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Abstract

Pre-existing structures within crystalline basement may exert a significant influence over the
evolution of rifts. However, the exact manner in which these structures reactivate and thus
their degree of influence over the overlying rift is poorly understood. Using borehole-
constrained 2D and 3D seismic reflection data from offshore Southern Norway we identify
and constrain the three-dimensional geometry of a series of enigmatic intrabasement
reflections. Through 1D waveform modelling and 3D mapping of these reflection packages,
we correlate them to the onshore Caledonian thrust belt and Devonian shear zones. Based on
the seismic-stratigraphic architecture of the post-basement succession we identify several
phases of reactivation of the intrabasement structures associated with multiple tectonic

events. Reactivation preferentially occurs along relatively thick (c. 1km), relatively steeply
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dipping (c. 30°) structures, with three main styles of interactions observed between them and
overlying faults: (i) faults exploiting intrabasement weaknesses represented by intra-shear
zone mylonites; (ii) faults that initiate within the hangingwall of the shear zones, inheriting
their orientation and merging with said structure at depth; or (iii) faults that initiate
independently from and cross-cut intrabasement structures. We demonstrate that large-scale
discrete shear zones act as a long-lived structural template for fault initiation during multiple

phases of rifting.

1. Introduction

Continental rifting is often considered in terms of extension of relatively homogeneous
lithosphere (Gupta et al., 1998; Cowie et al., 2000; Gawthorpe and Leeder, 2000). However,
continental lithosphere is considerably more complex than envisaged in these idealised
models, typically containing a range of structures imparted by previous tectonic events. These
structures span a range of scales; from large-scale crustal sutures and orogenic belts (Daly et
al., 1989; Mogensen and Korstgard, 2003; Paton and Underhill, 2004; Bird et al., 2014;
Bladon et al., 2015), pre-existing fault populations and outcrop-scale fault and fracture
networks (Kirkpatrick et al., 2013; Whipp et al., 2014; Duffy et al., 2015), to structures
formed at the grain- and even micro-scale. Such pre-existing heterogeneities may; i)
reactivate during later tectonic events; ii) act as nucleation sites for later rift-related faults;
and iii) localise and modify the regional stress field, thus fundamentally modifying the
physiography and evolution of overlying rifts. Field, seismic and potential field data indicate
that the reactivation of intrabasement structures may influence the development of rift
systems (Daly et al., 1989; Fraser and Gawthorpe, 1990; Maurin and Guiraud, 1993; Ring,
1994; Feerseth, 1996; Clemson et al., 1997; Morley et al., 2004; Paton and Underhill, 2004;
Gontijo-Pascultti et al., 2010; Bellahsen et al., 2013; Bird et al., 2014; Whipp et al., 2014;

Salomon et al., 2015; Scheiber et al., 2015), an observation further supported by numerical
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and analogue modelling (Huyghe and Mugnier, 1992; Faccenna et al., 1995; Bellahsen and
Daniel, 2005; Henza et al., 2011; Autin et al., 2013; Chattopadhyay and Chakra, 2013; Tong
et al., 2014). However, many of these relationships between intrabasement structure and rift
systems are simply based on plan-view correlations, with little consideration given to their
three-dimensional geometric relationships or kinematic interactions, primarily due to
difficulties in imaging and constraining the 3D geometry of the intrabasement structure. For
instance, in seismic reflection data, crystalline basement often appears acoustically
transparent due to typically low internal impedance contrasts and large burial depths.
Although intrabasement structures have previously been imaged using deep seismic reflection
data (Chadwick et al., 1983; Choukroune, 1989; Abramovitz and Thybo, 2000; Hedin et al.,
2012; Fossen et al., 2014), these studies have sparse data coverage and are unable to resolve
the required detail and 3D geometry of said strucutres, particularly at upper crustal levels. In
addition, interpretations based upon potential field data may be non-unique and of relatively
low resolution, with these data typically unable to image discrete structures. In contrast,
discrete structures can be analysed in some detail in the field, although these data may not be

of sufficient extent to permit truly three-dimensional analysis of large-scale structure.

Recent advances in the quality of seismic data have allowed for the detailed mapping of
intrabasement structures on both 2D (Bird et al., 2014) and 3D (Reeve et al., 2013; Bird et al.,
2014) seismic reflection data, and it has been demonstrated that these structures can both
influence (Bird et al., 2014) or not influence (Reeve et al., 2013) the structural style and
evolution of later rift systems. Therefore, the selective reactivation of intrabasement
structures may depend on physical and geometric properties related to their formation and
composition, as well as their relation to regional stress fields imposed during later tectonic

events. A detailed understanding of the overall 3D geometry and internal architecture of
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intrabasement structures is therefore vital to determine the controls on their selective

reactivation and how this affects the geometry and evolution of the overlying rift.

In this study we use closely spaced 2D and 3D seismic reflection data from offshore SW
Norway (Figure 1, 2) to constrain the 3D geometry of a series of enigmatic reflection
packages within crystalline basement, along with key stratigraphic horizons in the overlying
rift. Being located close to the margin of the North Sea rift basin and having experienced a
complex tectonic history (Figure 3), crystalline basement in the study area is located at
relatively shallow depths (<4.5 km) and is highly heterogeneous, containing a series of
prominent coherent reflections that can be mapped across large parts of the seismic data. We
observe two types of discrete reflection packages within crystalline basement: i) thin (c. 100
m) reflection packets displaying a concave-upwards geometry (Figure 4); and ii) thicker (c.
1.5 km) reflection packages of inclined reflectivity that dip at c. 30° (Figure 4). Through 1D
waveform modelling, we show that these reflections originate from a layered sequence,
which we propose are layered intra-shear zone mylonites. Furthermore, because the study
area is located close to the Norwegian coastline (Figure 1), we are able to confidently link
these reflections to the previously mapped and established onshore geology, specifically
shear zones associated with the Caledonian Orogeny and the Devonian orogenic collapse
(Morley, 1986; Pedersen and Hertogen, 1990; Fossen and Rykkelid, 1992; Gabrielsen et al.,

2002; Fossen, 2010; Roffeis and Corfu, 2013; Corfu et al., 2014).

Based upon our seismic interpretation of both the cover and the basement, we observe a range
of interactions between the intrabasement structures and the overlying rift-related faults
throughout multiple tectonic events. In some instances reactivation of intrabasement
structures has a profound effect on the later rift; whereas in others, rift-related faults form

independently of intrabasement structure. As such, we investigate the factors controlling this
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selective reactivation of the intrabasement structures and offer insights into the mechanisms

of their reactivation.
2. Geological Setting
2.1 Regional setting

This study focuses on a 20,000 km? area located offshore SW Norway, encompassing the
WNW- trending Egersund Basin, the N-trending Asta Graben (Figure 1), and the Stavanger
Platform (Figure 1). The major basement-involved faults in the study area are the Asta Fault,
and the Stavanger and Sele High Fault Systems, bounding the Asta Graben, Stavanger
Platform and Sele High respectively (Figure 1). The Stavanger Fault System (SFS) consists
of two NW-to-NNW striking fault segments (Figure 1). The Asta fault strikes N-S along the
eastern margin of the Asta Graben. Between the Asta and Stavanger fault systems, the south-
western margin of the Stavanger Platform is bordered by a shallowly dipping ramp, herein
termed the Stavanger Ramp (Figure 1). The N-S striking Sele High Fault System (SHFS)

forms the western boundary to the Asta Graben and the Egersund Basin (Figure 1).
2.2 Geological History

The present day crystalline basement of the North Sea largely formed during the Late
Ordovician-Early Devonian Caledonian orogeny (McKerrow et al., 2000) (Figure 3), with
older Proterozoic basement remnant to the east of the study area. The Scandian phase of the
Caledonian orogeny involved continent-continent collision between Laurentia to the west and
Baltica in the east. During this collision, allochthonous material was transported ESE onto the
margin of Baltica along a basal zone of mechanically weak Cambrian shales and phyllites
overlain by a package of highly sheared rocks of Baltican origin, collectively referred to as

the basal décollement zone (Figure 1) (Fossen, 1992; Milnes et al., 1997). The Caledonian
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Deformation Front (CDF) represents the easternmost limit of Caledonian allocthonous
material. The in-situ CDF is preserved along eastern Norway, whereas post Caledonian
erosion across large parts of southern Norway results in the westward translation of the CDF
as observed today (Huuse, 2002; Japsen et al., 2002). Hence, the original CDF can only
approximately be located in the area covered by Figure 1. In this study, we refer to the CDF
as the present, erosional boundary between Caledonian allochthonous material and

Proterozoic autochthonous crystalline basement (Figure 1).

Caledonian shortening was succeeded by Devonian orogen-scale extension (McClay et al.,
1986; Dewey, 1988; Fossen, 1992)(Figure 3). Extension was initially accommodated by the
reactivation of pre-existing Caledonian structures (Mode | reactivation of Fossen et al.,
1992), most notably the basal décollement, as indicated onshore by asymmetric mylonitic
fabrics and the overprinting of top-to-SE by top-to-NW shear sense indicators (Fossen, 1992).
This reversal of shear along Caledonian structures accounted for 20-30 km of extension
across Norway before these structures became locked at low angles. Subsequent extension
was accommodated by the formation of large-scale through-going extensional shear zones
(Mode II reactivation of Fossen et al., 1992) and a series of Devonian basins (Fossen, 2010;
Vetti and Fossen, 2012). The extensional shear zones are mapped onshore across southern
Norway to the northern margin of the study area along the present coastline (Pedersen and
Hertogen, 1990; Fossen, 2010; Bge et al., 2011). These shear zones are typically 1-2 km

thick, with some up to 5 km (Fossen and Hurich, 2005).

Extension in the Carboniferous-Early Permian, potentially in response to post-Variscan
orogenic collapse (Ziegler, 1992), resulted in the formation of a number of major faults,
notably the Sele High and Stavanger fault systems (Sgrensen et al., 1992; Jackson and
Lewis, 2013; Jackson and Lewis, 2015) (Figure 1). Subsequent post-rift thermal subsidence

led to the formation of the North and South Permian basins, which, during the Late Permian
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were filled with the evaporite-dominated Zechstein Supergroup (Ziegler, 1992). During the
Mesozoic, the North Sea experienced two main rift phases, the first occurring during the Late
Permian-Early Triassic in response to the breakup of Pangea. E-W-directed extension
(Coward et al., 2003; Fossen et al., 2016) led to the development of a predominately N-
trending rift (Ziegler, 1992; Odinsen et al., 2000), the formation of the Asta fault, and the
reactivation of other major faults within the study area (Serensen et al., 1992; Jackson and
Lewis, 2013; Jackson and Lewis, 2015). A second rift phase lasted from the Late Jurassic into
the Early Cretaceous, with previous studies suggesting an extension direction of either E-W
(Bartholomew et al., 1993; Brun and Tron, 1993; Bell et al., 2014) or WNW-ESE to NW-SE
(Feerseth, 1996; Doré et al., 1997; Ferseth et al., 1997). Rifting resulted in the initiation of
new faults and the reactivation of some pre-existing faults (Bell et al., 2014), including a
number of those located within the study area (Figure 3). This rift phase occurred in response
to the collapse of a Middle Jurassic Mid-North Sea Dome (Underhill and Partington, 1993),
which broadly coincided with the opening of the Norwegian Sea - North Atlantic rift system
(Ziegler, 1992). Following Late Jurassic-to-Early Cretaceous rifting, a protracted period of
post-rift thermal subsidence was interrupted during the Late Cretaceous by mild inversion
related to the Alpine orogeny (Figure 3) (Biddle and Rudolph, 1988; Cartwright, 1989;

Jackson et al., 2013).
3. Dataset and methodology

Key horizons and structures were mapped on a closely spaced (maximum 5 km spacing) grid
of 2D seismic reflection data (imaging to 7-9 s two-way-travel time, TWT), and a 3600 km?
3D dataset with 25 m line spacing (imaging to 5 s TWT) (Figure 2). Seismic reflection data
are zero-phase and displayed following the SEG reverse polarity convention; i.e. a downward
increase in acoustic impedance is represented by a trough (red) and a downward decrease in

acoustic impedance is represented by a peak (black) (Figure 5). The ages of key seismic
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horizons were constrained using 17 boreholes, three of which penetrate crystalline basement
(Figure 3). Checkshot data from these wells were used to create a velocity model to convert

structural measurements from the time to depth domain.

The dominant intrabasement frequency within the 2D seismic data is ¢. 20 Hz; using an
interval velocity of 6100 ms™ for crystalline basement (Abramovitz and Thybo, 2000), we
estimate an intrabasement vertical resolution of c¢. 80 m. The quality of imaging within
basement is generally very good, although it deteriorates towards the SE due to thicker
Zechstein salt in the eastern Egersund Basin. Intrabasement reflections were mapped, where
possible, within the 3D volume and across individual closely spaced 2D lines. The distinct
seismic expression of the larger intrabasement features (Figure 5, 6) allowed for correlation
between individual 2D lines, allowing them to be mapped over a larger area and to greater

depths than permitted by the 3D volume alone (Figure 3).

Seismic-scale variations in crystalline basement lithology typically produce small impedance
contrasts, due to minor differences in seismic velocity and density, and do not produce
prominent reflections in seismic reflection data. Therefore, in conjunction with the typically
large burial depths of crystalline basement beneath rifts, intrabasement structures are often
poorly resolved on seismic reflection data (Torvela et al., 2013). However, imaging of
crystalline basement may be improved within areas of shallow basement. In addition,
intrabasement reflectivity may be enhanced through constructive interference within layered
sequences, such as those observed between highly strained mylonite zones and less deformed

country rock (Fountain et al., 1984; Wang et al., 1989).

1D waveform modelling was used to test the geological origin of the characteristic reflection
patterns observed within the intrabasement structures. We make no attempt to model the

absolute or relative amplitudes of the data, instead focussing on the interference between
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reflections and the first-order reflection patterns. In addition, we do not account for
attenuation of the seismic wave with depth. Reflection co-efficients of +1 and -1 were
assumed for increases and decreases in acoustic impedance respectively. Taking into account
the reverse data polarity, we use an incident negative ricker wavelet of 20 Hz, assuming an
intrabasement velocity of 6100 ms™. Wavelet responses were calculated from horizons at

varying depths and then convolved to produce the overall model reflection pattern.

4. Interpretation of intrabasement structure
4.1 Offshore intrabasement reflectivity

We observe two types of prominent reflections within crystalline basement: i) relatively thin
(c. 80-100 m), concave-upwards, high-amplitude reflection packets that dip 0-10° and are
characterised by a trough-peak-trough wavetrain (Figure 4a); and ii) relatively thick (c. 1-2
km) packages of high-amplitude reflectivity dipping at c. 30°, which are herein termed
intrabasement packages (IP) (Figure 4a). In detail, the IP comprise an anastomosing network
of high-amplitude, sub-parallel reflections (Figure 4a, 5). Although the overall geometry of
the IP, i.e. the top and base of the packages, can be mapped across multiple 2D seismic
sections (Figure 6, 7), we are unable to map individual internal reflections as they are often

laterally discontinuous (Figure 6).

Basement-penetrating wells (Figure 2) sample Caledonian and Proterozoic crystalline
basement, confirming that the mapped deep reflectivity is within crystalline basement. The
geometry and extent of the reflections do not mimic that of any reflections in the overlying

cover, thus we argue they are not multiples (Figure 5). Furthermore, the intrabasement
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reflections are visible across independent seismic datasets, suggesting that they represent real

geological boundaries rather than an acquisition- or processing-related geophysical artefact.

4.2 Waveform modelling of intrabasement reflections

Later in this paper, we correlate the large scale intrabasement packages described above to
discrete basement shear zones that are mapped onshore southern Norway. However, we first
here use 1D waveform modelling to demonstrate that the observed reflection patterns

resemble the general internal geometries of shear zones described elsewhere.

1D waveform modelling allows us to recreate first-order reflection patterns observed in the
data. First, we find that the observed first-order reflection pattern, the characteristic trough-
peak-trough wavetrain, cannot be generated using a single interface, instead forming through
constructive interference between reflections generated within a layered sequence (Figure
4b). We therefore produce a series of layered models with different layer and interlayer
thicknesses (Fountain et al., 1984) and compare these to the observed reflection patterns
(Figure 4b). A reflection coefficient of -1 was used to define the top of a layer, and +1 used to

define the base (Figure 4b).

Our analyses show that reflections produced by closely spaced (c. 100 m) layers
constructively interfere to create a trough-peak-trough wavetrain, similar to the thin reflection
packets observed within the data (Figure 4a,b). We find that the observed intrabasement
reflection patterns are best represented by c. 100 m thick layers of material with a lower
acoustic impedance (Al) separated by 50-100 m of higher acoustic impedance material. In the
example shown in Figure 4b, 100 m thick low-Al layers, separated by 50 m thick, high-Al
layers best fit the upper segment of the observed reflection pattern, whereas a high-Al layer
thickness of 100 m best fits the lower part. Furthermore, we find that continually adding

similarly spaced layers to the sequence acts to increase the number of cycles present in, and
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therefore the overall thickness of, the overall reflection package, resembling the observed IPs
(Figure 4ab). As the spacing between layers increases, the degree of constructive
interference decreases until two distinct reflections can be resolved. At a spacing of >150 m,
layers begin to produce two distinct reflection events (Figure 4b), as opposed to
constructively interfering within one another. Slight variations in layer and interlayer
thicknesses result in differing degrees of interference, causing variations in the imaging of
individual layered sequences. Prominent reflections within the package may represent areas
displaying the optimal spacing (c. 50-100 m) for constructive interference, with less distinct

reflections generated at non-optimal layer and interlayer thicknesses.

Based on our modelling results we propose that the observed intrabasement structures most
likely represent intra-shear zone mylonites. Previous studies have also correlated similar
structures observed in seismic reflection data, showing the characteristic trough-peak-trough
wavetrain, to mylonite zones as observed onshore (Fountain et al., 1984; Hurich et al., 1985;
Reeve et al., 2013), with some offering direct control through outcrop and well data (Wang et
al., 1989; Hedin et al., 2012; Lorenz et al., 2015). In addition, our observed thicknesses of c.
100 m are of a similar scale to those proposed in previous modelling studies (Fountain et al.,
1984; Reeve et al., 2013), and the internal structure of these intra-shear zone mylonites
display a similar anastomosing geometry to those observed elsewhere; for example, onshore
Norway (Boundy et al., 1992; Scheiber et al., 2015), the central alps (Choukroune and
Gapais, 1983), the Cap de Creus shear zone network (Druguet et al., 1997; Carreras, 2001,
Carreras et al., 2010; Ponce et al.,, 2013) and southern Africa (Goscombe et al., 2003;
Goscombe and Gray, 2008; Rennie et al., 2013). However, we must also consider that the
observed 100 m scale mylonites only reflect one scale of localisation present within shear
zones (Carreras, 2001); the top and base of thicker mylonite zones may not constructively

interfere and produce a prominent seismic reflection, whereas thinner mylonite zones may
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not be resolved in our seismic data. The modelled mylonite zones may actually represent a
high concentration of thinner mylonite layers, at thicknesses below seismic resolution and

therefore producing the same reflection pattern as a thicker mylonite zone (Carreras, 2001).
4.3 Geometry of offshore intrabasement structures

Having modelled the reflection patterns within the intrabasement reflection packages and
having argued that these may be linked to intra-shear zone mylonites (Figure 4b), we now
provide a more detailed description of the overall geometry of the discrete reflection
packages in order to link them explicitly to specific basement structures mapped onshore. A
series of thin reflection packets are observed above a shallowly dipping intrabasement
package, termed IP1 (Figure 5, 6). IP1 is in turn is cross-cut by other intrabasement packages,
termed 1P2 and IP3 (Figure 5). A further intrabasement package, IP4 is observed further to

the south (Figure 6, 7).We now describe the 3D geometry of these intrabasement packages.

IP1is0.5-1s TWT (c. 1 km) thick and is the lowermost intrabasement package mappable
within the study area. IP1 predominately dips 0° to 11° W, although it may locally dip
shallowly to the east, and is truncated by the top basement unconformity beneath the
Stavanger Platform (Figure 5, 6). To the north of the study area, beneath the Stavanger
Platform, IP1 is cross-cut by intrabasement structures IP2 and IP3 (Figure 5). IP1 is not
visible to the west and in the hanging wall of IP2. To the south, IP1 is mapped beneath the
Egersund Basin and Flekkefjord High (Figure 1), within the hanging wall of the Sele High
Fault System, where it is slightly offset by IP4 (Figure 7, 8). Across the Stavanger platform, a
series of relatively thin (100 ms or c. 100 m) reflection packets are locally mapped (over c.
750 km?; Figure 9). These reflections sole-out onto IP1, strike N-S and dip westwards at O-
10°, displaying a concave-upwards geometry. When viewed collectively they exhibit a flat-

ramp style geometry (Figure 6).
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IP2 is 1-1.5s TWT (c. 2 km) thick. Along the western margin of the Stavanger Platform it is
truncated along the top basement unconformity, where it strikes N-S and dips c. 30° W
(Figure 5). Here, IP1 is present in the footwall but not the hangingwall of 1P2. Further south,
beneath the Stavanger ramp and Egersund Basin, IP2 strikes NE-SW before being offset by c.
2 s TWT by the N-S striking Sele High Fault System (Figure 9). Along the northern part of
the Sele High Fault System, IP2 is truncated by the top basement unconformity in the
hanging wall of the fault; whereas in the centre it is offset and is present on both sides of the
fault, and in the south it is only present within the footwall (Figure 8). In the south, where 1P2
is only present in the footwall of the Sele High Fault System, IP1 is not offset, and is present

within the hanging wall of IP2 and the hanging wall of the Sele High Fault System.

IP3is 1-1.5 s TWT (c. 2 km) thick and is truncated at the top basement unconformity across
the Stavanger Platform (Figure 5). IP3 strikes roughly N-S, dips c. 30° W, and also offsets
IP1 (Figure 5). A local basin, herein termed the Stavanger Basin, is present above the
structure (Figure 5). Limited data coverage across the Stavanger Platform does not allow for
detailed mapping of the package, although it is observed along strike further to the south
along the southern margin of the Stavanger Platform and the Stavanger Fault System (Figure

7).

A further intrabasement structure, 1P4, splays-off southwards from 1P2, beneath the Egersund
Basin and Flekkefjord High. This IP is 0.5-1 s (0.5-1 km) thick, strikes 010° N and dips 30°
W (Figure 6, 7, 8). IP4 also offsets IP1 and may merge with IP2 at depth (Figure 6) and along
strike to the north (Figure 9). East of IP4, several other IPs are observed in, and possibly
splay off from, the hanging wall of the larger structure (Figure 8). These may represent
additional IPs splaying from IP4, mirroring the geometric relationship of 1P2 and IP4 further

to the north (Figure 7); or alternatively, a segment of IP1 within the footwall of IP4.
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4.5. Onshore-offshore correlation of intrabasement structures

Based on our waveform modelling showing that the intrabasement reflections represent intra-
shear zone mylonites (Figure 4), and combined with their overall 3D geometry, we now link
our offshore intrabasement structures to specific shear zones mapped onshore. In particular,
we link them to the CDF and Devonian extensional shear zones that have previously been
studied and mapped in great detail (Figure 1) (Fossen, 1992; Fossen and Dunlap, 1998;
Gabrielsen et al., 2002; Olesen et al., 2004; Bingen et al., 2008; Bge et al., 2011; Lundmark

et al., 2013; Roffeis and Corfu, 2013).

The subcrop of IP1 at top crystalline basement correlates along strike northwards to the CDF
onshore. In addition, basement-penetrating wells (18/11-1; Figure 9) sample Caledonian
crystalline basement (Sgrensen et al., 1992) west of IP1, and a Proterozoic granite to the east
(10/5-1; Figure 9), indicating that the CDF must lie between these locations (Figure 9). Based
on our seismic mapping of IP1, and supported by these observations and the 1D waveform
modelling, we interpret IP1 to represent the offshore continuation of the basal décollement
zone of the Caledonian thrust belt, with the subcrop at top basement level representing the
CDF itself. To the south, our interpretation of the CDF correlates along strike to the location
of the CDF in the Central North Sea as mapped using deep regional seismic data (Abramovitz
and Thybo, 1999; Abramovitz and Thybo, 2000), overall extending the mapped extent of this
structure over 100 km into the Central North Sea (Figure 9). A number of thin intra-shear
zone mylonites are observed above the basal décollement (Figure 10). Based on their low dip
(0-10°) and overall flat-ramp geometry, we infer that these structures initially formed as

mylonitic Caledonian thrusts (cf. Reeve et al. (2013)).

A series of intrabasement packages (IP2-4), dipping at c. 30°, cross-cut the shallowly dipping

basal decollement of the Caledonian thrust belt (Figure 5, 6, 9). IP2 correlates along-strike to
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the Devonian-aged extensional Karmgy Shear Zone (KSZ) observed onshore. The KSZ forms
a southwards splay from the Hardangerfjord Shear Zone to the north (Fossen, 2010). IP3 is
confidently correlated c. 30 km along-strike to the onshore Stavanger Shear Zone (SSZ).
These interpretations are further constrained locally by interpretations of the deep regional
ILP seismic data (Fossen et al., 2014). IP4 however, does not correlate to any structures
mapped onshore or on deep seismic reflection data; we thus propose that this represents a
previously undefined structure that we hereby term the Flekkefjord Shear Zone (FSZ; Figure
9). We infer that the FSZ splays southwards from the footwall of the KSZ, showing a similar
relationship to that observed between the KSZ and the Hardangerfjord Shear Zone further

north (Figure 9, 11).

We have constrained the 3D geometry of a series of intrabasement structures associated with
the Caledonian thrust belt and Devonian extensional shear zones (Figure 9). Caledonian
allocthons and the associated basal décollement are observed within the hanging walls of
later (i.e. cross-cutting) Devonian extensional shear zones. A number of these shear zones
splay southwards, potentially merging at depth and initially originating from the HSZ to the

north (Figure 9).

5. Reactivation of intrabasement structures

Using our detailed 3D framework of intrabasement structure, combined with seismic-
stratigraphic analysis of the sedimentary cover, we now investigate the reactivation of these
structures during post-Devonian tectonic events and examine how this has affected the

geometry and evolution of the superposed rift.

5.1. Reactivation of Caledonian thrust structures
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We map a series of thin intra-shear zone mylonites, previously interpreted as Caledonian
thrusts (Figure 6), above the basal décollement and beneath a series of Lower Permian
depocentres (Figure 6, 10). These structures are only mapped locally on the Stavanger
Platform (Figure 9); further north, these thin structures are very difficult to identify and map

across rather sparse, relatively widely spaced 2D seismic profiles (Figure 2).

Two seismic facies, defining an upper and lower set of depocentres, are observed within the
hanging wall of some of the interpreted Caledonian thrusts (Figure 10), indicating some
extensional reactivation along these structures. The upper depocentres are typically 2-4 km
in diameter and around 100 ms thick (c. 130 m). They display higher amplitudes than the
lower depocentres and surrounding seismic facies (Figure 10). The upper depocentres are
truncated by the overlying Base Cretaceous Unconformity (BCU) and internal reflections
onlap onto the underlying strata (Figure 10). The lower depocentres are truncated and
separated from the upper depocentres by an unconformity of unknown age. The lower
depocentres are typically of lower amplitude than those above, forming a unit c. 200 ms (c.
300 m) thick, although the boundary with the underlying basement is often unclear (Figure
10). Wedge-shaped stratal geometries are observed locally, thickening towards the

Caledonian thrusts (Figure 10).

We interpret that the lower depocentres formed during an early phase of extensional
reactivation along the Caledonian thrusts. The age of the strata flanking these structures and
therefore the timing of the extensional reactivation of the Caledonian thrusts is unknown due
to a lack of well penetration and erosion associated with the BCU (Figure 10). However,
these structures may have undergone extensional reactivation during the initial stages of
Devonian orogenic collapse (Mode 1), when extension was accommodated through
backsliding of the orogenic wedge and reactivation of Caledonian structures (Fossen, 1992).

During this extension, the mylonitic shear zones may have formed weaknesses within the
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nappe sequence, acting to localise strain and preferentially reactivating; leading to the
development of the lower depocentres. We speculate that the high-amplitude upper
depocentres may have formed during a later period of brittle extension, with the bounding
structures, the extensionally reactivated Caledonian thrusts, having been weakened during the

first phase of reactivation.

A later phase of reverse reactivation is observed along some of the structures, as indicated by
the presence of a raised depocentre bounded by two Caledonian thrusts and an accompanying
inversion monocline (Figure 10). The BCU is gently folded across this monocline, indicating
the structure is post-Cretaceous in age. We suggest that the causal compressional event may
have occurred during the Upper Cretaceous, potentially related to the Alpine inversion

(Figure 5) (Biddle and Rudolph, 1988; Cartwright, 1989; Jackson et al., 2013).

As described above, we observe extensional and compressional reactivation of individual
Caledonian thrusts. However, the depocentres resulting from this reactivation are relatively
minor compared to the main rift-related faults and do not affect the large-scale rift
morphology. It appears that Mode | Devonian extension had a negligible impact on the
overall evolution of the rift, especially in comparison to the formation of the large-scale

Devonian Shear Zones during subsequent Mode Il extension, as described below.

5.2. Reactivation of Devonian shear zones

In addition to that described in the previous section, we also observe multiple phases of
reactivation of Devonian extensional shear zones. Along the KSZ we observe Triassic strata
that thicken across a series of faults rooted into internal planes within the shear zone (Figure
7, 11). In addition, across-fault thickening and wedge-shaped stratal geometries are observed
in Triassic strata in the hanging wall of the Flekkefjord Shear Zone (FSZ) (Figure 11). This

indicates that both structures underwent extensional reactivation during the Triassic.
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Furthermore, a series of salt walls are located above the intrabasement structures in the south
(Figure 8); Triassic extensional reactivation of the underlying intrabasement structures may
have led to salt mobilisation and the formation of overlying salt walls (Koyi and Petersen,
1992). Jurassic and Lower Cretaceous strata also thicken across the FSZ, though they are
largely isopachous across the KSZ. Slight thickening of Lower Cretaceous strata is observed
across the KSZ in the Stavanger Ramp area (Figure 11), although the majority of extension in
this area was accommodated by the FSZ rather than the KSZ. The KSZ accommodates large
amounts of extension in the north beneath the Asta Graben where the FSZ is not present
(Figure 12), whereas to the south extension is initially distributed between the KSZ and FSZ
(Figure 7, 11), and then solely accommodated by the FSZ (Figure 8). Bge et al. (2011)
propose further evidence for the Jurassic extensional reactivation of the KSZ, with the
Karmsundet Basin, offshore Karmgy island, formed through extensional reactivation of the

KSZ.

A NE-facing, NW-SE-striking monocline is observed above the FSZ (Figure 11). Upper
Cretaceous strata onlap the forelimb of the monocline, indicating it formed during the Late
Cretaceous. Similarly oriented structures are observed in this part of the North Sea (Biddle
and Rudolph, 1988; Cartwright, 1989; Thybo, 2000; Jackson et al., 2013). For example,
Jackson et al. (2013) observe inversion-related anticlines directly along-strike to the south,
above the Stavanger Fault System (Figure 7). These folds initiated during the latest Turonian-
to-earliest Coniacian and the Santonian, and were caused by NE-directed compression
resulting from the Alpine Orogeny (Jackson et al., 2013). The observed monocline above the
FSZ forms a continuation of this structure to the NW, with reactivation occurring along a

fault related to the FSZ as opposed to the Stavanger Fault System.

6. Relationships between intrabasement structures and rift-related faults
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We note a strong plan-view correlation between the location and orientation of the
intrabasement structures at top basement level and the location and orientation of the later
rift-related faults (Figure 9). For example, the Stavanger Fault System and the Lista fault
blocks follow the same trend as the underlying SSZ and CDF respectively (Figure 9);
likewise, the Asta Fault shares the orientation and polarity of the underlying KSZ (Figure 9).
Similar correlations between basement structures and rift-related faults have previously been
noted in plan-view (Younes and McClay, 2002; Bellahsen et al., 2013; Fossen et al., 2016),
with faults inheriting pre-existing structures that are oriented oblique to the regional stress
field. Examining these relationships in cross section, we observe a range of interaction styles
between the intrabasement structures and the later rift-related faults: i) ‘merging faults’ that
join along the margin of the shear zone at depth (e.g. between the KSZ and the Asta fault;
Figure 12); ii) ‘exploitative faults’ that root into internal planes at the underlying shear zone
subcrops (e.g. above the FSZ; see Figure 11; and above the SSZ; see Figure 5); and iii)
‘cross-cutting faults’ that form independently from and are unaffected by any underlying
basement structure (e.g. where the Sele High Fault System cross-cuts the KSZ; Figure 13).
We here provide detailed descriptions of these three interaction styles between the

intrabasement structure and rift-related faults.
6.1 Faults merging along the margin of shear zones at depth

Some rift-related faults are located within the hangingwall of intrabasement structures,
following their orientation and dip direction in map view (Figure 9), and merging along the
margins of these structures at depth (Figure 12). The upper part of the shear zone subcrops
within the footwall of the younger rift-related fault. For example, the Asta fault is situated
above the KSZ, soling down into the margin of the structure at c. 3s TWT (c. 4 km). Triassic
strata are largely restricted to the hanging wall of the Asta fault, indicating that this structure

may have been active during the Permo-Triassic rift event. Jurassic and Lower Cretaceous
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strata also thicken across the Asta fault, indicating that the fault was also active during the
Jurassic and Early Cretaceous, and that the KSZ was reactivated during Late Jurassic-Early
Cretaceous rifting (Figure 12). In addition, a wedge-shaped package of reflections occurs
within the Asta Graben, with this package truncated along the base Triassic along at its top
(Figure 12). We infer this package records a pre-Triassic, potentially Carboniferous-Permian

period of extension (Sgrensen et al., 1992; Ziegler, 1992).
6.2 Faults exploiting internal planes within shear zones

Some rift-related faults link downward into discrete planes within the intrabasement shear
zones, as observed in association with 1P4 (Figure 7), the KSZ (Figure 11) and the SSZ
(Figure 5). In these instances we infer that reactivation occurs internally within the shear
zone, potentially exploiting weak internal mylonite zones, forming a fault that then
propagates upwards into the cover. Furthermore, in the locations where the shear zones are
truncated at top basement a number of minor depocentres and extensional top-basement
offsets are observed, suggesting extension along internal planes within the shear zone (Figure

5, 12).

As previously described, the Stavanger Basin is located within the Stavanger Platform
(Figure 1), directly above the Stavanger Shear Zone (Figure 5, 9). Due to a lack of well
control across the Stavanger Platform we are unable to directly determine the age of the
contained sediments, although a Permo-Triassic rift age seems likely, which is consistent
with the Stavanger Fault System along strike to the south (Figure 9). The shear zones offset
the basal décollement of the Caledonian thrust belt. A series of faults bound the overlying
depocentre and exploit internal planes within the underlying shear zone. In addition, two
large lozenge-shaped reflection packages are observed within the shear zone, bound by faults

(Figure 5).
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To the south, a similar exploitative interaction is proposed for the relationship between the
Stavanger Fault System and the SSZ (Figure 9), although this is not as well imaged in our
seismic data (Figure 7). The Stavanger Fault System has previously been interpreted to
represent a reactivated Caledonian thrust (Segrensen et al., 1992); however, based on our
interpretation and mapping of the structure (Figure 9), along with similar relationships
observed to the north (Figure 5), we take to be the basal décollement of the Caledonian thrust
belt for the southern fault segment (Figure 9), and the SSZ for the northern segment (Figure
6). The presence of Permian Zechstein salt in the area often complicates the stratal
geometries; however, where salt is largely absent, we observe that Triassic strata thicken
towards the faults, indicating that they were active at this time (Figure 7). In addition,
Jackson et al. (2013), observe the formation of an inversion-related anticline above the fault
(Figure 7), indicating that the fault, and therefore potentially the SSZ, underwent reverse

reactivation during Late Cretaceous compression.

6.3 Faults cross-cutting intrabasement structure

Although many intrabasement structures and rift-related cover structures are often
geometrically and kinematically linked, as described in the previous two sections, we also
observe instances where the two are seemingly unrelated, with the latter cross-cutting the
former. The Sele High Fault System is situated between the subcrops of the KSZ to the east
and the HSZ to the northwest. This fault system strikes N-S, and dips c. 60°E. Atc.5s TWT
the fault cross-cuts the underlying KSZ, offsetting the structure by c. 2 s TWT (c. 3.5 km)
(Figure 13). A further fault is observed within the footwall of the Sele High Fault System,
offsetting an earlier formed, potentially Carboniferous basin (Sgrensen et al., 1992), and

appearing to terminate at the KSZ (Figure 13).

7. Discussion
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7.1 3D Geometry and inter-relationships between intrabasement structures

The Caledonian thrust belt was cross-cut by extensional Devonian shear zones during
orogenic collapse of the Caledonides (Fossen, 2010). We observe similar relationships within
our data, with the basal décollement of the Caledonian thrust belt being extensionally offset
across the SSZ and KSZ, although it is not imaged in the downthrown hanging wall of the
latter (Figure 5). Distributed ductile deformation across the Stavanger Shear Zone during its
formation resulted in the monoclinal folding of the basal décollement and overlying
Caledonian nappes (sensu Fossen and Hurich, 2005). Subsequently, during a later, most
likely Permo-Triassic rift phase, the SSZ was reactivated in a brittle manner, forming the
Stavanger Basin (Figure 5). The Stavanger Basin is bound by faults that exploit internal
planes within the shear zone. Contrary to the distributed strain associated with folding of the
basal décollement during the Devonian, the brittle faults exploit discrete internal planes
within the shear zone; this results in shearing of the basal décollement between these faults,
and the development of lozenge-shaped reflection packages (Figure 5) that indicate
extensional, sinistral shear (Ponce et al., 2013). Similar relationships are observed onshore;
Fossen and Hurich (2005) observe that formation of the Devonian-aged HSZ folded the
overlying Caledonian thrust belt. This was later exploited by the overlying brittle Lzerdel-

Gjende fault system.

The newly defined FSZ forms a southward splay from the KSZ (Figure 9), mirroring the
relationship between the latter and the HSZ further to the north. In addition the FSZ merges
with the KSZ at depth (Figure 11). Fossen and Hurich (2005) propose that the HSZ represents
the boundary between thick-skinned to the north and thin-skinned tectonics towards the south
and is associated with a major Moho offset (Fossen et al., 2014). Based on our observations
we may speculate that the southwards splaying KSZ and FSZ join the HSZ at mid-crustal

depths representing a more thin-skinned component of Devonian orogenic collapse.
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7.2 Selective reactivation of intrabasement structure

Using the 3D framework of intrabasement structure along with the seismic stratigraphic
architecture of the overlying rift, we are able to examine in detail the interactions between the
intrabasement structures and later rift-related faults throughout multiple tectonic events. Our
data suggest that thinner (c. 100 m) structures (i.e. Caledonian thrusts) are less likely to
interact with later rift-related faults than thicker (1-2 km) structures. Although we do observe
minor reactivation of Caledonian thrusts (Figure 10), we suggest this is linked to Mode |
Devonian, rather than subsequent Permo-Triassic or Jurassic-Cretaceous extension (Fossen
and Rykkelid, 1992), and does not affect the overall geometry and evolution of the
superposed rift. Reeve et al. (2013) identify similar reflection packets to the north in the
northern North Sea, also interpreting them as Caledonian thrusts, and find that rift-related
faults cross-cut and are unaffected by their presence. Similarly, Kirkpatrick et al. (2013)
suggest a degree of scale-dependency on the reactivation of intrabasement structures, with
large-scale structures preferentially reactivated and smaller structures cross-cut. We argue
that thicker structures are preferentially reactivated because they are more likely to contain a
layer weak or several weak layers, in this instance represented by intra-shear zone mylonites,

that may be reactivated during later rift events (White et al., 1986; Salomon et al., 2015).

Although the mapped intrabasement structures are all relatively low-angle (<30 °), we also
note, notwithstanding Devonian mode | extension, a lack of reactivation of the relatively
shallow-dipping (c. 10 °), albeit relatively thick (c. 1-2 km) intrabasement structures, such as
the basal décollement. Conversely, we observe multiple phases of reactivation along the
steeper (c. 30°), relatively thick (c. 1-2 km) Devonian shear zones (Figure 5, 12). Therefore,
in addition to thicker structures being preferentially reactivated, we suggest that steeper
structures are also preferentially reactivated over shallow ones, in accordance with

theoretical considerations (Sibson, 1985). The orientation of intrabasement structures relative
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to the regional stress field may also play a role in their selective reactivation (Ring, 1994;
Morley et al., 2004; Henza et al., 2011), although we are unable to assess this factor as the

studied intrabasement structures all roughly trend N-S and dip westward.

Finally, we find that previously reactivated structures are consequently weakened and
therefore more likely to reactivate during a later tectonic event. For example, IP4 initially
formed as an extensional structure during the Devonian, underwent extensional reactivation
during Permo-Triassic rifting, was further extensionally reactivated during the Late Jurassic-
Early Cretaceous rift phase, and finally underwent reverse reactivation in response to Late

Cretaceous compression (Figure 6, 11).

7.3 Fault-intrabasement structure interactions

We observe three main styles of interaction between rift-related faults and underlying
Devonian shear zones (e.g. ‘merging’, ‘exploitative’, and ‘cross-cutting’ faults; see Figure

14).

Exploitative faults are observed along 1P4, the KSZ and the SSZ (Figure 5, 8, 9), rooting into
internal reflection planes interpreted as layered sequences of highly strained mylonites and
relatively undeformed rock. The mylonitic foliation, along with the overall layering, mean the
shear zone is strongly mechanically anisotropic, with the mylonite zones being weaker than
the surrounding relatively undeformed rocks (White et al., 1980; Chattopadhyay and Chakra,
2013). This strong heterogeneity may be preferentially exploited during later brittle
reactivation of the shear zones (Gontijo-Pascutti et al., 2010; Salomon et al., 2015; Scheiber
et al., 2015). In addition, varying thicknesses of mylonite zones and the degree of strain
experienced may have different strengths, providing multiple potential sites for later faults to

exploit during brittle reactivation of the shear zones.
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The Asta fault is an example of a merging fault interaction, joining along the margin of the
KSZ at depth (Figure 5, 12). What is less clear is where the rift-related fault initiates and how
it subsequently propagates, does it initiate at and grow upwards from the shear zone; or
nucleate within the hanging wall of the shear zone, before propagating downwards and
joining the structure at depth? In the former situation, extension may be accommodated by
ductile reactivation of the shear zone at depth, with the formation of a steeper fault becoming
preferential at shallower levels (Huyghe and Mugnier, 1992); whilst theoretically possible we
note that, at least within the study area, the KSZ does not reach the depths of the ductile
regime. In the latter situation, the shear zone acts as an intrabasement heterogeneity, acting to
perturb the regional stress field and localise strain, causing fault nucleation within its hanging
wall, with these faults inheriting the orientation and dip direction of the underlying structure.
Subsequent growth would then cause the faults to physically link with the underlying
structure. Furthermore, previous studies have shown that the dip of later rift-related faults
may be influenced by the dip of underlying shear zones (Ring, 1994; Salomon et al., 2015),
with initial fractures coalescing to produce a steeper through-going fault. Due to the reasons
outlined above, we prefer the latter scenario, where faults initiate above and ultimately link

downward with the intrabasement structures.

The Devonian shear zones often show rugose top basement subcrops, with minor extensional
exploitative faults present (Figure 9). The weak, low-angle shear zone may initially
accommodate small amounts of extension, forming exploitative faults (Figure 5, 13). Upon
further extension, the low-angle shear zone may become locked, resulting in the formation of
a steeper fault within the hanging wall, inheriting the geometric properties of the underlying

shear zone, which eventually displays a ‘merging’ relationship (Figure 9).

Cross-cutting faults, such as the Sele High Fault System (Figure 13), form in areas where

large intrabasement structures are lacking. Therefore they initiate in a manner similar to faults
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forming within homogeneous material (Cowie et al., 2000; Gawthorpe and Leeder, 2000).
Such faults form in response to the regional stress field, perpendicular to the extension
direction and at typical dips of c. 60°, as opposed to in response to local perturbations
surrounding intrabasement structures (Figure 15). As they propagate laterally and vertically
the faults are at a high angle to and therefore cross-cut underlying, low-angle intrabasement

structures.

7.4 Effects of intrabasement structure on rift geometry and evolution

Rifts forming within relatively pristine (i.e. homogenous) crust are typically characterised by
regularly spaced, sub-parallel faults that strike perpendicular to the regional extension
direction (Gupta et al., 1998; Cowie et al., 2000; Gawthorpe and Leeder, 2000). However, the
geometry and evolution of rift basins in areas of more heterogeneous (i.e. ‘non-pristine’)
crust, such as those containing pre-existing, discrete intrabasement structures, differ from and
thus cannot be adequately described using established models of rift evolution. For example,
we show that large-scale Devonian shear zones act as heterogeneities within this otherwise
‘pristine’ crust and, being prone to reactivation, act to locally modify the regional stress field
(Figure 15). These structures form a ‘template’ for fault development and thus the subsequent
basin structure associated with later extensional and contractional tectonic events. In addition,
the spacing between the reactivated intrabasement structures can also control the degree of
faulting that occurs. Closely spaced shear zones are able to host a wider zone of exploitative
faulting, with each fault rooted in an individual intra-shear zone mylonite zone. Strain is
therefore distributed over a wider area, leading to an overall more gently dipping rift margin
(Figure 11). Such a scenario is observed across the Stavanger Ramp (Figure 9), where strain
is distributed across a series of relatively low displacement exploitative faults atop the closely
spaced KSZ and FSZ (Figure 11). Due to their close-spacing within the overall shear zones,

not all of the intra-shear zone mylonites host an exploitative fault. This observation is in
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agreement with Sassi et al. (1993), who observe that only selected structures are reactivated

when closely spaced.

Where large intrabasement structures are absent, rift-related faults form in response to the
regional stress field and cross-cut smaller intrabasement structures (Figure 14). A lack of
large, discrete intrabasement structures may help to explain the lack of fault-intrabasement
structures relationships observed in areas where the intrabasement structure is cross-cut
(Kirkpatrick et al., 2013; Reeve et al., 2013). Alternatively, such structures may be present in

other rifts, but are not imaged in seismic reflection data or resolved in potential field data.
8. Conclusions

Using closely spaced 2D and 3D seismic data we have resolved the 3D geometry of a series
of spectacularly imaged structures within crystalline basement over a 10,000 km? area
offshore southern Norway. These structures are correlated onshore, and are analysed in
context to the evolution and geometry of the overlying rift. Throughout this study, we have

shown that:

1. The characteristic reflection geometries of the intrabasement structures cannot be
generated by a single interface within crystalline basement. 1D waveform modelling suggests
that this forms through constructive interference between layers roughly 100 m thick
separated by 50-100 m. These layers may represent anastomosing mylonite zones separated

by relatively undeformed material, as observed in shear zones onshore.

2. Through along-strike correlations to established onshore structures, the observed
intrabasement structures represent the offshore continuations of the Caledonian thrust belt
and a series of Devonian extensional shear zones. The locations and 3D geometry of these

structures are constrained for over 100 km offshore beneath the North Sea rift. A further
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shear zone, the Flekkefjord Shear Zone is newly defined and mapped offshore. The Devonian

shear zones offset the Caledonian thrust belt and in some cases are linked in 3D.

3. Selective reactivation of intrabasement structures occurs during later tectonic events,
exerting a strong influence over the evolution and geometry of the overlying rift. Thicker,
steeper structures, such as the Devonian shear zones, are preferentially reactivated at the
expense of thinner, more gently-dipping structures. Previously reactivated, and therefore

weaker, structures are then preferentially reactivated during later tectonic events.

4. We observe a number of interactions between the reactivated Devonian shear zones and
the later rift-related faults: i) Faults that form within the hanging wall of intrabasement shear
zones due to local stress perturbations and merge with the structures at depth; ii) faults that
exploit internal weaknesses, i.e. mechanical anisotropies exhibited by mylonites, within the
shear zones; and iii) faults that form independently away from intrabasement structure in
response to the regional stress field, and cross-cut underlying structure. Close proximity
between intrabasement structures allows strain to be distributed over a wider area, resulting in

multiple, low-displacement faults, and an overall gentler rift margin.

5. The presence of large-scale intrabasement structures acts to locally modify the regional
stress field, and exhibits a first-order control on the location of later rift-related faults, with
basin-bounding faults inheriting this pre-existing framework. Rift-related faults form in
response to the regional stress field in areas where this pre-existing framework is not present.
Characteristics such as anomalous fault geometries and local areas of distributed faulting may
be used to infer the presence of an underlying complexity, such as a discrete intrabasement

structure, especially in areas where crystalline basement is poorly imaged.

The geometry and distribution of underlying basement heterogeneities dictates the location of

many basin margins, determining the initial rift physiography and size (Figure 14). In
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addition, the repeated reactivation of these structures shows how they play a long-lived role

in the evolution of the rift system throughout multiple tectonic events.
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Figure Captions

Figure 1 - Figure showing the location of the study area (white box) in relation to offshore
structural domains within the south eastern North Sea, as established through seismic

interpretation. Structural domains are based upon the base Zechstein surface. Also shown is
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the mapped onshore geology, taken from Fossen et al. (2014). The locations of major

Devonian shear zones onshore are shown in green.

Figure 2 - Map showing the available datasets for use throughout this study; including 2D

and 3D seismic data, along with borehole data.

Figure 3 - Stratigraphic framework within the study area showing the key seismic horizons
interpreted throughout this study, along with the major tectonic events to have affected the

region. Horizon colours are consistent and referred to throughout the text.

Figure 4 — A) Panels showing the observed types of intrabasement reflectivity. 1) Shows the
observed thin intrabasement reflections packets, and 2) shows the thicker (Km-scale)
intrabasement packages. B) 1D waveform models of the observed reflection patterns.
Multiple models of layered sequences of varying thicknesses are created and then
subsequently compared to the observed reflection wavetrain. Individual layer thicknesses of

100 m, separated by 50-100 m produce the best match to the observed data.

Figure 5 - Interpreted seismic section showing the large-scale structure and inter-
relationships between intrabasement structures. A series of steeply dipping structures can be
observed to cross-cut a relatively flat-lying structure. Inset — close-up of the cross-cutting

relationship observed in the centre of the image. See figure 1 for location.

Figure 6 - Uninterpreted and interpreted seismic sections showing intrabasement structure
throughout the area. Larger intrabasement packages are shown in light grey with individual
thin intrabasement reflection packets highlighted by black dashed lines. Intrabasement
packages are mapped across the area, and linked along-strike to those shown in Figures 5, 7
and 8. A close-up of the right side of the image is shown in figure 10. Colours within the
sedimentary cover correspond to ages shown within the stratigraphic column (Figure 3) See

figure 1 for location.
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Figure 7 - Uninterpreted and interpreted regional seismic sections showing the geometry and
reactivation of intrabasement structure within the region. Intrabasement structures are
mapped across the area, and linked along-strike to those shown in Figures 5, 6 and 8. See

figure 1 for location.

Figure 8 - Uninterpreted and interpreted seismic sections showing the regional intrabasement
structure in the south of the study area. A series of splays can be observed originating from
the base of IP4. See section 5 for details on the reactivation of these structures. See figure 1

for location.

Figure 9 - Map showing the location of intrabasement structures across the study area.
Surface shown is the top acoustic basement time-structure map, highlighting the major
structural elements within the region, see figure 1 for more details. Also shown are the
locations of the structures as constrained by Fossen et al. (2014) (onshore and immediate
offshore locations), and Abramovitz and Thybo (2000) (Central North Sea). Note the

similarities in location between the intrabasement structures and the later rift-related faults.

Figure 10 - Uninterpreted and interpreted seismic sections showing the location of the basal
décollement and associated Caledonian thrusts. A series of depocentres are observed in the
hangingwall of these structures, indicating extensional reactivation; some of which are

uplifted, indicative of later reverse reactivation. See figure 1 for location.

Figure 11 - Uninterpreted and interpreted seismic sections highlighting multiple stages of
reactivation along the KSZ and FSZ beneath the Stavanger ramp area and. Seismic
stratigraphic relationships are used to constrain the timing of reactivation. See figure 1 for

location.

Figure 12 - Uninterpreted and interpreted seismic sections showing the relationship between

the Asta fault and the underlying KSZ, displaying a ‘merging’ type fault relationship. The
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Asta fault can be observed to sole onto the margin of the KSZ at depth. See figure 1 for

location.

Figure 13 - Uninterpreted and interpreted seismic sections highlighting the interaction
between the Sele High Fault System and the KSZ, displaying a ‘cross-cutting’ relationship.

The SHFS can be observed to cross-cut the underlying KSZ. See figure 1 for location.

Figure 14 - Schematic models showing the 3 major types of interactions between
intrabasement structures and rift-related faults. From left to right; Merging faults,

Exploitative faults and cross-cutting faults.

Figure 15 - Synoptic figure showing how the presence of discrete intrabasement structures
may modify the geometry and evolution of overlying rift systems. Upper panel shows pre-rift
framework of structures within crystalline basement. Upon later extension these act to create
localised perturbations in the regional stress field, producing a range of interactions with the

rift-related faults.
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Figure 4
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Figure 10
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Figure 12
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2 AT —— Jurassic

TWT depth (s)

w

1061

1062

1063

1064

1065

1066

1067

1068



1069

1070

47

Figure 14
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