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Abstract

Recent studies of natural, multiphase rifts suggest that the presence of pre-existing faults may strongly influence fault growth during
later rift phases. These findings compare well with predictions from recent scaled analogue experiments that simulate multiphase,
non-coaxial extension. However, in natural rifts we only get to see the final result of multiphase rifting. We therefore do not get the
chance to compare the effects of the same rift phase with and without pre-existing structural heterogeneity, as we may in the
controlled environment of a laboratory experiment. Here, we present a case study from the Lofoten Margin that provides a unique
opportunity to compare normal fault growth with and without pre-existing structural heterogeneity. Using seismic reflection and
wellbore data, we demonstrate that the Ribban Basin formed during Late Jurassic to Early Cretaceous rifting. We also show that the
rift fault network of the Ribban Basin lacks a pre-existing (Permian-Triassic) structural grain that underlies the neighbouring North
Treena Basin that also formed during the Late Jurassic to Early Cretaceous. Being able to compare adjacent basins with similar
histories but contrasting underlying structure allows us to study how pre-existing normal faults influence rift geometry. We
demonstrate that in Lofoten, the absence of pre-existing normal faults produced collinear fault zones. Conversely, where pre-existing

faults are present, normal fault zones develop strong “zigzag” plan-view geometries.
1. Introduction

The initiation stage of continental rifting is characterised by the nucleation of numerous fault segments. As extension progresses,
faults will link to form longer, larger-throw, amalgamated faults (Prosser, 1993; Cowie, 1998; Gupta et al., 1998). Continued
extension ultimately leads to the localization of the majority of strain onto a smaller number of large, through-going normal faults
that bound large (half-) graben basins (Cowie et al., 2000; McLeod, 2000; Bell ef al., 2014). Faults may subsequently link up at
deeper crustal levels as a rift progresses from the initial stretching stage to the thinning- and hyperextension stages (Peron-Pinvidic

etal., 2013).

Numerous rift basins across the world have formed in response to not one but several distinct phases of extension (e.g. the Gulf of
Aden, Bellahsen et al., 2006; the northern North Atlantic, Nettvedt ef al., 2008 and the East African Rift, Macgregor, 2015; the East
Greenland rift system, Rotevatn et al., 2018a). Such basins are referred to as multiphase rifts if the different rift phases are separated

by protracted periods of relative tectonic quiescence (i.e. inter-rift periods that last >10 Myr ¢f. Ravnas et al., 2000).

The presence of pre-existing structural heterogeneity in the form of older, buried rift faults may influence the development of normal
faults during renewed extension. The propensity of normal faults to be reactivated between subsequent rift phases depends on factors
such as the extent of diagenetic fault healing (Tenthorey ef al., 2006; Laubach et al., 2014), the thermal and rheological state of the
lithosphere (Bell et al., 2014), and geometrical aspects such as strike and dip (e.g. Etheridge, 1986; Morley, 2016). Deng et al.
(2017) discuss styles of normal fault reactivation during multiphase rifting and distinguish between upward propagation and vertical

linkage (see also Walsh et al., 2002; Giba et al., 2012). Claringbould et al. (2017), however, demonstrated that not all multiphase-
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rifted basins involve reactivation of pre-existing normal faults (see also Lee and Hwang, 1993; Tomasso et al., 2008). In cases where
pre-existing structural fabric (faults or shear zones) is not reactivated directly, the presence of crustal heterogeneity may still exert

control by influencing the location and reorienting the strike of younger rift faults (Phillips et al., 2016; Rotevatn et al., 2018a)

During multiphase rifting, the direction of extension may or may not vary between successive rift phases (e.g. Davies et al., 2001;
Morley et al., 2004; Morley, 2016). Scaled analogue experiments that simulate two phases of non-coaxial extension indicate that
the presence of pre-existing normal faults can strongly influence fault growth during renewed, but differently-directed, extension
(Keep & McClay, 1997, Henza et al, 2011). Natural examples of major normal faults that formed over several distinct phases of
extension with varying extension directions (i.e. non-coaxial multiphase extension) typically form amalgamated structures
comprised of fault segments with various angles (e.g. Whipp et al., 2014; Henstra et al., 2015). These case studies suggest that
certain observations from scaled analogue experiments also apply to natural rifts: reactivation tends to be selective and oblique,
whereas new faults may strike obliquely to orthogonally to second-phase extension under the influence of first phase structures.
This leads to the development of zigzag- and crosscutting geometries (cf. Henstra et al., 2015). However, these case studies of
natural rifts document the end-result of multiphase rifting. Contrary to the controlled environment of the scaled analogue
experiments, this means that we cannot know with absolute certainty which lithospheric parameters (e.g. the presence of pre-existing
structural heterogeneities) controlled the final plan-view morphology of rift faults. In this paper we explore the role of pre-existing

normal faults on the plan-view development of fault arrays that formed by reactivation in nature.

Previous studies of the North Traena Basin (Henstra ef al., 2015) and the Vestfjorden Basin (Fig. 1; Doré et al., 1999; Wilson et al.,
2006; Bergh et al., 2007; Hansen et al., 2012) are compared to new analysis of 2D seismic reflection data from the Ribban Basin
(Fig. 1). This allows us to compare the plan-view geometry and structural history of the Lofoten Margin’s four major fault zones.
It was shown before that the East Rest Fault Zone and the Vesterdjupet Fault Zone are Late Jurassic—Early Cretaceous faults with
a strong Permian—Triassic ancestry (Henstra et al., 2015). Here we demonstrate that the West Lofoten Boundary Fault Zone that
bounds the Ribban Basin is a Late Jurassic—Early Cretaceous fault that formed over an area where the pre-existing Permian—Triassic
structural grain was absent, or at least significantly less developed. The same applies to the East Lofoten Boundary Fault Zone that
bounds the Vestfjorden Basin. The uniqueness of this setting, with adjacent basins with contrasting underlying structure, allows for
a comparative study of fault growth in i) a basin where the imprint of initial phase extensional faulting is strong (North Trena
Basin), versus ii) a basin where this imprint is weak (Ribban Basin). As such, the Lofoten Margin is ideal for an investigation into

the impact of having, or not having, a pre-existing network of rift faults during renewed rifting.

2. Tectonic history of the multiphase rifted Lofoten Margin

The Lofoten Margin is located on the northernmost segment of the Norwegian Passive Continental Margin (Fig. 1a). It forms an
integral part of the northern North Atlantic conjugate margins of Norway and Greenland. The Norwegian Passive Continental
Margin developed in response to a protracted period of episodic rifting between Greenland and Norway that lasted throughout the
late Palacozoic and Mesozoic until continental break-up gave way to oceanic spreading in Palacogene times (Doré, 1992; Faleide
etal.,2010). Palacozoic-Mesozoic rifting was preceded by Devonian orogenic collapse and unroofing of thickened continental crust
that had formed along the suture between Baltica and Laurentia during the Caledonian orogeny (Andersen et al., 1991; Klein et al.,

1999).

In Lofoten, the post-Caledonian exhumation phase lasted into the Permian at which time it was facilitated by the development of a
metamorphic core complex (Steltenpohl et al., 2004; Henstra & Rotevatn, 2014). The core complex formed in response to a regional
top-to-the-east detachment zone (Hames and Andresen, 1996). The exhumed metamorphic core is underlain by a mantle dome

(Mjelde & Sellevoll, 1993) and encompasses the central Ribban Basin, the Lofoten Ridge and the southwesternmost islands of the
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Lofoten archipelago that consist of granulite and eclogite facies (Steltenpohl et al., 2004, 2006). The development of a core complex
in Permian times was followed directly by rifting in the Early Triassic (Hansen et al., 1992; Ferseth, 2012). This Permian—Triassic
rift episode is recognised across the northern North Atlantic rift system (Doré et al., 1999; Faleide et al., 2010) and was followed
by a c. 80 Myr long inter-rift period that lasted into the Middle Jurassic (Faleide et al., 2010).

The magnitude of Late Jurassic rifting was relatively modest in Lofoten in comparison to the rest of the Norwegian Continental
Shelf. The Early Cretaceous, however, represents a major rift episode (Loseth & Tveten, 1996; Tsikalas et al., 2001; Hansen et al.,
2012; Henstra et al., 2015). By middle Cretaceous times, three major, sub-parallel extensional basins had developed: the North
Trena Basin, the Ribban Basin and the Vestfjorden Basin, separated by two narrow horsts: the Marmale Spur and the Lofoten

Ridge (Fig. 1b). The basins are bounded by four major fault zones that are described here in more detail.

2.1 The East Rost Fault Zone (ERFZ)

The ERFZ forms the western margin of the northern part of the North Traena Basin and consists of a single NNE-SSW-striking
segment (Fig. 1b). To the south it splits into several NNE-SSW-striking splays (Hansen et al., 2012). The northern part of the North
Treena Basin was uplifted and partly eroded in Late Cretaceous-Palaeogene times, for which reason the original length of the ERFZ
is unknown (Ferseth, 2012). The upward termination of the ERFZ falls within the Lower Cretaceous (Fig. 2). The fault continues

downward into the acoustic basement and the lower termination is not imaged.

The hanging wall of the ERFZ consists of a Mesozoic interval, the base of which is drilled and assigned an earliest Triassic age
(Hansen et al., 1992). The underlying interval is interpreted to be of Permian age (Fig. 2; Bergh ef al., 2007; Hansen et al., 2012;
Henstra & Rotevatn, 2014). The Permian—Triassic basin-fill consists of syn-rotational strata that exhibit thickening towards the
ERFZ (Fig. 2). Thickening towards the ERFZ is also observed for the Lower Cretaceous interval, which is also thicker in the hanging
wall to the ERFZ than on its footwall (Henstra ef al., 2015). Henstra & Rotevatn (2014) argued that the ERFZ initially formed the
breakaway fault at the western end of the Permian core complex. The expansion of Triassic strata towards the ERFZ suggests that
the fault continued to grow after the core complex became inactive in Early Triassic times. The ERFZ was subsequently reactivated

one last time during the Early Cretaceous (Bergh et al., 2007; Henstra et al., 2015).

2.2 The Vesterdjupet Fault Zone (VFZ)

The VFZ is the main border fault to the North Trana Basin, bounding the basin to the east. It consists of two prominent NNE-SSW-
striking segments that are linked by a subordinate NE-SW-striking segment (Fig. 1b; Henstra et al., 2015). To the north, the VFZ
splits up into several NE-SW-striking splays. To the south it links up with the southwestern extension of the Lofoten Ridge. The
VFZ has an upward termination in the Upper Cretaceous for most of its length, except for the northernmost NNE-SSW-striking
segment that terminates in the Palacogene (Fig. 2; Henstra et al., 2015). The Palacozoic interval in the hanging wall to the ERFZ is
not present in the eastern margin of the North Trana Basin; hence, the acoustic basement in the hanging wall to the VFZ coincides
with the seismic marker that represents the drilled Triassic-basement contact (Fig. 2; Hansen et al., 1992). The strata that make up
the Lower Triassic interval contain occasional growth sequences in association with normal faults, including the two NNE-SSW-

striking segments of the VFZ (Henstra et al., 2015).

Where drilled, Lower Cretaceous strata of the North Traena Basin rest directly on Middle Jurassic strata. Hansen et a/. (2012) and
Henstra et al. (2015) argued that an Upper Jurassic interval is likely present away from the drill site, in the immediate VFZ hanging
wall (Fig. 2). This interval is expressed as a series of relatively small (< 15 km long), semi-isolated depocenters that consist of syn-

rotational basin-fills (Bergh et al., 2007; Hansen et al., 2012; Henstra et al., 2015). The Upper Jurassic depocentres are interpreted
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to have formed in response to the development of numerous NE-SW-striking faults along the eastern margin of the North Trana
Basin. This second period of extension led to reactivation of the Triassic faults as well as their linkage by a NE-SW-striking segment

(Henstra et al., 2015).

A thick succession of Lower Cretaceous strata is present across the North Treena Basin (Bergh et al., 2007; Henstra et al., 2015).
This interval represents the fill of a full graben, bounded by the ERFZ in the west and the VFZ in the east (Fig. 2). The fact that the
Lower Cretaceous interval of the North Trana Basin reflects the development of a single, through-going depocentre as demonstrated
by Henstra et al. (2015) indicates that the Triassic and Jurassic segments became reactivated again during the Early Cretaceous to

form a through-going fault zone.

2.3 The West Lofoten Boundary Fault Zone

The WLBFZ is characterised by a series of 20-50 km long NE-SW-striking segments that are linked by relatively short NNE-SSW-
striking segments (Fig. 1b). The Lower Cretaceous, Upper Cretaceous and Palacogene intervals resemble basin-wide half-graben

basin-fills that thicken into the WLBFZ (Fig. 2; Hansen et al., 1992; Bergh et al., 2007; Hansen et al., 2012; Henstra et al., 2017).

Shallow drillcores penetrated crystalline basement in the northern Ribban Basin where it is overlain by Middle Jurassic strata
(Hansen et al., 1992). Seismic studies have shown that the nature of the basement-sediment interface changes southward where the
basement is interpreted to be overlain by younger, Cretaceous strata (e.g. Hansen et al., 2012). The only reflection that can be traced
confidently across the basin is the Base Cretaceous. Interpretations of the pre-Cretaceous basin fill of the southern Ribban Basin
vary significantly between studies due to a lack of drilling data. Tsikalas et al. (2001) and Hansen ef al. (2012) tentatively assign a

Palaeozoic and/or lower Mesozoic age whereas Doré et al. (1999) suggest the oldest sedimentary rocks are of Jurassic age.

2.4 The East Lofoten Boundary Fault Zone

The seismic dataset that covers the Vestfjorden Basin is much sparser than that of the other basins and no wells have been drilled
there. Hence, the structural history of the ELBFZ cannot be resolved with as much confidence as for the other fault zones at present.
The lowermost seismic reflection that has been assigned a reasonably confident age is the Base Cretaceous (Hansen et al., 2012).
Pre-Cretaceous strata in the immediate foot- and hanging wall of the ELBFZ that may be of either Palacozoic or lower Mesozoic

age exhibit westerly onlap and lack a syn-rotational geometry (e.g. Fig. 1c; Doré et al., 1999; Hansen et al., 2012).

In the northern part of the Vestfjorden Basin, away from the ELBFZ, a NNE-SSW-trending fault-bounded depocentre with pre-
Cretaceous fill is observed (Bergh et al., 2007). These fault zones have a similar trend as the NNE-SSW-striking Permian brittle
structural grain observed onshore on the Lofoten islands (Klein et al., 1999; Steltenpohl et al., 2004). The Lower Cretaceous interval
is interpreted as the infill of a wide depocentre that formed in response to Early Cretaceous activity of the ELBFZ (Fig. 1c; Bergh
etal. 2007).

3. Data and methods

We make use of 2D seismic reflection data that covers the Ribban Basin (Fig. 3). Line spacing is variable but shown in Figure 3.
Seismic resolution of the interval of interest varies from 25 to 40 Hz. With an interval velocity of 3000 m/s for sedimentary rocks
between 1 and 2.5 s TWTT this yields the vertical resolution: c. 40-60 m. Three key stratigraphic surfaces are identified in shallow
wells drilled in the northernmost part of the Ribban Basin and in the North Traena Basin: Basement, Base Jurassic and Base

Cretaceous ((Fig. 3; Hansen et al., 1992). These surfaces are correlated to their seismic expression by the generation of synthetic
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seismograms (Hansen ef al., 1992). These seismic horizons, in addition to the Base Upper Cretaceous and Top Upper Cretaceous,

are furthermore tied to the North Trena Basin that we mapped previously (Henstra et al., 2015).

Some structures mapped on seismic are converted from the time- to the depth domain in order to be able to calculate dip angles
described throughout this paper. For the sedimentary succession we apply a velocity model that is generated using stacking velocities
(Henstra et al., 2015). Reflections within the crystalline basement are converted using an interval velocity of 6000 m/s (following

Mjelde & Sellevoll, 1993).

4. Seismic mapping within the Ribban Basin

In this section we present the results of mapping the Ribban Basin using 2D seismic reflection data. The stratigraphic make-up of

the hanging wall depocentres changes from north to south, for which reason we distinguish a northern, a central and a southern area

(Fig. 4).
4.1 Northern area

Shallow core 6814/04-U-01 drilled through Upper Jurassic and Middle Jurassic strata directly overlying weathered gneiss (Fig. 3;
Hansen et al., 1992). The Basement surface has a clear expression on seismic data (line 4, Fig. 5). The Jurassic can be mapped with
high confidence in the northernmost part of the Ribban Basin (Fig. 4). The basement contact is offset by a number of NE-SW- to
NNE-SSW-striking faults that terminate within the Upper Jurassic (line 4, Fig. 5). The Jurassic unit itself exhibits a wedge-shaped
basin-fill geometry adjacent to the northern segment of the WLBFZ. A part of the wedge is folded (line 4, Fig. 5).

The Base Cretaceous horizon was sampled by shallow core 6814/04-U-02 (Fig. 3; Hansen et al., 1992). This horizon can be mapped
across the northern area and is offset only by the WLBFZ. Lowermost Cretaceous strata onlap the folded Jurassic wedge (line 4,
Fig. 5). This indicates that the fold formed sometime at the transition from the Late Jurassic to the Early Cretaceous. It is located
immediately north of a NNE-SSW-striking splay fault that branches off from the main WLBFZ (line 4, Fig. 4). Such hanging wall
folds over ramp flat-structures are commonly interpreted to represent roll-over anticlines that form in response to fault linkage (e.g.
Ehrlich and Gabrielsen, 2004; Rotevatn and Jackson, 2014). We therefore interpret the fold of line 4 to be associated with strain

localisation on the easternmost fault of line 4 (Fig. 5) during the Early Cretaceous.

Intra-basement reflections seen on line 4 (Fig. 5) are dipping c. 15° due west and most likely represent the deeper expression of the

WLBFZ that is imaged rather obliquely by line 4 (Fig. 4).

4.2 Central area

The Jurassic unit of the northern area pinches out towards the central area. There, the Lower Cretaceous unit directly overlies
basement (line 3, Fig. 5). The basement contact is rather irregular in comparison to the northern area, with regular occurrence of 1-
2 km wide, concave features that are c. 100-300 m deep (line 3, Fig. 5). These irregularities may represent heterogeneities in the
basement that subcrops the Lower Cretaceous. Alternatively they may represent topographic features on the Base Cretaceous surface
such as valleys that formed when the central area was subaerially exposed prior to Cretaceous flooding. The Lower Cretaceous
itself represents a broad NE-SW-trending half-graben that thickens into the WLBFZ. The WLBFZ tips out within the Lower

Cretaceous.

Intra-basement reflections show a complex network of both east- and west-dipping reflections (line 3, Fig. 5). The west-dipping

reflections occur in a narrow band that dips ¢. 20° to the NW and may represent the downward continuation of the WLBFZ similar
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to the basement reflections seen in the northern area. The east-dipping reflections form undulating bundles that occur at several
levels and are broadly parallel to the basement-sediment surface (lines 3 and 5; Figs. 5 & 6). These reflections are unlikely to be
associated with the east-dipping WLBFZ since they appear to be truncated by the west-dipping reflections. The east-dipping

basement-parallel reflections are therefore interpreted to represent an older basement fabric.

4.3 Southern area

The lowermost horizon that can be linked to the drillcores in the northern area is the Base Cretaceous. This horizon is underlain by
arelatively thin unit with a clear syn-rift architecture, consisting of several adjacent half-grabens (Fig. 4; line 2, Fig. 5). The lower
boundary of this syn-rift unit is represented by a rather chaotic set of reflections that is interpreted as the basement-sediment
interface. Based on similarities in both seismic facies and seismic-stratigraphic architecture, the pre-Cretaceous syn-rift unit of the
southern area of the Ribban Basin is correlated to the Jurassic units of the northern Ribban Basin and the North Traena Basin (lines

2 and 4, Fig. 5; Henstra et al., 2015).

The Lower Cretaceous is expressed as a wide, NE-SW-trending graben that thickens into the WLBFZ. Compared to the northern
and central areas, the Lower Cretaceous unit is a lot thinner in the southern area (>2000ms and c¢. 500ms TWTT, respectively). The
younger basin-fill has been preserved here as well; it indicates that the WLBFZ remained active well into the Palacogene. The
WLBFZ consists of several sub-parallel, NE-SW-striking fault strands that are separated by 2—6 km wide terraces (Fig. 4). The

Palaeogene unit is only bounded by the easternmost fault strand (line 2, Fig. 5).

Reflectivity within the basement in the immediate hanging wall of the WLBFZ is less obvious in the southern area (line 2, Fig. 5).
Farther up-dip, to the northwest, line 1 (Fig. 2) shows that intra-basement reflections have a pattern that is similar to those of the
central area, with east-dipping reflections that are broadly parallel to the basement-sediment interface and west-dipping reflections

that may represent the downward continuations of Jurassic—Cretaceous faults.

4.4 Structural framework of the WLBFZ

Our analysis of basin-fill architecture of the Ribban Basin reveals that the oldest depocentres associated with the WLBFZ are of
Upper Jurassic age. The basin first emerged as two separate NE-SW-trending sub-basins in Late Jurassic times (Upper Jurassic
depocentres, Fig. 4). Both sub-basins consist of numerous isolated faults that were incepted during the Late Jurassic. The area in
between these two sub-basins, immediately west of Moskenesay, remained high and was not transgressed until Early Cretaceous

times.

Most Jurassic faults of the Ribban Basin are truncated by the Base Cretaceous horizon (Fig. 5). This indicates that dring the Early
Cretaceous, most Jurassic faults became inactive as strain became focused on fewer throughgoing faults. In most places the Lower
Cretaceous Ribban Basin is bounded by single boundary faults, apart from local areas that most likely resemble breached overlap
zones of Jurassic fault segments (Fig. 4). Transverse anticlines developed in the central areas at Early Cretaceous segment
boundaries (Figs. 4 & 6). This resulted in the fact that sub-basins remained distinct depocentres throughout the Early Cretaceous

even though the northern and southern areas had become linked.

After the Early Cretaceous rift event, the WLBFZ most likely became less active for a period until extension resumed during Late
Cretaceous—Palaeogene times (see also Hansen et al., 2012; Faerseth, 2012). Because the Upper Cretaceous and younger strata were
eroded from the central and northern areas, the stratigraphic response of this younger rift event is only observed in the southern

area. The fault strand that bounds the Lower Cretaceous on line 2 (Fig. 5) became abandoned during the early Palaeogene and
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displacement was focused on a younger fault farther east. This indicates that strain migrated toward the footwall as rifting

progressed.

5. Discussion
5.1 Tectonic history of the Ribban Basin as part of the multiphase rifted Lofoten Margin

The structural evolution of the Ribban Basin is relatively simple in comparison to that of the North Trena Basin which has a
complex Permian-Triassic ancestry (Fig. 7a-b). Given that strata older than Middle Jurassic are interpreted to be absent in the Ribban
Basin, we conclude that the WLBFZ is a relatively young structure that was incepted during the Late Jurassic in the central zone of
the Permian core complex that had remained an exposed basement high until Middle Jurassic times (Henstra & Rotevatn, 2014). It
first became a through-going fault zone towards the end of the Early Cretaceous, when the southern and the northern segments of

the WLBFZ linked up (Fig. 7d).

The stratigraphic architecture of the Palacozoic or lower Mesozoic interval in the foot- and hanging wall of the ELBFZ, with parallel
and onlapping geometries, suggests that no fault had formed there prior to the Late Jurassic (Fig. 1c; Doré ef al., 1999; Hansen et
al.,2012). The overlying Lower Cretaceous basin-fill on the other hand has a strong wedge-shaped geometry that shows thickening
toward the fault (Fig. lc; Doré et al., 1999; Hansen et al., 2012). So, although the evolution of the ELBFZ remains poorly
constrained due to the sparse dataset and lack of well data, it most likely has a tectonic history that is very similar to that of the

WLBFZ, with inception during the Late Jurassic followed by rift climax during the Early Cretaceous (Doré et al., 1999).

The main difference between the structural histories of the four main fault zones of the Lofoten Margin is that both the ELBFZ and
the WLBFZ nucleated during Jurassic—Cretaceous rifting, whereas the VFZ and ERFZ formed in response to both Permian—Triassic
rifting as well as Jurassic—Cretaceous rifting (Fig. 7). These two composite rift phases are henceforth referred to as Phase 1 and

Phase 2, respectively.

The two rift phases had a distinct style. The Permian basins that underlie the North Treena Basin, and most likely the Vestfjorden
Basin, are mostly east-dipping and formed in the upper plate of a regional top-to-the-east core complex (Fig. 8a-b; Henstra &
Rotevatn, 2014). Conversely, the VFZ and WLBFZ are dipping to the west (Fig. 8e). These faults are furthermore shallow-dipping
and their lower ends appear to link up in some places (e.g. Fig. 2). This was also noted by Tsikalas et a/. (2001) and Bergh et al.
(2007) who suggested that both fault zones sole out into a sub-horizontal detachment zone located in the lower crust. The Permian—
Triassic top-to-the-east regime had thus been replaced by a top-to-the-west regime by the Early Cretaceous west of the Lofoten

Ridge (Fig. 8).

5.2 The distribution of Permian—Triassic faults as a primary control on Jurassic—Cretaceous fault geometry, morphology
and basin physiography on the Lofoten Margin

The Lofoten Margin is characterised by a strong contrast in orientation between faults that formed during Phase 1 (predominantly
NNE-SSW-oriented; Fig. 9) and those that incepted during Phase 2 (predominantly NE-SW-oriented; Fig. 9). Under the assumption
that rift faults preferentially form orthogonally to the regional extension vector (e.g. Keep & McClay, 1997; Acocella et al., 2000),
the observed difference in strike between Phase 1 and Phase 2 faults fits well with a regional change in extension direction, from
broadly E-W in the Permian—Triassic to NW-SE during the Cretaceous, that has been invoked by several authors (e.g. Doré et al.,
1999; Mosar et al., 2002; Wilson et al., 2006; Faleide et al., 2010).
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The WLBFZ and ELBFZ are characterised by a series of 20-50 km long NE-SW-striking Phase 2 segments that are linked by
relatively short NNE-SSW-striking segments (Figs. 4 & 7d). We observe no Phase 1 faults or depocentres in the area in which the
WLBFZ and the ELBFZ formed. We attribute this to the fact that this area corresponds to the rigid central zone of the Permian core
complex (Figs. 8 & 9). We conclude that there was very little or no brittle faulting during Phase 1 in the area that encompasses the
Ribban Basin and the Lofoten Ridge (Fig. 7a-b). The absence of Phase 1 faults implies that reactivation played no role in the
evolution of the WLBFZ and ELBFZ. Moreover, metamorphic fabrics in the exhumed central zone will be shallowly dipping and
may therefore be sub-optimally-orientated for reactivation as (steeper) normal faults. Such intra-basement dip-slope-parallel
reflections can be seen in lines 3 and 5 (Figs. 5 & 6) and sections e, h and m of Hansen et al. (2012). We conclude that these two
fault zones evolved through the growth and linkage of NE-SW-striking fault segments that all incepted during Phase 2. The relatively
short NNE-SSW-striking linking segments of the WLBFZ and ELBFZ support existing models for fault growth in response to
unidirectional extension of a homogeneous substrate. Models of fault growth describe how, inevitably, zones of overlap (relay
zones) will develop between individual fault segments (e.g. Peacock & Sanderson, 1991; Childs et al., 1995; Walsh et al., 2002;
Finch et al., 2017). Continued extension may result in fault linkage as a result of displacement accrual and relay rotation/breaching
(Jackson & Rotevatn 2013; Rotevatn et al., 2018b). Linkage between faults is possible where overlap zones are relatively narrow
(Acocella et al., 2000). Without a change in the extension vector or an inherited structural grain, this process produces rather straight,
or collinear, segmented fault zones as seen both in nature (Crider & Pollard, 1998; Acocella et al., 2000) and in laboratory

experiments (Keep & McClay, 1997; Henza et al., 2011; Rotevatn et al., 2018b).

We conclude that there exists a causal relationship between i) the presence or absence of Phase 1 faults and ii) the plan-view
geometry of through-going fault zones that emerged during Phase 2 rifting. Where a well-developed set of Phase 1 faults is present,
such as in the North Traena Basin (Henstra et al., 2015), we observe the development of Phase 2 fault zones that have an overall
NNE-SSW-strike and exhibit strong zigzag geometries. Conversely, where Phase 1 faults are absent, we observe the development
of Phase 2 fault zones that are collinear and strike NE-SW. In other words, the differences in plan-view geometry between the VFZ
and ERFZ on the one hand and the WLBFZ and ELBFZ on the other are ascribed to variability in the pervasiveness of Phase 1
faults.

5.3 Fault growth in multiphase rifts

We have argued that the presence of inherited rift faults exerted a major control on normal fault growth during subsequent rift
phases. In Lofoten, this control is manifested in three ways: i) the dominant segments of through-going rift faults that grow by
reactivation of a pre-existing rift fabric tend to strike obliquely to the prevailing extension direction (Fig. 10a—d); ii) through-going
rift faults that are able to grow by (oblique) reactivation of a pre-existing rift fabric tend to exhibit strong zigzag geometries (Fig.
10a—d) and iii) the development of splay faults in foot- and hanging wall that develop at an angle to the reactivated Phase 1 segments
but orthogonal to the direction of Phase 2 extension (Fig. 10c—d). Normal fault zones with splays and zigzag geometries that have
a comparable multiphase-rift history have been described by Lepvrier et al. (2002) and Whipp ef al. (2014). Conversely, where no
pre-existing rift fabric exists, normal faults tend to evolve as collinear faults that strike orthogonally to the prevailing extension

direction during Phase 2 (Fig. 10e—h).

These findings are in good agreement with observations made in scaled analogue experiments that simulate non-coaxial multiphase
extension (Keep & McClay, 1997; Henza et al., 2011). In these experiments it was observed how the presence of Phase 1 faults
resulted in the development of segmented faults with strong zigzag- and cross-cutting plan-view geometries during Phase 2 whereas
the absence of Phase 1 faults lead to the development of collinear segmented faults that formed orthogonal to the direction of

extension during Phase 2 (Fig. 9). It was furthermore observed by these workers how Phase 2 splay faults typically form at the tips
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of Phase 1 faults. This phenomenon may explain the origin of zigzag geometry of many segmented normal faults in non-coaxial

multiphase rifts (Fig. 9d; Henza et al., 2011; Whipp et al., 2014)

Why do pre-existing faults play a dominant role in some multiphase rifts, like the Lofoten Margin (see also North Sea Rift, see
Phillips et al., 2016; East Greenland Rift, e.g. Rotevatn et al., 2018a), but not in others (e.g. Shetland Basin, Claringbould et al.,
2017)? One factor that may have contributed to the high degree of fault reactivation in Lofoten relates to the geometry/orientation
of Phase 1 faults: those Phase 1 faults that became reactivated were relatively steeply dipping (Fig. 2) and had a strike less than 45°
from perpendicular to NE-SW-directed extension during Phase 2 (Fig. 8). These are geometrical aspects that may significantly
improve the likelihood of reactivation (Etheridge, 1986; Huyghe & Mugnier, 1992; Henza et al 2010; Deng et al., 2017).

Another clue that may explain why Phase 1 faults of the Lofoten Margin had a strong propensity for reactivation is the fact that they
juxtapose rocks with very different properties: siliciclastic rocks in the hanging wall against lower crustal crystalline basement in
the footwall. The heterogeneity produced by these Phase 1 faults was likely to be subject to substantial stress concentration from
the outset of Phase 2. We speculate that these faults were therefore likely subjects for strain localisation leading to their reactivation,
since the juxtaposition of lithologies of contrasting mechanical properties is perhaps more likely to preserve the fault as a significant
mechanical discontinuity even in if the fault itself heals. This hypothesis may also help explain why pre-existing faults that juxtapose
similar lithologies on either side of the fault in some other multiphase rifts are not reactivated. For example, in east Shetland Basin,
pre-existing faults that juxtapose sedimentary rocks against sedimentary rocks did not influence later rift geometry (Claringbould,
et al., 2017). To our knowledge, the influence of a contrast in rheology between foot- and hanging wall rock on the likelihood of

fault reactivation is not well understood and forms an interesting topic for future research.

Summary, conclusions and implications

This case study documents the expression of a regional phase of rifting (Phase 2) on neighbouring terrains, both with and without a
set of pre-existing rift faults (Phase 1). The present study compares the findings of Henstra et al. (2015) from the North Trena Basin
to the neighbouring Ribban- and Vesfjorden basins. We demonstrate that Phase 2 faults evolved very differently in those areas
where a Phase 1 brittle imprint is absent. As such, the Lofoten Margin is a natural laboratory in which we can study the effect of

pre-existing structural heterogeneities on normal fault growth.

We conclude that:

e At the end of Permian—Triassic (Phase 1) rifting the Lofoten Margin consisted of a central area made up of exhumed
lower crustal rocks, juxtaposed to the east and to the west against areas consisting of upper crustal extensional basins. The
crystalline basement of the central area had a weak or absent brittle imprint whereas the neighbouring areas were
characterised by a pervasive set of NNE-SSW-striking normal faults inherited from Phase 1. After a c. 80 Myr-long inter-
rift period the Lofoten Margin became subjected to renewed rifting, starting in the Late Jurassic and peaking in the Early

Cretaceous (Phase 2).

e In the case of the Lofoten Margin, a factor that may have played an important role in the propensity of Phase 1 faults to
be reactivated during Phase 2 is a rotation of the regional extension direction that was invoked for the Lofoten Margin
(e.g. Henstra et al., 2015). A change to NW-SE-directed extension during the Phase 2 would have been favourable for the
linkage of the generally right-stepping, NNE-SSW-striking Phase 1 faults.
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The present case study demonstrates that the presence of older rift faults may exert a major control on fault growth during
subsequent rift episodes by means of reactivation. Where older rift faults are present, these may be reactivated and control
the localisation, segmentation, orientation and dimensions of later phase fault zones, resulting in faults with strong zigzag
plan-view geometries, or faults that are strongly reoriented and oblique compared to the main stretching direction (see
e.g. Henza et al. 2010, 2011, Rotevatn et al., 2018a). Conversely, where pre-existing structural grains are absent, the
development of collinear through-going fault zones orientated orthogonal to the direction of extension may be expected

(e.g. as seen herein; see also Henza et al. 2010, 2011)

We hypothesize that a factor that may play a major role in the likelihood of reactivation of pre-existing faults in multiphase
rifts is the contrast between foot- and hanging wall lithology/rheology. Where pre-existing faults juxtapose relatively
weak siliciclastic rocks against a rigid crystalline footwall such as in Lofoten, the resultant strong heterogeneities are
likely to be long-lived, independent of healing of the fault itself, and may therefore become subject to stress concentration

and strain localisation during renewed rifting.

Understanding the key controls of inheritance on rift development is crucial, and we have here demonstrated how the
presence or absence of a pre-existing fault network may strongly influence the development of later faults. This is
important since fault array development has implications for understanding basin physiography, sediment routing and
dispersal, and the location and migration of depocentres during rift development. This in turn has economic implications,
since these are factors that determine the location of sand fairways and, therefore, potential reservoirs for hydrocarbons

exploitation or carbon storage in the subsurface.
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Figure Captions

Fig. 1. (a) Location of the Lofoten Margin located offshore northern Norway. (b) The Base Cretaceous two-way travel time
(TWTT) structure map illustrates the structural framework of the Lofoten Margin within the area of interest. Line c-¢” marks the
locations of the cross section shown in c. The depth to Moho is indicated in km-scale yellow contour lines. (¢) Cross section
through the main structural elements of the Lofoten Margin: from west to east the Rast High, the North Traena Basin, the
Marmeale Spur, the Ribban Basin, the Lofoten Ridge and the Vestfjorden Basin.
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558 Fig. 2. Interpreted representative seismic section of the North Trzena Basin and the Ribban Basin. Location of the section (line 1)

559 is indicated in Fig. 4.
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Fig. 3. Available seismic and well data in the area of interest. In this study new results from mapping of the Ribban Basin (sector

560
561

2) are presented. Data availability for sectors 1 and 3 are included here to show datasets used in previous studies.
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562 Fig. 4. Base Cretaceous structure map in two-way travel time. The map shows the structure across the North Traena Basin (sector
563 1, Fig. 3) as previously presented by Henstra e al. (2015) as well as new results for the Ribban Basin (sector 2, Fig. 3) presented
564 in this paper. Dashed lines indicate the approximate extent of Upper Jurassic depocentres (blue) and the area where the Upper

565 Cretaceous and younger strata are entirely removed (green).
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566 Fig. 5. Interpreted representative seismic sections for the northern-, central- and southern areas of the Ribban Basin. Locations

567 are indicated in Fig. 4. Striped red lines indicate intra-basement reflections.
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Fig. 6. Interpreted seismic strike-section for the central area. Lines 3 and 5 cross one another as indicated on both sections.

Location is indicated in Fig. 4.
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570 Fig. 7. The distribution of normal faults and associated depocentres on the Lofoten Margin through time: (a) Permian; (b)

571 Triassic; (¢) Jurassic and (d) Cretaceous. The hatched area in Fig. 7a indicates the approximate outline of the metamorphic core of

572 the MCC.
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Fig. 8. Schematic 3-D block
diagram illustrating the distribution
and geometry of faults and basins
for the different studied rift phases
of the Lofoten Margin, as well as
the nature of basin-fill from
Permian to Cretaceous times. Note
that the ERFZ and the VFZ
initiated in Phase 1, whereas the
ELBFZ and WLBFZ only became

active in Phase 2.

> Phase 2

inter-rift
period

> Phase 1
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Fig. 9. Interpreted structural framework of the Lofoten Margin. The ERFZ and VFZ that bound the North Trana Basin consist of
reactivated Phase 1 segments (red) as well as segments that first formed in Phase 2 (blue). The WLBFZ and ELBFZ consist
exclusively of Phase 2 segments. The hatched area provides a very rough outline of the geographic extent of the central zone of
the Permian core complex, where the crystalline basement lacks a Phase 1 brittle imprint. The outline is based on the presence of
basement reflections that are sub-parallel to the basement-sediment interface and the onlapping relationship between basement

and Jurassic and Lower Cretaceous strata.
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Fig. 10. Contrasting styles of fault growth as a consequence of the presence (a—d) or absence (e-h) of pre-existing structural
heterogeneities. Characteristic features of Phase 2 faults that grow by reactivation of Phase 1 faults are i) the development of
through-going fault zones that strike at an angle to the prevailing direction of extension; ii) the development of zigzag geometries
rather than collinear fault zones and iii) the development of splay faults that strike orthogonal to the direction of Phase 2
extension, typically at the tips of reactivated Phase 1 faults. These models are based on findings from the present study as well as

the results of Henza et al. (2011) and Whipp et al. (2014).
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