for syn-rift sediments to accumulate
(Figure 4a,b). The thickest early syn-RP1 depocentres are
distributed across the basin, (Figure 4a), which contrasts with
the late syn-RP1 phase depocentres that localise next to the
basin-bounding UEF and GFS faults (Figure 4b). The earli-
est stages of RP1 are, therefore, characterised by distributed
faulting and associated depocentres. However, as faults con-
tinue to grow, the basin-bounding faults develop as the key
strain-accommodating structures, storing the thickest sedi-
ments in the hanging wall. During early post-RP1, almost the
entire Stord Basin accumulates more than 400 ms (c. 300 m)
of sediments (Figure 6a). During this phase, all the basin cen-
tre rift faults are buried and depocentres only develop adja-
cent to basin-bounding @FS and UEF faults. During the late
post-RP1, the thickness of sediments is >400 ms, except in
the hanging wall of UEF2 and 3 (Figure 6b). This highlights
that by the late post-RP1 almost all accommodation created
during RP1 was filled (Figure 6b). It appears that select N-S-
striking faults preferentially accrue strain during the early
post-RP1 stage and therefore focus deposition in these loca-
tions. We would expect these fault segments to preferentially
slip under an E-W oriented minimum horizontal compres-
sional stress direction, particularly if the extension rate has
decreased during the post-rift subsidence phase.

During the Middle Jurassic to Late Cretaceous, the Stord
Basin is characterised by relatively little tectonic activity, and
sedimentary loading is a key process in creating sediment
accommodation. The westward-prograding Hardangerfjord
Delta is a significant depositional feature. The Hardangerfjord
Delta is most Late Jurassic (Jarsve, et al., 2014) and is not af-
fected by coeval rift faults. The Hardangerfjord Delta does not
extend north of 60°N and is separated from the Brent Delta
by the Brage Horst and Oseberg Fault Block, near the Lomre
Shear Zone (Fazlikhani et al., 2017). Lower Cretaceous
deep-marine sediments (Cromer Knoll Group) preferentially
fill accommodation north and south of the Hardangerfjord
Delta (Figure 7b).

Basin-bounding rift faults in the Stord Basin are active
throughout the RP1 syn- and post-rift periods and into RP2,
during which times they accrued only up to 250-300 m of
throw. In contrast, in the northern Horda Platform, RP1 faults
are reactivated during early post-RP2 and developed throws
of up to 650-700 m (Bell et al., 2014; Deng, et al., 2017;
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Duffy et al., 2015; Whipp et al., 2014). Such diachronous
fault activity during RP2 suggests an overall northward
migration of strain offshore Norway between rift phases.
This is in consistent with the slightly higher RP2 g values
calculated in the northern Horda Platform compared to the
southern Horda Platform (i.e. Stord Basin, Table 1). Farther
north, between 61° and 62°N, the Malgy Slope area was only
extended during RP2, whereas basins further west, such as
the northern Viking Graben and East Shetland Basin, were
extended during both rifting phases (Lenhart et al., 2019;
Phillips et al., 2019). On the eastern side of the Viking
Graben, three distinct areas are identified: (a) 59°-60°N,
where highly extended areas during RP1 (i.e. Stord Basin)
are almost abandoned during RP2, (b) 60°-61°N, where rift
faults in the moderately extended northern Horda Platform
reactivate during RP2 and (c¢) 61°-62°N, where the Malgy
slope is mainly extended during RP2.

Within the Stord Basin, fault activity during RP2 was
mainly localised along the basin-bounding UEF and @FS
faults. Here, long-lived, easterly dipping UEF fault seg-
ments, which dip away from the new RP2 rift axis in the
Viking Graben, accommodated Late Jurassic extension.
This contrasts with the East Shetland Basin, which defines
the opposite side of the RP2 rift-axis, where newly initiated,
easterly dipping faults (i.e. towards the rift axis) cross-cut
pre-existing, westerly dipping, RP1 structures (Claringbould
et al., 2017; Tomasso et al., 2008). Comparing the timing of
faulting in the Stord Basin (i.e. southern Horda Platform),
northern Horda Platform and East Shetland Basin shows
that: a) RP1 faults in the Stord Basin are continuously
active during syn- and post-RP1, and during syn-RP2.
Instead of new rift faults initiating during RP2, the east-
erly dipping UEF fault accommodates the majority of RP2
rift-related strain; (b) in the northern Horda Platform, RP1
faults reactivate in late syn-RP2 and early post-RP2 (Bell
et al., 2014; Deng, et al., 2017; Duffy et al., 2015; Phillips
et al., 2019; Whipp et al., 2014); and (c) RP1 faults in the
East Shetland Basin are cross-cut by easterly dipping RP2
faults (Claringbould et al., 2017; Tomasso et al., 2008). Our
study, in addition to data from other areas of the northern
North Sea, provide an example of the patterns of strain mi-
gration and fault initiation and reactivation, that can occur
during multiphase continental extension. The rift kinematics
documented here may be more broadly applicable to areas
formed in response to multiphase extension of strongly het-
erogeneous crust.

8 | CONCLUSIONS
Seismo-stratigraphic and structural evolution of the Stord
Basin, offshore southern Norway documents a rift basin aban-
donment and rift axis migration occurred in two rift phases.
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Numerical models have shown that rift axes could migrate
in regions experiencing several rifting events. However, ob-
servations from real rift basins are rare. This study presents
a natural case where the first rift axis migrates during the
second rifting event. We have shown that rift fault activity
migrates during and after rift climax and controls main rift
depocentres. Our results reflect the general complexity of rift
basin evolution and can be applied to other regions experi-
encing multiple phases of rifting. Our key findings can be
summarised as follows:

e The Stord Basin, located in the southern Horda Platform,
developed during the Permo-Triassic rifting phase (RP1)
with a stretching factor up to f = 1.55 (£10%). The Stord
Basin was abandoned during the Late Jurassic-Early
Cretaceous rift phase (RP2, f = 1.01 + 10%) despite being
the most extended area in the northern North Sea rift
during RP1. This may be due to the ultraslow extension
(<1 mm/year) and the long period of tectonic quiescence
(ca. 50 myear) between RP1 and RP2 leading to changes
in lithospheric strength profile and possible underplating,
which in turn lead to the westward rift relocation to the
Viking Graben during RP2.

o The earliest stages of RP1 are characterised by distributed
faulting with associated depocentres; however, as faults
continue to develop the basin-bounding faults become the
key strain-accommodating structures with associated sed-
iment depocentres. Between syn- and post-RP1 strain mi-
grates to the west from the @ygarden Fault System to the
Utsira East Fault and migrates southward along the basin.

e The kilometre-scale basin geometry is controlled by
(a) E-W extension and (b) the presence of pre-existing
Caledonian/Devonian structures, namely the Utsira Shear
Zone (USZ) in the west and Hardangerfjord Shear Zone
(HSZ) in the east. Smaller-scale pre-rift basement struc-
tures might account for fault segment tip reorientation
during RP1.

e RP2 fault throw decreases to ca. 10%—20% of that accu-
mulated during RP1, although active fault length is ca.
75%-80% of active fault length during RP1. During RP2,
strain migrates overall northwards into the northern Horda
Platform. Sedimentation patterns are primarily controlled
by basin thermal subsidence during RP2 and key depocen-
tres are associated with, or adjacent to, the Middle to Late
Jurassic Hardangerfjord Delta.

e RP1 faults across the northern North Sea reacted differ-
ently to RP2 extension: in (a) the Stord Basin RP1 faults
are continuously active during syn- and post-RP1 and into
syn-RP2. Rift faults in the centre of the basin are only ac-
tive up to Early post-RP1, (b) northern Horda Platform RP1
faults reactivate during Late syn-RP2 and Early post-RP2
and c) in the East Shetland Basin, RP1 faults are mainly
cross-cut by RP2 faults.
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