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Abstract
Late Cretaceous–Palaeocene continental extension within the Lofoten-Vesterålen 
margin is investigated by integrating 2D-3D seismic and potential field datasets, to-
gether with updated crustal transects. Most of that deformation is recorded by two 
low-angle detachment structures named West Røst High Fault Complex (WRHFC) 
and North Utrøst Ridge Fault Complex (NURFC) located at the southern and 
central-northern portions of the studied area, respectively. Multiple extensional 
episodes of various intensities were mapped as different fault stages, including 
one Albian-Cenomanian phase, four early Late Cretaceous phases, three Late 
Cretaceous to latest Cretaceous–Palaeocene phases, and one Palaeocene phase. The 
WRHFC is narrower in extent and has accommodated a relatively greater amount 
of localized extension (ca. 18–19 km), whereas the NURFC occupies a wider area 
with widespread extension intensity (ca. 6–8 km). In comparison, the total across-
margin average extension within the southern, central, and northern portions of 
the Lofoten-Vesterålen and NE Greenland conjugate margins are ca. 192, 221, and 
266 km, respectively. Such results indicate an apparent extension discrepancy be-
tween derived extension from measured fault-block geometries within the fault 
complexes and the whole conjugate margin system, with only ca. 11% and 13% of 
the extension seen on the studied seismic profiles on the WRHFC and NURFC, 
respectively. The corrected maximum extension for purely sub-seismic resolution 
faulting on both the WRHFC and NURFC fault complexes is ca. 164 and 46 km, 
respectively. Finally, both WRHFC and NURFC structures provide key evidence 
for a ductile mode of deformation towards breakup that is expressed through shear 
zones-rift topography interactions with overlaying listric/detachment faults. These 
features reflect the resulting multiphase tectonic evolution across the asymmetric 
Lofoten-Vesterålen and NE Greenland conjugate margins, and the obliquity in the 
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1   |   INTRODUCTION

Quantifying extension as a function of depth at rifted mar-
gins needs to include upper crust fault analysis and esti-
mates of the amount of deformation within sedimentary 
basins in order to avoid under-prediction of the meas-
ured extension (e.g., Kusznir et al.,  2005; McDermott & 
Reston,  2015; Reston,  2007; Reston & McDermott,  2014; 
Skogseid et al.,  1992). Furthermore, rifted margins are 
often characterized by the so-called extension discrepancy, 
which refers to the amount of extension measurable from 
seismically-observed brittle faulting that is far less than 
that required to explain the observed crustal stretching or 
thinning. This discrepancy may be due to a combination of 
several factors including crustal depth-dependent thinning 
(Davis & Kusznir, 2004), the minor slip produced by rela-
tively smaller faults that can be imaged or detected with 
seismic reflection methods (Marrett & Allmendinger, 1992; 
Walsh et al.,  1991), the unrecognized polyphase and top 
basement faulting (Reston, 2005, 2009), and the overlooked 
sequential faulting that cuts the hanging wall of previously-
formed faults (Ranero & Pérez-Gussinyé, 2010). Detailed 
case studies on well-imaged rifted margins are therefore 
very valuable as they will highlight important observations 
related to the imposed structuration and will provide ad-
ditional constraints and parameters for the proper analysis 
and quantification of extensional deformation.

The continental margins off Norway and Greenland 
are conjugate margins that experienced a long history 
of post-Caledonian extension (since late Devonian at ca. 
380 Ma) until breakup at Palaeocene/early Eocene times 
(Figure  1) (e.g., Abdelmalak et al.,  2017; Brekke, 2000; 
Faleide et al., 2008; Gernigon et al., 2020, 2021; Hamann 
et al., 2005; Skogseid et al.,  2000; Tsikalas, Eldholm, 
et al.,  2005; Zastrozhnov et al.,  2018, 2020). Within this 
context, however, information of crustal extension along 
the largest part of the Lofoten-Vesterålen Margin (LVM) 
is limited as existing studies have mainly concentrated in 
the southernmost LVM and the nearby well-studied Vøring 
margin (e.g., Abdelmalak et al., 2016, 2017; Skogseid, 1994; 
Skogseid et al., 1992, 2000; Tsikalas et al., 2008). The LVM 
has not been opened for petroleum exploration (Norwegian 
Petroleum Directorate, 2010, 2020a), and thus is one of the 
least understood rifted margins of the Norwegian continen-
tal shelf. Nevertheless, recently updated mapping on the 

southern and northern segments of the LVM has identi-
fied two prominent Late Cretaceous–Palaeocene low-angle 
detachment fault complexes informally named the West 
Røst High Fault Complex (WRHFC) and the North Utrøst 
Ridge Fault Complex (NURFC), respectively (Meza-Cala 
et al., 2021; Tsikalas et al., 2019) (Figure 2).

In this study, we aim to better understand continen-
tal crustal extension along the LVM through the thorough 
study of two low-angle detachment fault complexes. The 
analysis integrates reprocessed 2D seismic reflection data 
along with the most recently acquired 2D and 3D datasets, 
potential field (gravity and magnetic) data, and selected 
updated published crustal transects for the LVM and NE 
Greenland conjugate margins. Through seismic interpre-
tation and detailed structural measurements, we aim to 
estimate along the LVM the amount of brittle extension 
towards breakup from rift-related faults and fault-block 
geometries and to derive extension estimates from crustal 
stretching. Furthermore, we investigate whether sub-
seismic faulting exists and may contribute to an underes-
timation of brittle crustal extension both locally and in a 
regional conjugate margin context.

2   |   GEOLOGICAL SETTING

The Lofoten-Vesterålen Margin (LVM) is a ca. 400-km-long 
rifted margin located at ca. 67–69°N off mainland Norway 

breakup axis location along them. The study outcomes are pertinent and applicable 
to understand the breakup evolution of the northern NE Atlantic and its vicinity.

K E Y W O R D S

continental crust extension, Lofoten-Vesterålen margin, low-angle detachment structures, 
multiphase faulting, NE Atlantic, sub-seismic resolution faulting

Highlights

•	 Refined Late Cretaceous–Palaeocene rifting 
by studying two low-angle detachment fault 
complexes.

•	 Four extensional pulses of varying intensities 
are revealed by nine mapped fault stages.

•	 Stretching/thinning factors are calculated for 
the continental extension leading to breakup.

•	 Sub-seismic resolution faulting is accounted to 
properly estimate extension in the area.

•	 Multiphase evolution and ductile deformation 
towards breakup in the Lofoten-Vesterålen 
margin.
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(Figure  1). It represents the link between the mid-
Norwegian, SW Barents and conjugate NE Greenland mar-
gins, and is a key area to study the tectono-stratigraphic 
evolution of the NE Atlantic margins (Figure  1) (e.g., 
Faleide, Bjørlykke, et al.,  2015; Faleide, Zastrozhnov, 
et al., 2022; Gernigon et al., 2020, 2021; Tsikalas et al., 2012, 
2022; Zastrozhnov et al., 2018, 2020). Moreover, the LVM 
has its widest portion just north of the Bivrost Lineament 
and close to the Vøring margin (ca. 150 km in south 
Lofoten margin), while it narrows towards the north when 
approaching the Senja Fracture Zone in the vicinity of the 
SW Barents Sea (ca. 35 km offshore Andøya) (Figure  1) 
(e.g., Tasrianto & Escalona,  2015; Tsikalas et al.,  2001, 
2019, 2022). Observations on rift geometries in the conju-
gate margins led to the proposal of a rifting model with an 
upper- and lower-plate margin configuration (e.g., Meza-
Cala et al., 2021; Mosar et al., 2002; Voss & Jokat, 2009), 
which involves subsequent magmatic overprinting, and 
passive margin evolution (e.g., Barnett-Moore et al., 2018; 
Eldholm & Coffin,  2000; Eldholm et al.,  2002; Faleide 
et al.,  2008; Faleide, Abdelmalak, et al.,  2022; Faleide, 
Wong, et al., 2022; Tsikalas et al., 2002, 2012). Recent stud-
ies along parts of the proximal and necking domains of the 
Lofoten-Vesterålen margin (Tasrianto & Escalona, 2015) 
suggested that the two Late Cretaceous–Palaeocene 
WRHFC and NURFC fault complexes record much of the 
experienced tectonism towards breakup (Figure 1; Meza-
Cala et al., 2021; Tsikalas et al., 2019). Similar fault com-
plexes with low-angle detachment character have been 
also documented on the Vøring margin (e.g., Gernigon 
et al., 2003, 2004; Ren et al., 1998), SW Barents Sea (e.g., 
Blaich et al., 2017; Koehl et al., 2018), and NE Greenland 
margin (e.g., Rowan & Jarvie,  2020; Tsikalas, Faleide, 
et al., 2005).

2.1  |  West Røst High Fault Complex

The WRHFC lies in the southern part of the LVM and west 
of the Røst High (Figures 1 and 2 profile A). It is character-
ized by NE–SW trending and W-dipping faults that assem-
ble a geometry of independent and rotated fault-blocks. In 
general, the faults in the complex have planar geometries 
in the upper parts and become more listric and low-angle 
with depth. The easternmost faults in the complex form 
a detachment/décollement plane that mostly runs sub-
parallel to the underlying Base Cretaceous Unconformity 
(BCU) and the shale-dominated lowermost Cretaceous 
strata (Figure  2). Both fault geometry and fault-block 
rotation are noticed to be influenced by basement topog-
raphy underneath the fault complex (Figure 3) (Tsikalas 
et al., 2019). Maximum fault throws are in the order of 1 s 
twt (two-way traveltime) (ca. 1.4 km) and are observed in 

the central parts of the fault complex, whereas fault throw 
displacement and dip increase towards the south and 
west. Moreover, the Base Tertiary Unconformity (BTU) 
has been identified with a strong erosional unconformity 
in the upper parts of the fault complex, indicating more 
pronounced and inflated geometries of the sedimentary 
packages (Figure 2). Furthermore, a compressional dome 
(South Lofoten Margin Dome, SLMD) is in close proxim-
ity to the WRHFC (Figures 1 and 2) and has evidenced 
multiple stages of inflation/deflation of the fault complex 
in response to the post-Palaeocene tectonic activity in the 
southern LVM (Tsikalas et al., 2019).

2.2  |  North Utrøst Ridge Fault Complex

In the northern part of the LVM, a second fault com-
plex, the NURFC (Figure  2 profile B), with similar 
characteristics as the WRHFC onsets from offshore the 
Vesterålen to the Andøya islands, and farther north in 
the southern vicinity to the Harstad Basin (Figure  1). 
On both the gravity and magnetic data, the NURFC, 
unlike the WRHFC, shows strong negative anomalies 
(Figure 3) and this is in accordance with the large thick-
ness of sediments in the hanging-wall growth sequences 
within the fault complex (Meza-Cala et al.,  2021). The 
NURFC is broad in width (>36 km) and covers a wide 
area (ca. 1200 km2) as it develops towards the northern-
most LVM (Figures 1 and 3). These are the most striking 
differences in comparison to the WRHFC, which is nar-
rower in extent and with deformation mainly localized 
within a portion in the inner-to-outer margin transition. 
Both the WRHFC and NURFC mainly involve Upper 
Cretaceous sequences in their hanging-walls, and sedi-
mentary wedges of Palaeocene strata are often present 
towards the upper parts of the NURFC. In terms of fault 
geometries, the NURFC contains similar fault shapes 
as those of the WRHFC, and the NURFC includes east-
ernmost faults with low-angle detachment character 
gradually propagating to the west (Figure 2). Similarly, 
the fault throw intensities in both fault complexes are 
observed to increase in a seaward direction. In addition, 
the westernmost and steeper Palaeocene faults impede 
the eastward up-dip flow of lavas on top of the NURFC, 
and demonstrate that the fault complex was an elevated 
feature prior to continental breakup and the extrusion 
of the lava flows (Figure 2). Furthermore, the NURFC 
has been linked with the evolution and development 
of the northern LVM in terms of margin segmentation 
and basin architecture, as well as post-Palaeocene ver-
tical movements expressed as dome-like features (i.e. 
Northern Vesterålen margin Dome; NVMD) (Figures 1 
and 2) (Meza-Cala et al., 2021).
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3   |   DATA AND METHODS

Reprocessed and recently acquired 2D and 3D seis-
mic reflection datasets in the area by the Norwegian 
Petroleum Directorate (NPD) were utilized (Figure  1) 
(for details on utilized seismic datasets see Meza-Cala 
et al., 2021 and Tsikalas et al., 2019). In order to meas-
ure brittle upper crustal extension within the two fault 
complexes, five 2D multi-channel seismic (MCS) pro-
files and one 2D-3D composite MCS profile have been 
selected (six profiles in total); three along the WRHFC 
in the southern LVM (profiles 1–3) and three along the 
NURFC in the northern LVM (profiles 4–6) (Figures 4 
and 5). The highest seismic resolution (in average good) 
is found within the southern LVM; i.e. vertical resolu-
tion of 34–43 m at 1–2  s twt window. However, below 
the lava flows to the west the imaging becomes poor; 
i.e. vertical resolution of 92–98 m at 4–5 s twt window. 
The recording time of the various MCS surveys ranges 
between 6–8  s twt. The seismic interpretation of the 
selected profiles is based upon the recently revised 
tectono-stratigraphic framework for the different seg-
ments of the LVM (Figure 2) (cf. Meza-Cala et al., 2021; 
Tsikalas et al.,  2019, 2022). Gravity and magnetic data 
(courtesy of Geological Survey of Norway, NGU; e.g., 
Olesen et al., 2010) for the entire LVM were also avail-
able (in this study the focused portions are illustrated), 
and helped to further support seismic interpretation and 
structural trends in the vicinity of the fault complexes 
(Figure 3).

Brittle extension estimates from the selected seismic 
profiles have been calculated through measurement 
of fault components, such as heave and displacement, 
within both the WRHFC and NURFC fault complexes 
(Figures  4 and 5). The slip vector is assumed parallel 
to the analysed seismic lines even if we acknowledge 
that many lines are oblique to some faults systems, 
and the extension direction may also be oblique (not 

perpendicular) to some faults. Fault heaves were mea-
sured (in kilometres) along the horizontal separation of 
each seismic horizon or sequence reflection, whereas 
fault throws were initially estimated in time (s, twt) and 
then depth-converted using an interval velocity of 2.75 
and 2.45 km/s for the Upper Cretaceous and Palaeocene 
sequences, respectively (velocity information from 
sonobuoy and ocean-bottom seismometer record sec-
tions; see Tsikalas, Eldholm, et al., 2005). Subsequently, 
fault displacements were calculated (in kilometres) 
as the longest segment (hypotenuse) of the triangle-
rectangle conformed by the fault heave and throw (e.g., 
Fossen,  2010). No decompaction techniques were im-
plemented to the selected profiles. In addition, stretch-
ing factor estimates related to brittle extension (𝛽f) 
that are defined by the resulting angles from the fault 
geometry were calculated on few selected rotated fault-
blocks within both the WRHFC and NURFC in order 
to further investigate considerations on the mode of 
deformation towards breakup (utilized methodology il-
lustrated in Figures 4 and 5). The stretching factor from 
fault-block geometries (𝛽f) was estimated following the 
Reston  (2005) empirical formula: 𝛽f ≅ sin𝜃/sin(𝜃−𝜑); 
where θ is the fault-plane inclination, and 𝜑 is the top 
of fault-block angle.

Furthermore, we utilized three pairs of crustal tran-
sects (six profiles in total) along the Lofoten-Vesterålen 
and NE Greenland conjugate margins. The paired conju-
gate profiles are described as the “southern transect” in the 
vicinity of the Bivrost Lineament and its conjugate coun-
terpart, the “central transect” across the northern Lofoten 
segment/​Vesterålen-central Danmarkshavn Ridge, and the 
“northern transect” across the northern Andøya segment-
northern Danmarkshavn Ridge (Figure 6). The compiled 
crustal transects have been revised from Abdelmalak 
et al.  (2022), depict an updated representation of the en-
tire crustal architecture, and are used for measuring total 
extension across the conjugate margins (see Supporting 

F I G U R E  1   Structural map of the Lofoten-Vesterålen margin (LVM) and adjacent margins. Inset (top-left): Norwegian continental 
margin formed in response to Cenozoic opening of the Norwegian-Greenland Sea as expressed in bathymetry/topography from the 1 × 1′ 
elevation grid of Jakobsson et al. (2000). Inset (bottom-right): seismic reflection and refraction coverage, and exploration provinces within 
LVM. The 3D seismic survey LOF-1-09 is indicated in inset, and it was available and utilized in this study. Selected seismic profiles 
locations (1 to 6; Figures 2 and 3) within the low-angle detachment fault complexes (WRHFC and NURFC), and the focus study portions 
(zoomed areas) within the black boxes (Figure 4) are also indicated. A, Andøya island; AB, Andøya Basin; AH, Andenes High; AS, 
Andøya segment; AVM, Andøya Volcanic Mound; BL, Bivrost Lineament; BLD, Bivrost Lineament Dome; EGM, East Greenland margin; 
EJHFZ, East Jennegga High Fault Zone; ERFZ, East Røst Fault Zone; EVB, East Vesterålen Basin; GH, Grimm High; GR, Greenland 
Ridge; JMR, Jan Mayen Ridge; L, Lofoten islands; LS, northern Lofoten segment; LVM, Lofoten-Vesterålen margin; MH, Myre High; MM, 
Møre margin; MS, Marmæle Spur; NsH, Nøss High; NTB, northern Træna Basin; NURFC, North Utrøst Ridge Fault Complex; NVMD, 
northern Vesterålen margin Dome; PYFZ, Pyramiden Fault Zone; RaB, Ramså Basin; SDRs, seaward-dipping reflections; SFZ, Senja 
Fracture Zone; SLMD, southern Lofoten margin Dome; V, Vesterålen islands; VFZ, Vesterdjupet Fault Zone; VM, Vøring margin; VP, 
Vøring Plateau; VS, Vesterålen segment; WLBFZ, West Lofoten Border Fault Zone; WRHFC, West Røst High Fault Complex; WVB, West 
Vesterålen Basin.
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Information). The calculations derive through stretching 
and thinning factor measurements based on the thickness 
of the crystalline crust along each transect current (final 
stretched) length set from the continent-ocean boundary 

(COB) position and compared to an initial reference crust 
thickness of 35 km of assumed unstretched continental 
crust (UCC) (Abdelmalak et al., 2022). The COB was de-
fined as the oceanward limit of the stretched continental 
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crust based on the location of seafloor spreading magnetic 
anomalies in the oceanic crust and the landward limit of 
undisputed oceanic crust on seismic refraction profiles 
(Abdelmalak et al.,  2022). In addition, the COB corre-
sponds to the transition from oceanic lithosphere to con-
tinental lithosphere, and this boundary can form a narrow 
band or zone of varying width (alternatively the continent-
ocean transition; COT) rather than a discrete limit (e.g., 
Gernigon et al.,  2020). Along the NE Atlantic volcanic 
margins, the COB is frequently masked by magmatic rocks 
linked to the breakup process (Berndt et al., 2001; Eldholm 
et al.,  2000), significantly complicating its along-margin 
identification. Moreover, the crystalline crust thickness 
was estimated up to the mid-Permian level (Abdelmalak 
et al., 2022). Hence, this stratigraphic level is considered in 
this study as equivalent to top basement, since it marks the 
initiation of the multi-rift setting in the NE Atlantic mar-
gins following the collapse of the Caledonides (e.g., Faleide 
et al., 2018). Eclogites are present both onshore Greenland 
and Norway, which indicate syn-orogenic to probably 
early post-orogenic crustal thicknesses of ca. 80–90 km 
(Andersen & Jamtveit, 1990; Brueckner et al., 1998). Our 
defined top basement in the crustal transects, therefore, 
does not consider the root of the previous orogenic sys-
tem, yet it allows a simple calculation of crustal extension 
since mid-Permian times. The crustal extension estimates 
for the southern and central conjugate margin transects 
have been calculated taking into consideration the effect 
of the 7+ km/s high-velocity lower crustal body (LCB) for 
the calculation of the stretching factor. The LCB is seen in 
crustal-scale velocity models based on seismic refraction 
data (e.g., Breivik et al., 2009; Mjelde et al., 1996, 2005; Voss 
& Jokat, 2007). We considered two end-member scenarios 
with different amount of magma addition (0% and 100%). 
For the 0% magma addition, the LCB could be considered 
as fully crustal rock, while for the 100% magma addition, 
the LCB is considered as 100% magma underplating.

The current study also tests through a simplified 
version of fault population analysis whether brittle ex-
tension measured from the seismic interpretation on 
fault complexes along the Lofoten-Vesterålen margin is 
representative to the amount of extension experienced 
in the rifted conjugate margin setting (e.g., Reston & 

McDermott,  2014). The analysis (following methodolo-
gies described in Ackermann et al., 2001; Gómez-Romeu 
et al., 2020; Pickering et al., 1996; Walsh et al., 1991) de-
termines the proportion of faults which have too small 
displacements to be imaged by conventional seismic re-
flection data. Extensional faults with larger throws (>0.2–
0.5  s twt) are one of the most direct means by which 
continental lithosphere extends because they are readily 
visible on seismic data. However, the stretching of the 
whole lithosphere is far greater than that observed in faults 
within the upper crustal levels and where sedimentary ba-
sins rest (e.g., Kusznir & Karner, 2007; Mohn et al., 2015; 
Reston,  2005). Therefore, fault population analysis is 
employed to address such extension discrepancy, and to 
compare the magnitude of extension between the upper 
crustal levels and the whole continental lithosphere of 
the Lofoten-Vesterålen and NE Greenland margins. At the 
end, we account for possible geological processes respon-
sible for the extension leading to breakup in the studied 
portions of the NE Atlantic.

4   |   RESULTS

In this section we present estimates of brittle continental 
crustal extension and of stretching factors from seismic 
sections across the WRHFC and NURFC fault complexes 
utilizing the six selected MCS profiles within the LVM 
(Figures  4 and 5; Tables  1–3). In addition, continental 
crust extension estimates measured from the three pairs 
of updated conjugate transects are provided (Figure 6).

4.1  |  Calculation of extension from 
fault components

4.1.1  |  West Røst high fault complex

Updated seismic interpretation has resulted to the refine-
ment of the main Late Mesozoic-Early Cenozoic rift phases 
within and in the vicinity of the WRHFC, and these are ev-
idenced by six mapped fault stages (Tsikalas et al., 2019). 
The calculated extension derived from fault heave and 

F I G U R E  2   Seismic tectono-stratigraphic framework used in this study for the seismic and structural interpretation of the WRHFC and 
NURFC fault complexes and nearby Lofoten-Vesterålen margin (LVM) vicinity (modified from Tsikalas et al., 2022). Chronostratigraphic and 
lithostratigraphic charts of the Northern Norwegian Sea modified from Norlex (2012), and geologic time scale after Gradstein et al. (2012). 
Both exploration and IKU shallow boreholes are indicated in yellow stars and blue circles, respectively (Norwegian Petroleum Directorate, 
2020b). Regional tectonic episodes based on Tsikalas et al. (2012). The subdivision of the fault stages within each fault complex interpreted in 
seismic profiles 1–6 (Figures 4 and 5) is indicated with boxes of different colours and letters. Abbreviations of fault stages at WRHFC (B1–3, 
C1–2, D) and at NURFC (A, B, C, D) are indicated in Figures 2 and 3. Geoseismic cross-sections (A and B; Tsikalas et al., 2022) are in the 
bottom and illustrate regional basin stratigraphy and well ties. The transect A and B locations and other abbreviations are in Figure 1.
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displacement for each of the rift phases are ascribed to dif-
ferent main fault stages that represent the sequences af-
fected by active time of faulting (profiles 1–3, Figure 4 and 
Table 1). The six main fault stages that have been mapped 
within the WRHFC include the Cenomanian–Turonian, 
Coniacian-Santonian, Campanian, Maastrichtian, 
Maastrichtian-Palaeocene, and Palaeocene fault stages. 
The summed fault heave and fault displacement ranges 
for each fault stage are indicated in Table 3.

Fault heave and fault displacement summation for 
the individual fault stages exhibit, in general, a decrease 
of the values towards the northern parts of the WRHFC 
(Table 1). Total cumulative fault heave and displacement 
estimates are, respectively, ca. 18 and 19 km in the south-
ern parts of the WRHFC, whereas they become ca. 13 and 
15 km in the northern parts of the fault complex. Overall, 
the Cenomanian–Turonian and Campanian fault stages 
are the ones contributing the most to the observed exten-
sion, whereas the fault stages inferred to contribute the 
least to extension is the Maastrichtian-Palaeocene fault 
stage. The Campanian fault stage is the most dominant in 
the southern part of the WRHFC, and gradually becomes 
less intense towards the northern parts of the fault com-
plex. At the latter location, it is the Cenomanian–Turonian 
and the Coniacian-Santonian fault stages that exhibit 
greater fault heave and fault displacement magnitudes in 
comparison to the Campanian fault stage. From the re-
maining fault stages, the Maastrichtian stage is the most 
dominant, followed by the Palaeocene and Maastrichtian-
Palaeocene fault stages (Table 3).

The average estimates of βf for the different fault stages 
are provided in Table  3. A gradual increment in the av-
erage stretching factors is observed from Cenomanian–
Turonian to Campanian fault stages with a local maximum 
of ca. 2.3. Moreover, the average stretching factor for the 
Maastrichtian fault stage shows a significant drop with 
a value close to ca. 1. For the Maastrichtian-Palaeocene 
fault stage, the average stretching factor is increased and 
is close to ca. 2. Hence, an oscillatory behaviour is ob-
served within the WRHFC, but with an overall increas-
ing trend from Late Cretaceous to Palaeocene. Eventually, 
the average stretching factor reaches its global maximum 
of ca. 2.7 at the Palaeocene fault stage. The increment 
in the recorded values of stretching factors measured 
from fault-block geometries for the last two fault stages 
in the WRHFC close to the time of continental breakup 

reflects the prominent intensity of the Late Cretaceous–
Palaeocene rifting within the LVM.

4.1.2  |  North Utrøst ridge fault complex

Late Mesozoic-Early Cenozoic rifting phases have been re-
cently established and refined within and in the vicinity of 
the NURFC (Meza-Cala et al., 2021). Similar to the WRHFC, 
the calculated extension from fault heave and displacement 
from each main sequence affected during active time of 
faulting are ascribed to different fault stages interpreted in 
the NURFC (profiles 4–6, Figure 5 and Table 2). Four fault 
stages have been mapped within the NURFC and include 
Albian-Cenomanian, early Late Cretaceous, Late Cretaceous 
to latest Cretaceous–Palaeocene, and Palaeocene fault 
stages. A more detailed line-drawing interpretation was car-
ried out in part of profile 4 (Figure 5 part of profile 4 close-
up) in order to show the distinction of a mid-Cretaceous rift 
phase (Albian-Cenomanian fault stage) seismic marker prior 
to the initiation of the composite and more intensive Late 
Cretaceous–Palaeocene deformation. Note that it was not 
possible in the available seismic profiles (optimally illustrat-
ing the entire extent of NURFC) to differentiate separately be-
tween Late Cretaceous (Coniacian-Santonian–Campanian) 
and latest Cretaceous (Maastrichtian)-Palaeocene fault 
stages, thus these were treated together.

The outcome of the seismic and structural analysis shows 
a progressively increasing fault heave and displacement in-
tensity starting with the Albian-Cenomanian fault stage, 
escalating to the early Late Cretaceous fault stage and the 
composite Late Cretaceous to latest Cretaceous–Palaeocene 
fault stage, prior to a distinctive drop at the Palaeocene fault 
stage (Table 2). The summed fault heave and fault displace-
ment ranges for each fault stage are indicated in Table 3. 
The total cumulative fault heave and fault displacement 
estimates are, respectively, ca. 3 and 4 km in the southern 
parts of the NURFC, whereas they reach as much as ca. 
5–6 and 7–8 km in the northern parts of the fault complex 
(Tables 2 and 3). Thus, extension in the southern part of the 
fault complex is mainly accommodated by the Palaeocene 
fault stage, whereas towards the northern part of the fault 
complex extension is mainly accommodated by the Late 
Cretaceous fault stages and less by the Palaeocene one.

Stretching factors from observed fault geometry (βf) 
within the NURFC (Figure  5) were calculated in few 

F I G U R E  3   Zoomed portions on the focus study areas (structural maps) along the LVM and in the vicinity of the two fault complexes 
(a,d; WRHFC and NURFC). Gravity (b,e) and magnetic (c,f) anomaly data within same areas are shown. Seismic profiles (1–6), faults (in 
black lines; e.g., Meza-Cala et al., 2021; Tsikalas et al., 2019) and transfer zones (yellow dashed-lines; e.g., Meza-Cala et al., 2021) are also 
indicated. Other abbreviations and legend-features as in Figure 1.
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rotated fault-blocks following the same approach as for 
the WRHFC and are presented in Table 3. The observed 
trends/behaviour of the measured stretching factors for 
the different identified fault stages within the NURFC 
is slightly different compared to that of the WRHFC. 
Although the reduction from six to four identified fault 
stages in the NURFC with respect to the WRHFC is due 
to the progressively less detailed stratigraphic control 
from south to north, the stretching factor values from the 
mid-Cretaceous (Albian) to Late Cretaceous–Palaeocene 
fault stages show a continuous gradual increase within 
the NURFC. This contrasts with the oscillatory trend (but 
with an overall increment) observed in the WRHFC. In 
particular, the βf estimates for the different fault stages do 
not exceed ca. 1.5, with the composite Late Cretaceous to 
latest Cretaceous–Palaeocene fault stage exhibiting the 
highest value (Table  3). However, the Palaeocene fault 

stage reaches a βf as much as ca. 1.7 at the northwestern 
parts of the fault complex and represents the highest es-
timated stretching factor within the NURFC (Table  3). 
The obtained stretching factors, regardless the differences 
between the above-mentioned trends in both fault com-
plexes, suggest an important contribution in the amount 
of extension within the LVM during the composite Late 
Cretaceous–Palaeocene rifting event.

4.2  |  Calculation of extension for the 
entire continental crust

Figure 7 and Table 4 summarize the calculated extension 
on each crustal transect along the Lofoten-Vesterålen and 
NE Greenland conjugate margins. These results were ob-
tained through the integration of their respective crustal 

F I G U R E  4   Seismic reflection profiles 1 to 3 along the West Røst High Fault Complex (WRHFC). Left-column: mapping of main 
stratigraphic seismic horizons/sequences and structural features in the WRHFC and its vicinity (e.g., Tsikalas et al., 2019; Figure 2). 
Middle-column: line-drawing interpretations and mapping of the distinct Late Cretaceous to Palaeocene seismic units (Figure 2) within 
the WRHFC. A set of different fault blocks (FB) constituting the low-angle detachment fault complex on the seismic profiles are also 
indicated and numbered. Right-column: fault-component-measurements approach and extension estimates' workflow. Distinct rotated 
reflections within each fault-block were associated to the different interpreted fault stages. The utilized workflow/procedure is indicated by 
the numbered steps (1–7) and explained in detail in the the text on chapter “3. Data and Methods”. Profile locations indicated in Figure 1. 
Seismic horizon and seismic sequences (S1–S7) abbreviations as in Figure 2.
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stretching/thinning factors derived from the crustal archi-
tecture illustrated in the updated transects (Figure 6). In 
all the analysed crustal transects, the stretching/thinning 
factors increase towards the continent-ocean boundary 
(COB). The variations in the magnitude of the stretching/
thinning factors near the COB region correspond to the 
amount of magmatic addition (Table 4).

4.2.1  |  Southern conjugate transect

The southern conjugate transect in the NE Greenland side 
(Foster Basin-Greenland transect) exhibits a current (final 
stretched) length of ca. 215 km, extending from mainland 
Greenland up to the defined COB location (Figures 6a and 
7a1). The Foster Basin occupies the inner part of the tran-
sect (landward of the COB) and is interpreted as the sea-
ward extension of the Late Palaeozoic to Mesozoic onshore 

basins (Figure 6a) (e.g., Corfu & Hartz, 2011). On the outer 
part of the transect (oceanward of the COB), the area is 
characterized by the occurrence of the Foster Volcanic 
Province, which consists of thick (2–4 km) volcanic flows 
(e.g., seaward dipping reflectors; SDRs) draped by Eocene 
and younger sediments (Figure 6a) (Reynolds et al., 2017). 
The Foster Volcanic Province has been classified as tran-
sitional crust by Voss and Jokat (2007), or as an oceanic 
plateau by Abdelmalak et al.  (2017). The maximum 
thickness of the observed LCB that underplates the crust 
reaches ca. 20–25 km (Figures 6a and 7a1). The calculated 
stretching/thinning factors exhibit, as expected, a rather 
gradual eastward increment (Figure 7a2–a3). Considering 
a magma starving scenario (i.e. 0% magma addition), the 
average crustal extension is nearly ca. 30 km, whereas the 
average crustal extension in a full magmatic addition sce-
nario (i.e. 100% magma addition) is as much as ca. 50 km 
(Figure 7a4 and Table 4).

F I G U R E  5   Seismic reflection profiles 4 to 6 along the North Utrøst Ridge Fault Complex (NURFC). Left-column: mapping of main 
stratigraphic seismic horizons/sequences and structural features in the NURFC and its vicinity (e.g., Meza-Cala et al., 2021; Figure 2). Right-
column: line-drawing interpretations and mapping of the distinct Late Cretaceous to Palaeocene seismic units (Figure 2) within the NURFC. 
Similar to WRHFC seismic profiles 1 to 3, a set of different fault blocks (FB) constituting the low-angle detachment fault complex on the 
seismic profiles of the NURFC are also indicated and numbered. Inset (I): zoomed section of Palaeocene fault stage (D) within fault block 2 
(FB2) on profile 4. Measurements of fault components, together with the derived extension and stretching factor (𝛽f) estimates are indicated 
by numbered steps following similar workflows/procedures as in Figure 4. Inset (II): extension (i.e. calculated displacement and 𝛽f) for fault 
stages (A) and (B) within fault blocks 2 and 3 (FB2 and FB3), respectively. Inset (III): 𝛽f for Palaeocene fault stage (D) within fault block 18 
(FB18) on profile 6 offshore Andøya. Note the increment of 𝛽f from south (offshore Vesterålen; profile 4) to north (profile 6). Profile locations 
indicated in Figure 1. Seismic horizon and seismic sequences (S1–S8) abbreviations as in Figure 2.

 13652117, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12756 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1340  |    
EAGE

MEZA-­CALA et al.

In the Norwegian side, the current (final stretched) 
length of the southern transects (Bivrost Lineament-
southern LVM transect) is approximately ca. 380 km, 
and includes a COB location that is defined at around 
ca. 120 km on the transect full-length (Figures  6b and 
7a1). The sedimentary fill for most of the basin area 
ranges from Jurassic to lowermost Cenozoic sequences 
(Figure 6b). Minor packages of possibly Devonian?-mid 
Permian to Jurassic sedimentary units are present in the 
deeper parts of the basins (Figure 6b). Moreover, in the 
middle parts of the crustal transect (ca. 200 km-offset po-
sition) the southernmost part of the deformation directed 
by the WRHFC is evident (Figures 6b and 7a1), and there 
the crustal stretching/thinning factors show a continu-
ous increment towards the COB location (Figure  7a2–
a3). Oceanwards of the COB line, the transect depicts 
a considerable SDR wedge (ca. 3–5 km in thickness) in 
the outer part of the margin (Figure  6b). Similarly, the 

observed LCB does not exceed ca. 10 km, but extends over 
several hundreds of kilometres on the base of the crust 
(Figures  6b and 7a1). Considering a 0% LCB scenario, 
the average extension is as much as ca. 154 km, whereas 
for a 100% LCB case the average extension is ca. 170 km 
(Figure 7a4 and Table 4). Thus, these crustal extension es-
timates are more pronounced in the northernmost Vøring 
margin/southernmost LVM in comparison to the crustal 
extension estimates at the corresponding Greenland con-
jugate side (Figure 7a4).

4.2.2  |  Central conjugate transect

The central conjugate transect in the NE Greenland 
side (Danmarkshavn Ridge-central Tethys Basin tran-
sect) exhibits a current (final stretched) length of ca. 
350 km, and includes a COB location that is defined at 

F I G U R E  6   Paired conjugate crustal transects across the Lofoten-Vesterålen and NE Greenland conjugate margins illustrating the post-
breakup crustal architecture and the extent of regional extensional phases (modified from Abdelmalak et al., 2022). Modelled underplating/
magmatic addition (0% and 100% LCB scenarios) is illustrated only for the southern (a,b) and central (c,d) crustal transects, whereas no 
magma addition is modelled for the northern (e,f) crustal transects. The distance (in km) to the continent-ocean boundary (COB) with 
respect to the profile offset is indicated for each of the crustal transects. A continent-ocean transition (COT) zone is, in addition, indicated 
for the southern Greenland crustal transect (a). The transects were further used for estimations in crustal extension and stretching/thinning 
factors (Figure 7). Inset map: regional structure map of the conjugate setting restored prior to breakup and paired crustal transect locations. 
BCU, Base Cretaceous Unconformity; UCC, unstretched continental crust. Other abbreviations as in Figure 1.
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around ca. 530 km on the transect full-length (Figures 6c 
and 7b1). In the deep (ca. 20 km depth) Danmarkshavn 
Basin, Devonian-mid Permian to Upper Cretaceous sedi-
mentary sequences constitute the main fill (Figure 6c). 
Towards east and into the central Tethys Basin, the 
Upper Palaeozoic strata are significantly reduced, 
whereas the Upper Mesozoic and Cenozoic units are pre-
sent with considerable thickness expansion and consti-
tute the main fill of the basin (Figure 6c). The calculated 
stretching/thinning factors exhibit an eastward gradual 
increment, yet they nicely illustrate the changes in top 
basement topography (Figure 7b2–b3). Both the SDR and 
lava flow wedges, and the underlying LCB are largely 
reduced in comparison to the southern crustal transect 
on the Greenland side (Figure  6a,c). Considering both 
0% and 100% LCB scenarios, the average crustal exten-
sion estimates for both cases appear to be ca. 171 km 
(Figure  7b4 and Table  4). Furthermore, the calculated 
extension for the central transect on the Greenland side 
are larger in comparison to those of its southern crustal 
transect (Table 4).

The current (final stretched) length of the northern 
Lofoten/Vesterålen transect is approximately ca. 240 km 
and includes a COB location that is defined at around 
ca. 100 km on the transect full-length (Figures  6d and 
7b1). The basin architecture observed at this part of 
the LVM is dominated by several elevated basin ridges/
highs (e.g., Lofoten and Utrøst ridges), and with dep-
ocenters that are shallower in comparison to the basin-
depths depicted at the south LVM transect (Figure 6b,d). 
In addition, the basins there exhibit little to almost none 
of the Upper Palaeozoic-Lower Mesozoic sedimentary 
sequences. Hence, the main fill is composed by Upper 
Mesozoic strata (Figure 6d). Moreover, in the northwest 
of both the crustal transect and of the Utrøst Ridge the 
onset of deformation is observed to be dictated by the 
NURFC (ca. 180 km-offset position; Figure  6d), and 
there the observed crustal stretching/thinning factors il-
lustrate the corresponding increment due to the abrupt 
changes in Moho depth (Figure  7b2–b3). Towards the 
outer part of the margin and to the west of the transect, 
Cenozoic sedimentary successions represent the main 
infill into the Lofoten Basin, and they are deposited on 
top of a thinner wedge of SDR/lava flows in compari-
son to the volcanic wedges with the considerable thick-
ness present in the south LVM transect (Figure  6b,d). 
Similarly, the observed LCB at the base of the crust is 
considerably less in thickness and areal extension (i.e. 
less magmatic volume overall in the central parts of the 
LVM). For both 0% and 100% LCB scenarios the average 
crustal extension estimates are ca. 63 and 66 km, respec-
tively (Figure 7b4 and Table 4). These amounts of calcu-
lated crustal extension exhibit a reduction in magnitude T

A
B

L
E

 3
 

Su
m

m
ar

y 
of

 c
um

ul
at

iv
e 

fa
ul

t h
ea

ve
 a

nd
 d

is
pl

ac
em

en
t, 

an
d 

av
er

ag
e 

st
re

tc
hi

ng
 fa

ct
or

 m
ea

su
re

m
en

ts
 fo

r b
ot

h 
W

R
H

FC
 a

nd
 N

U
R

FC
.

Fa
ul

t s
ta

ge

C
um

ul
at

iv
e 

fa
ul

t h
ea

ve
 r

an
ge

 [k
m

]
C

um
ul

at
iv

e 
fa

ul
t 

di
sp

la
ce

m
en

t r
an

ge
 [k

m
]

St
re

tc
hi

ng
 fa

ct
or

 [β
f]

W
R

H
FC

N
U

R
FC

W
R

H
FC

N
U

R
FC

W
R

H
FC

N
U

R
FC

Pa
la

eo
ce

ne
 (D

)
0.

4–
1.

5
1.

0–
2.

0
0.

7–
2.

0
1.

4–
2.

6
2.

7
1.

3;
 1

.7

M
aa

st
ri

ch
tia

n-
Pa

la
eo

ce
ne

 (C
2)

0.
8–

1.
3

1.
0–

1.
4

1.
9

M
aa

st
ri

ch
tia

n 
(C

1)
1.

5–
2.

3
1.

8–
2.

5
1.

2

La
te

 C
re

ta
ce

ou
s t

o 
la

te
st

 C
re

ta
ce

ou
s-


Pa

la
eo

ce
ne

 (C
)

1.
9–

2.
5

2.
4–

3.
1

1.
4

C
am

pa
ni

an
 (B

3)
2.

4–
4.

5
2.

9–
4.

7
2.

3

C
on

ia
ci

an
-S

an
to

ni
an

 (B
2)

2.
8–

4.
4

3.
1–

4.
6

2.
1

C
en

om
an

ia
n–

Tu
ro

ni
an

 (B
1)

3.
1–

3.
9

3.
7–

4.
1

1.
6

Ea
rl

y 
La

te
 C

re
ta

ce
ou

s (
B)

0.
6–

2.
2

1.
0–

2.
8

1.
2

A
lb

ia
n-

C
en

om
an

ia
n 

(A
)

0.
8–

1.
1

0.
9–

1.
5

1.
1

N
ot

e:
 S

tr
et

ch
in

g 
fa

ct
or

s f
or

 P
al

ae
oc

en
e 

fa
ul

t s
ta

ge
 (D

) a
t N

U
R

FC
 re

pr
es

en
t t

w
o 

di
ffe

re
nt

 e
st

im
at

es
, o

ne
 a

t i
ts

 so
ut

he
rn

 p
ar

t (
i.e

. 1
.3

), 
an

d 
an

ot
he

r a
t i

ts
 n

or
th

er
n 

pa
rt

 (i
.e

. 1
.7

). 
Th

e 
fa

ul
t c

om
po

ne
nt

 ra
ng

es
 a

re
 g

iv
en

 fo
r 

ea
ch

 o
f t

he
 in

te
rp

re
te

d 
fa

ul
t s

ta
ge

s w
ith

in
 th

e 
fa

ul
t c

om
pl

ex
es

.

 13652117, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bre.12756 by U

niversity O
f O

slo, W
iley O

nline L
ibrary on [07/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1344  |    
EAGE

MEZA-­CALA et al.

F I G U R E  7   Crustal extension 
estimates for the southern (a), central 
(b), and northern (c) crustal transects. 
(1) Present crustal architecture showing 
bathymetry, top basement, Moho depth, 
and modelled underplating/magmatic 
addition (0% and 100% LCB scenarios). 
All crustal transects are plotted up to their 
respective COB location; (2) Stretching 
factor; (3) Thinning factor; (4) Calculated 
average crustal extension. Abbreviations 
as in Figure 6.
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compared to the equivalent estimates in the south LVM 
transect and the conjugate central transect in Greenland 
(Table 4).

4.2.3  |  Northern conjugate transect

The current (final stretched) length of the northern 
Danmarkshavn Ridge-northern Tethys Basin transect is 
approximately ca. 360 km and includes a COB location that 
is defined at around ca. 560 km on the transect full-length 
(Figures 6e and 7c1). In terms of basin architecture and sed-
iment distribution, the margin characteristics are similar 
to those observed in the central transect on the Greenland 
side (Figure 6c,e). However, more of the mid-Permian to 
Upper Jurassic/lowermost Cretaceous sedimentary se-
quences are present in the northern Greenland transect 
(Figure  6e). The stretching/thinning factors exhibit an 
eastward gradual increase in magnitude, yet they nicely il-
lustrate the corresponding changes in top basement topog-
raphy (Figure 7c2–c3). Only a relatively small volume of 
SDR/lava flows wedge is interpreted for this transect, and 
there is no LCB observed below the crust (Figures 6e and 
7c1). Thus, the estimated average crustal extension is ca. 
226 km, and it represents the largest magnitude of exten-
sion estimates obtained for the studied portions of the NE 
Greenland margin (Figure 7c4 and Table 4).

The current (final stretched) length of the Andøya-
northern LVM transect is approximately ca. 100 km and 
includes a COB location that is defined at around ca. 
80 km on the transect full-length (Figures 6f and 7c1). At 
this part of the LVM, the basin architecture is even more 
distinctly different compared to both the southern and 
central LVM transects (Figures 6d,f). There are Cretaceous 
and possibly several mid/Upper Jurassic units that are the 
main sedimentary sequences composing the northern part 
of the LVM (Figure 6f). In addition, the NURFC and asso-
ciated deformation is widely developed along most of the 
transect depocenter area and up to the COB (Figure 6f). 
In particular, the stretching/thinning factors exhibit a 
distinctive steep and abrupt increase near the associated 
deformation at NURFC location, and where it starts to 
propagate with a northwestward trend (Figure  7c2–c3). 
Oceanward from the COB location and into the Lofoten 
Basin, Cenozoic sedimentary sequences are seen to consti-
tute the main infill (Figure 6f). Up to this part of the LVM, 
the wedge of SDR/lava flows is substantially depleted in 
comparison to the central LVM transect, and thus there 
is no LCB observed below the crust (Figures 6f and 7c1). 
Therefore, the estimated average crustal extension can be 
only as much as ca. 40 km, and represents one of the low-
est crustal extension estimates in all the studied transects 
and within the LVM (Figure 7c4 and Table 4).

4.3  |  Spatial distribution and 
correlation of fault stages to the Late 
Cretaceous–Palaeocene rift

Detailed seismic and structural interpretations have re-
vealed the existence of different fault stages ascribed to 
distinct mid/Late Cretaceous–Palaeocene rifting pulses 
within and in the vicinity of the WRHFC and NURFC fault 
complexes in the southern and northern LVM, respectively 
(Figure 2; Meza-Cala et al., 2021; Tsikalas et al., 2019; this 
study). Specifically, parts of the Cretaceous to Palaeocene 
tectonism are better revealed in the WRHFC, whereas 
other parts of it are better illustrated in the NURFC, and 
it can be postulated that observations on the two fault 
complexes are complementary (Figure 8). Based on both 
the WRHFC and NURFC fault geometries and structural 
behaviour, their relative position within the margin, and 
the age of seismic sequences involved in the faulting, we 
assumed a similar and contemporaneous deformation 
mechanism operating along the study area was responsi-
ble for the formation of these structures. Faults within the 
WRHFC and NURFC are steep in the upper part of the 
fault complexes and sole out in the deeper parts at one 
or more detachment planes. These faults are believed to 
have initiated as steep planar (ca. 60°) normal faults that 
became listric and then low-angle (<17°) with continuous 
faulting/extension. Internal rotation of the blocks and in-
clination of fault planes were affected by the presence of 
underlying rift topography (Figures 2, 4 and 5).

Seismic and structural correlations indicate that the 
Albian-Cenomanian (A) fault stage is present in a larger 
extent towards the southern parts of the NURFC, and it 
is interpreted as an early faulting stage within the fault 
complex (Figures 5 and 8a,b). Similarly, a Cenomanian–
Turonian (B1) fault stage is interpreted to be present in 
the WRHFC and ascribed as the initial phase of the defor-
mation experienced by this fault complex in the southern 
LVM (Figures 4 and 8a,b). Following the later phase, less 
intense Coniacian-Santonian (B2) and Campanian (B3) 
fault stages are interpreted towards the southern parts of 
the WRHFC, as they become more prominent and dom-
inant towards the northern parts of the fault complex 
(Figures 4 and 8a,b). Distinction of these later phases was 
not possible within the NURFC; nonetheless, an early Late 
Cretaceous (B) fault stage is interpreted there and can be 
correlated with the Cenomanian–Turonian to Campanian 
(B1 to B3) fault stages identified in the WRHFC (Figures 5 
and 8a,b). This is because these fault stages represent the 
main initial structuring with affinity to both fault com-
plexes in the respective portions of the LVM. The early 
Late Cretaceous (B) fault stage in the northern LVM and 
the B1 to B3 fault stages in the southern LVM are all char-
acterized by wider (in extent) fault-blocks in the eastern 
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T A B L E  4   Summary of estimated crustal extension for crustal transects across the Lofoten-Vesterålen and NE Greenland conjugate 
margins (Figure 6).

Transect Zone

Crustal stretching 
factor (average) [βc]

Stdr.

Crustal extension 
(average) [km]

Stdr.0% LCB 100% LCB 0% LCB 100% LCB

N Andøya-northern LVM 1.87 – – 40 – –

Northern Danmarkshavn Ridge-northern 
Tethys Basin

2.19 – 226 –

C Northern Lofoten-Vesterålen 1.90 2.16 0.13 63 66 3

Central Danmarkshavn Ridge-central Tethys 
Basin

1.84 1.87 0.02 170 171 6

S Bivrost Lineament-southern LVM 1.95 2.40 0.19 154 170 7

Foster Basin- Greenland 1.17 1.42 0.13 29 49 10

Note: The estimated average values of crustal stretching factor and extension are given for the different underplating/magma addition scenarios (0% and 100% 
LCB). The letters N, C, and S stand for northern, central, and southern crustal transects, respectively.

F I G U R E  8   Summary of the calculations of extension and stretching factors (Tables 1–4). (a) Total cumulative fault heave and 
displacement (in km) derived from fault component measurements for each selected seismic profile (1–6). (b) Cumulative fault heave and 
displacement (in km) per fault stage (A, B, B1–B3, C, C1–C2, D) in each seismic profile. (c) Stretching factors derived from fault block 
geometries (βf) and per fault stage. (d) Crustal stretching factors (average) derived from the conjugate transects architecture (βc) considering 
different magma addition scenarios (0% and 100% LCB).
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parts of the fault complexes (Figure  4). Similarly, there 
is involvement of thicker sedimentary units in the corre-
sponding hanging blocks (Figures 3 and 5), together with 
the development of the décollement/detachment surface 
at slightly deeper levels (Tsikalas et al., 2019).

Towards the western parts of the WRHFC, the 
Maastrichtian (C1) and the composite Maastrichtian-
Palaeocene (C2) fault stages are identified and possibly 
suggest either the initiation of a distinct rifting phase 
or the continuation of an earlier extensional event with 
more intensity in deformation than before (Figures  4 
and 8a,b). These fault stages (C1 and C2) towards the 
northern parts of the LVM and within the NURFC have 
been treated as an extensive Late Cretaceous to lat-
est Cretaceous–Palaeocene (C) composite fault stage 
(Figures  5 and 8a,b). This composite fault stage at 
NURFC is interpreted to be the result of a rift phase with 
more intense faulting, narrower in extent fault-blocks 
that reflect westward migration of rift activity, together 
with the décollement/detachment surface developing at 
shallower levels. In addition, minimal offset of the BTU 
seismic horizon is observed on top of these structures 
(Meza-Cala et al., 2021; Figures 5 and 8a,b). Due to the 
similarities in character, intensity and location of defor-
mation imposed by fault stage (C) within the NURFC, 
both the C1 and C2 fault stages within the WRHFC can 
be correlated as contemporaneous to those and possi-
bly share similar tectonic origins (Figure 2). A final rift 
phase close to the time of continental separation is man-
ifested in both the WRHFC and NURFC fault complexes 
as the Palaeocene fault stage (D) (Figure  8a,b). This 
fault stage is characterized by newly formed and steep 
faults located towards the westernmost parts of the fault 
complexes and into the outer margin offsetting consid-
erably the BTU horizon, together with cross-cutting re-
lationships with the earlier developed Late Cretaceous 
low-angle detachment surface(s) (Figures  4 and 5). In 
addition, reactivation of some faults in the NURFC 
has led to the development of sediment wedges on the 
upper parts of this fault complex, that are linked to the 
Palaeocene fault stage (D) (Figure  5). Probably one of 
the most remarkable characteristics of this fault stage 
is that several of them are within the landward bound-
ary of breakup lavas, and they are observed preventing 
the landward lava flow farther eastward on top of the 
WRHFC and NURFC fault complexes (Figures 4 and 5).

4.4  |  Fault population analysis

The applied fault population analysis in this study 
consists of statistical expressions of power-law and 
exponential distributions of the sampled fault heave 

estimates from Figures  4 and 5 (Tables  1 and 2). 
Figure 9a shows a generalized example of the method 
as a cumulative frequency analysis with sampling ar-
tefacts related to a limited sampling area (data censor-
ing) and to non-imaged faults below seismic resolution 
(data truncation). The idealized fault distribution 
shown by the cumulative frequency analysis consists 
of a central steep segment with negative gradient and 
represents the average fault population. The slope of a 
power-law distribution curve gives the fractal dimen-
sion and is usually between −0.7 and −0.9 suggesting 
that a portion of faults is not being seismically observed, 
whereas an exponential distribution type indicates that 
most faults are being seismically observed (Figure 9a). 
The analysis has been performed individually for both 
the WRHFC and NURFC fault complexes and we have 
grouped all the measured fault heaves from the cor-
responding seismic profiles in order to deduce more 
general observations about these tectonic-related struc-
tures (i.e. seismic profiles 1–3 and seismic profiles 4–6, 
respectively; Figures 4 and 5).

Figure  9b,c show the obtained results from the fault 
population analysis of all the interpreted faults/fault 
stages within the WRHFC and NURFC. The analysis 
demonstrates, in general, that the sampled faults of both 
fault complexes fit better with an exponential distribution. 
However, the behaviour of the faults at larger values of 
heaves in the data censoring area appears to be mostly 
above the predicted (exponential) frequency curve, and 
not below as expected by the method. Thus, the misfit 
suggest that a power-law frequency distribution needs to 
be considered (Gómez-Romeu et al., 2020). As a result, the 
value of the slope (red-line in Figure 9b,c), or the fractal 
dimension obtained for both the WRHFC and NURFC 
is approximately −0.8. Such value implies a lower-limit 
of resolution of ca. 150 and 80 m in order for faulting to 
be recognized on seismic data within the WRHFC and 
NURFC, respectively (i.e. data truncation in Figure 9b,c; 
Pickering et al., 1996). Hence, only ca. 11% and 13% of the 
extension through the interpreted fault geometries would 
be seen in the studied seismic profiles on the WRHFC and 
NURFC, respectively (Figure 9d).

5   |   DISCUSSION

In this section we integrate the observations on the dis-
tinct rift phases and fault stages identified in the WRHFC 
and NURFC fault complexes in order to account for the 
multiphase tectonic evolution within the LVM towards 
breakup that led to the present asymmetry in the conju-
gate margins (Figure  6). We summarize our results and 
compare the amount of both the brittle crustal extension 
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and total crustal extension required to lead to continen-
tal breakup. A fault population analysis for the studied 
WRHFC and NURFC fault complexes is also conducted 
to explore possible occurrence of sub-seismic resolution 
faulting and to compare these observations with extension 
estimates for the entire crust. Finally, we discuss the role 
of the prominent low-angle detachment fault complexes 
along the LVM in the context of the change of mode of 
deformation towards breakup.

5.1  |  Apparent magnitudes of extension 
derived from fault complexes

The brittle extension in the LVM is based on the integra-
tion of measurements of cumulative fault heave and dis-
placement for each of the fault stages interpreted within 
the WRHFC and NURFC fault complexes (Tables  1–
3; Figure  8). No mid-Cretaceous extension is evident 
and thus was not measured on the WRHFC, whereas a 
range of maximum extension of ca. 1.1–1.5 km is calcu-
lated for the Albian-Cenomanian (A) fault stage at the 
NURFC (Figure 8a,b and Table 3). Subsequently, maxi-
mum extension due to the Cenomanian–Turonian to 
Campanian (B1 to B3) fault stages ranges ca. 3.9–4.7 km, 
and when combined such values make up the larg-
est extension estimates within the WRHFC (Table  3). 
Towards the northern LVM, the equivalent early Late 
Cretaceous (B) fault stage has recorded a range of maxi-
mum extension of ca. 2.2–2.8 km that reflects the strong 
early episodes of deformation within the NURFC and 
shows significantly larger extension in comparison to 
the previous weaker mid-Cretaceous extension event 
(Figure 8a,b and Table 3). The Maastrichtian (C1) and 
Maastrichtian-Palaeocene (C2) fault stages observed 

F I G U R E  9   (a) Fault population plot showing power-law and 
exponential cumulative frequencies against fault size (measured 
as length, L) and sampling artefacts from truncation and censoring 
(redrawn from Ackermann et al., 2001). (b,c) Fault population 
analysis showing cumulative number (N) versus all the measured 
fault heaves (h, km; Tables 1 and 2) in this study from seismic 
interpretation of profiles 1 to 6 (Figures 4 and 5). Possible fits to 
power-law and an exponential relationship are shown. The fractal 
dimension for the power-law fitting is the exponent in bold-red of 
the equations. Regions representing data truncation and censoring 
are indicated in the plots, together with error envelopes (shading 
around fault heave data points). (d) Graph of the proportional 
measured extension for the lower-limit of seismic resolution 
for different ideally power-law populations of faults (redrawn 
from Pickering et al., 1996), and coupled with the results from 
measurements from both the WRHFC and NURFC fault complexes.
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in the WRHFC exhibit maximum extension estimates 
in the order of ca. 2.3–2.5 and 1.3–1.4 km, respectively 
(Table  3). The average stretching factor for the latest 
Cretaceous fault phase (C1) shows a significant drop 
with a value close to ca. 1, and this may reflect a pause 
in extension or the onset of a different event (Figure 8c). 
Moreover, the amount of extension shows a decrease in 
magnitude in comparison to the early Late Cretaceous 
fault stages (B1 to B3) that have been interpreted in 
the southern parts of the LVM and within the WRHFC 
(Figure 8b).

On the other hand, the contemporary rift phase re-
corded by fault stages C1 and C2 towards the north of 
the LVM is the Late Cretaceous to latest Cretaceous–
Palaeocene (C) composite fault stage interpreted at 
NURFC, and it exhibits a range of maximum extension 
of ca. 2.5–3.1 km (Figure 8a,b). Although, and unlike the 
corresponding fault phases at the southern LVM, fault 
stage (C) displays a relative increase in magnitude of ex-
tension compared with its precedent early Late Cretaceous 
(B) stage (Figure 8a,b). Finally, the Palaeocene (D) fault 
stage developed near the time of continental breakup 
(Figure  2). The maximum extension estimates for this 
fault stage are in the order of ca. 1.5–2 and 2–2.6 km in the 
southern and northern LVM parts and within the WRHFC 
and NURFC fault complexes, respectively (Table  3). A 
possible explanation accounting for the observed reduced 
extension of the Palaeocene fault stage (D) may be the 
extensive Late Cretaceous–Palaeocene and post-Miocene 
erosion rates in the study area (e.g., Breivik et al., 2020) 
that led consequently to the removal of much of the evi-
dence of deformation related to early Cenozoic (except the 
few sedimentary wedges still present on the upper parts 
of the NURFC; Figure 5), as well as the regional tectono-
stratigraphic role of the Bivrost Lineament in the area 
resulting in thin or even absent Cenozoic strata within 
the uplifted basement of the LVM (e.g., Maystrenko 
et al., 2017; Tsikalas et al., 2019, 2022). Despite the differ-
ences in absolute values, there are close similarities in the 
magnitude of extension (comparatively to progression in 
time) in the various fault stages/rift phases between the 
two fault complexes (Figure  8c). In general, it appears 
from our analysis that WRHFC has accommodated a rel-
atively greater amount of focused and concentrated ex-
tension, whereas the NURFC has a much wider area with 
widespread extension intensity (Figure 8a).

5.2  |  Crustal extension along the NE 
Atlantic margins

The resulting lateral asymmetry of crustal geometries 
of the conjugate margin counterparts depict a change 

in width along the transects with an increase in exten-
sion during Late Cretaceous–Palaeocene rifting, and 
reflects the vertical contrast between the crustal struc-
ture of the system (Figures 6 and 7). In particular, the 
LVM exhibits maximum crustal thicknesses in the order 
of ca. 23–26 km beneath the slope, while it thickens to-
wards mainland Norway reaching a maximum of ca. 
36 km (Breivik et al., 2017; Faleide et al., 2008; Faleide, 
Zastrozhnov, et al., 2022) (Figures 6 and 7). In the south-
ernmost part of the Lofoten margin, the Moho depth is 
about 20 km, whereas it increases to about 27 km un-
derneath the southern Utrøst Ridge near the shelf edge, 
to become shallower towards the outer margin (Mjelde 
& Sellevoll, 1993) (e.g., Figures 6b and 7a1). The Moho 
depth does not record/reflect the presence of mapped 
basement highs and basins on the LVM, probably be-
cause crustal extension within the LVM shelf area is not 
strongly affected by the continental breakup, and con-
sequently the depths of the basins are relatively shal-
low (ca. 6 km deep) (Breivik et al., 2020) (Figure 6d,f). 
Additionally, the basin infill exhibits high density, which 
could reduce Moho topography underneath through iso-
static adjustments (e.g., Tsikalas, Eldholm, et al., 2005) 
(Figure 7b1,c1). All the above processes may account to 
some degree for the observed crustal architecture and 
asymmetry between the Lofoten-Vesterålen and NE 
Greenland conjugate margins (e.g., Tsikalas, Faleide, 
et al., 2005). The latter is characterized by higher vari-
ations in crustal thickness and crustal densities, shal-
lower maximum crustal depth (ca. 26 km), and deeper 
Mesozoic sedimentary basins (Fyhn et al.,  2021) (e.g., 
Figure 6a,c,e).

For the case of the LVM and the nearby northern 
Vøring margin, the calculated average stretching factors 
and the integrated amounts of stretching for post mid-
Jurassic times are, respectively, ca. 1.6 and 1.7 (max. 
value of ca. 3 and of 3.4) and ca. 70 and 127 km of ex-
tended crust (Skogseid et al., 2000). Similarly, a stretching 
factor of at least ca. 3 will explain the thin crust observed 
in the LVM at the onset of breakup (Breivik et al., 2017) 
(Figures 6 and 7). More specifically, estimates for the Late 
Cretaceous–Palaeocene total extension within the south-
ern LVM yield a value of ca. 33 km, together with stretch-
ing factors exceeding ca. 2.7 at the COB (Skogseid, 1994) 
(e.g., Tables 3 and 4). Additionally, the Late Cretaceous–
Palaeocene rift in the same area may have reached a total 
cross-margin width of 200–250 km (sum of rift widths on 
the conjugate mid-Norway and NE Greenland conjugate 
margins), and with comparable stretching mechanisms 
as those at the Vøring margin including depth-dependent 
lithosphere stretching and thinning (Tsikalas et al., 2008). 
The resulting less pronounced rifted width zone within 
the Lofoten-Vesterålen margin in comparison to the 
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greatly extended lithosphere beneath the adjacent Vøring 
and SW Barents Sea margins, and the conjugate East 
Greenland margin may have resulted from a combination 
of the final oblique rift axis, location of the COB, along-
margin distribution of the LCB, and possibly far-field 
magmatic effects produced at the centre of the Iceland 
Plume (e.g., Abdelmalak et al.,  2016, 2017; Faleide 
et al., 2008; Skogseid et al., 2000; Tsikalas et al., 2012). In 
addition, a general seaward increase in Cenozoic tectonic 
subsidence was also reported, reflecting the increased 
tectonic activity as the zone of final continental separa-
tion between Greenland and Norway was approached 

(Skogseid, 1994; Skogseid et al., 1992), and which is re-
flected by gradual increase in the stretching/thinning fac-
tors towards the line of continental separation (Figures 7 
and 8; Tables 3 and 4).

The conducted measurements of crustal extension in-
dicate a relative increase towards the southern LVM and 
the adjacent northern Vøring margin, whereas a north-
wards relative increase is present at the conjugate NE 
Greenland margin (Figure  8d; Table  4). Considering a 
scenario without magmatic underplating (i.e., 0% LCB), 
the derived cross-margin average total extension esti-
mates along the southern, central, and northern crustal 

F I G U R E  1 0   Summary of the 
magnitude of extension leading to 
breakup in the Lofoten-Vesterålen (LVM) 
and NE Greenland conjugate margins. 
Note the comparison of extension across 
the southern, central, and northern 
conjugate transects used in this study, 
together with those measured from the 
seismic profiles across the WRHFC and 
NURFC fault complexes (profiles 1 to 
6) in the LVM. The correction for sub-
seismic resolution faulting for extension 
measured on the seismic profiles across 
the fault complexes is also shown. The 
inset map illustrates the thickness (in 
km) of the modelled Lower Crustal Body 
(LCB) within the NE Atlantic conjugate 
margins (modified from Abdelmalak 
et al., 2017).
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transects are ca. 183, 233, and 266 km, respectively 
(Figure  8d; Table  4). Similarly, considering a scenario 
with full magmatic underplating (i.e. 100% LCB), the 
derived cross-margin average total extension estimates 
along the southern and central crustal transects are ca. 
219 and 237 km, respectively (Figure 8d; Table 4). This 
means that the larger the magma addition (i.e. LCB), the 
larger the crustal extension and their respective crustal 
stretching/thinning factors (Figures 7, 8d and 10). This 
is, particularly, more relevant for the southern LVM 
which lies in the vicinity to the northern Vøring margin, 
as the calculated crustal extension appears to be modu-
lated by the thickness and distribution of a high-velocity 
(7+ km/s) LCB (Figures  6a,b and 7a). In the case of 
the Vøring margin, LCBs underplating the crust have 
been modelled from the outer parts of the area (e.g., 
Vøring Plateau) up to the extended continental crust 
where sedimentary basins lie (e.g., Någrind Syncline) 
(e.g., Gernigon et al., 2001, 2003; Lundin & Doré, 1997; 
Mjelde et al., 2007) (Figures 1 and 10). The LCB in that 
region is suggested to have a pre- and syn-breakup mag-
matic origin, and to have further influenced the faulting 
and distal development of the sedimentary basin at least 
10–15 Ma prior to breakup (e.g., Abdelmalak et al., 2017; 
Gernigon et al.,  2004). Our results reflect in a simple 
way the Late Jurassic and Late Cretaceous–Palaeocene 
β-factors spikes close to the COB and the more than ca. 
150 km of pre-drift extension required for breakup along 
the Vøring margin (Wangen et al.,  2011; this study) 
(Table 4 and Figures 6a, 7a, 8d). In comparison, no LCB 
is considered for the northern parts of the studied area, 
and the average crustal extension reaches only as much 
as ca. 40 km at the northern LVM, whereas in the north-
ern parts of the NE Greenland margin crustal extension 
exceeds ca. 200 km (Table  4 and Figure  10). The LCB 
is thickest (12–15 km) just below the Foster Basin and 
the Foster Volcanic Province (Figures 6a and 10). If we 
count on the link between sill intrusion complex and the 
extent of the LCB, it could be possible to expect that the 
latter is present in the northernmost parts of the studied 
area (e.g., offshore Andøya and northern Tethys Basin), 
as well as covering greater areas such as in the southern 
parts of the Jan Mayen Ridge (Abdelmalak et al., 2017; 
Breivik et al., 2012).

5.3  |  Corrected extension for sub-seismic 
resolution faulting in the context of 
crustal-scale rifting

The amount of extension from measured fault components 
within the WRHFC and NURFC fault complexes under-
estimate the amount of crustal extension (Figure  8c,d). 
Thus, it is important to include the corrected extension 
for sub-seismic resolution faulting (Table  5; Figure  10). 
The corrected extension derived from fault components 
in the WRHFC is between ca. 141 and 155 km (Table 5). 
Similarly, the Late Cretaceous–Palaeocene rift contrib-
uted to at least ca. 140 km of the extension observed 
within some portions of the NE Atlantic rift zone, which 
exceeds 300 km in width near the southern LVM area 
(Skogseid, 1994; Skogseid et al., 2000; this study). On the 
other hand, the corrected extension derived from fault 
components in the NURFC is between ca. 35 and 47 km 
(Table  5). Breivik et al.  (2017) proposed a detachment 
model for the crust within the offshore part of Vesterålen 
islands using refraction data and suggested ca. 26–30 km 
of crustal extension. This is, in a general sense, compara-
ble to our extension estimates for the central and northern 
parts of the study area (Figure 10). Overall, the conducted 
analysis for extension corrected for sub-seismic resolution 
faulting exhibits great similarities with reported values 
of extension for the different portions of the LVM, and 
it is in accordance with the extension measurements for 
the entire crust as no extension discrepancy is present 
(Figure 10 and Tables 4 and 5). The extension discrepancy 
and the apparent extension underestimation may result 
from differential compaction of sediments during and 
after rifting, non-uniform stretching of the lithosphere, 
rheological layering of the crust, and/or significant plas-
tic/ductile deformation in the rock volume (Reston, 2009; 
Walsh et al.,  1991). The rheological differentiation at 
depth in rifted margins favours non-brittle extension 
via depth-dependent stretching and thinning that result 
in upper lithosphere extension measurements being far 
less than the extension observed in the entire lithosphere 
within the proximal and necking domains (Davis & 
Kusznir, 2004) (Figure 8c,d). Alternatively, several studies 
have proposed that much brittle extension is undetected 
because of seismic imaging limitations caused by several 

T A B L E  5   Summary of brittle extension based on seismic profiles 1–6 (P1–P6; Figures 2 and 3) with correction for sub-seismic resolution 
faulting (see text for further details).

Fault complex
Total cumulative fault 
heave range (TFH) [km]

Total cumulative fault 
displacement (TFD) range 
[km]

Corrected TFH 
range [km]

Corrected TFD 
range [km]

WRHFC 13–18 15–19 118–164 136–173

NURFC 3–6 4–8 23–46 31–62
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factors, including: sub-seismic resolution or small-scale 
faulting (e.g., Marrett & Allmendinger,  1992; Ranero & 
Pérez-Gussinyé,  2010); mis-interpreted or unidentified 
fault geometries, such as rolling-hinge and detachment 
faults (e.g., Manatschal et al., 2001); and magmatic diking 
and underplating features that could also accommodate 
large amount of extension at the scale of the whole crust 
of the conjugate system through fault nucleation/reactiva-
tion and flexure (e.g., Phillips et al., 2018; Sun et al., 2019).

The fault population analysis employed in this study 
provides, in addition, a coefficient of determination (R2), 
and it indicates for this case a good fit of the observed 
fault heave distribution to the theoretical statistical model 
(i.e. R2 between 0.88 and 0.97; Figure  9b,c). Seismic 

interpretation supports the presence of more than one 
fault stage within the WRHFC and NURFC, and more 
than one power-law line can be fitted to better repre-
sent the different slope segments on the fault population 
graphs in Figure 9b,c. In this context, multiple rift phases 
from Late Cretaceous to Palaeocene could be interpreted 
for the development and evolution of both the WRHFC 
and NURFC in the LVM, similar to the cases in the Galicia 
margin (Reston, 2005) and in the northern Vøring margin 
(Zastrozhnov et al., 2018, 2020). Our results of corrected 
extension for sub-seismic resolution faulting are a good 
match to the amounts of crustal scale extension as the 
Lofoten-Vesterålen margin (as well as the NE Greenland 
side) becomes poorer in available magma content related 

F I G U R E  1 1   Seismic examples illustrating structural relationships between the North Utrøst Ridge Fault Complex (NURFC), the 
surrounding crust underneath and the Cenozoic units/features above (a–d). Seismic crustal fabrics, including an interpreted shear zone 
within the lower crust, as well as possible various degrees of coupling across the upper crust and the sedimentary units draping the 
basement is shown in the insets (i–iv). Note the variations from south to north of basement topography in the seismic examples and in the 
potential-field inset map (Magnetics), and how it modifies the fault geometries (listric vs. low-angle) and amplitude of deformation within 
the NURFC. Relative stratigraphic positions of the Base Cretaceous (BCU) and Top Palaeocene (TPal) seismic horizons is shown. Other 
features are also illustrated, including the spatial distribution of lava flows related to breakup with respect to up-domed portions of the 
NURFC such as the northern Vesterålen margin Dome (NVMD), and possible volcanic intrusions and fluid release features in the area. 
The seismic examples are from the 3D seismic survey LOF-1-09 (Figure 1). Both the extent of the 3D survey (dashed rectangle) and profile 
locations are indicated in the inset map.
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to breakup progressively towards the north (e.g., Gernigon 
et al.,  2004; Lundin & Doré,  1997) (e.g., Figures  7c and 
10). The significant distance away from the magmatic 
centre of the Iceland Plume, and the tectono-magmatic 
basin segmentation (i.e. Bivrost Lineament; Figures 1, 3 
and 10) could have had an influence in the delivery of 
melt into the northern parts of the NE Atlantic (e.g., Doré 
et al., 1997; Schiffer et al., 2020). Moreover, the outer part 
of the Foster Basin corresponds to a still debated >100 km-
wide continent-ocean transition (COT) zone interpreted as 
the seaward extension of the Late Palaeozoic to Mesozoic 
onshore basins (e.g., Dinkelman et al., 2010) (Figure 6a), 
and which could further affect calculation of extension in 
the region (Figure 10) (e.g., White et al., 2008). The lack 
in definition of a precise COB in that area is expected to 
potentially attenuate the measurements of crustal exten-
sion compared to the amount of extension observed in 
the conjugate side in Norway (e.g., Figure 7a). An incre-
ment in the magnitude of extension can be expected if the 
COB position is moved towards the south-eastern part of 
the Foster Basin (Figure 6a) because of an increment in 
the location of the distal limit of contiguous continental 
crust (e.g., Gómez-Romeu et al.,  2020). Thus, the wider 
the margin, the greater the magnitude of calculated ex-
tension. Nonetheless, the greater difference between ex-
tension in the southern part of the Lofoten-Vesterålen 
margin, including the corrected extension for sub-seismic 
resolution faulting derived from the WRHFC, and its con-
jugate side in NE Greenland could be due to variations 
of amplitude and intensity of the different extensional 
events on the region, and to the difference in conju-
gate margin width constrained by the basin infill (e.g., 
Abdelmalak et al., 2022; Wangen et al., 2011) (Table 4 and 
Figures 6 and 10). Considering all these features and the 
discussion above, our corrected extension for sub-seismic 
resolution faulting is probably a representation of the 
mid-Cretaceous and Late Cretaceous–Palaeocene rifting, 
especially in the northern parts of the Lofoten-Vesterålen 
margin. On the contrary, more of the mid-Permian and 
Late Jurassic-Early Cretaceous rifting events are repre-
sented towards the southern parts of the studied region 
(Figures 6, 7 and 10).

5.4  |  Ductile mode of extensional 
deformation towards breakup

The high extension rates during early Cenozoic observed 
along the Vøring margin have caused only minor fault-
ing recorded on conventional seismic reflection profiles 
(Figures 7, 8d and 10) (Skogseid et al., 1992). This behav-
iour was attributed to ductile crustal deformation, mo-
bilization of Cretaceous shales, and to breakup-related 

magmatic intrusions (Skogseid et al.,  1992), which are 
features also observed within and in the vicinity of the 
WRHFC and NURFC (Figures  2, 4 and 5). Seismic ani-
sotropy indicates inclined (45° dipping) structures in the 
lower crust across the Lofoten Ridge and Røst High (Mjelde 
& Sellevoll,  1993). These dipping features were further 
suggested to have resulted from post-Caledonian exten-
sional episodes along faults reaching as deep as 10–15 km, 
and where they become low-angle at depth and conform 
a region with significant lateral ductile flow of material 
(Mjelde et al.,  1996). Similarly, NNE–SSW trending and 
steep brittle faults that detach into low-angle shear zones 
or NW-oriented ductile bands that follow a comparable 
trend to Devonian detachments have been documented in 
the onshore part of Vesterålen (Wilson et al., 2006). New 
seismic observations on the basin configuration and crus-
tal structures offshore Vesterålen and Andøya indicate 
the presence of a set of dipping and horizontal reflections 
suggesting the existence of a shear band such as the one 
offshore south Lofoten (Figure  11). The sheared region 
seen on seismic data affects the eastern edge of the neck-
ing domain (Tasrianto & Escalona, 2015), which consists 
of a NE–SW oriented ca. 90 km-long corridor that is situ-
ated just underneath the basement highs and is found at 
3.5–4.5 and 5.5–6.5 s twt depths offshore Vesterålen and 
Andøya, respectively (Figure 11). Seismic reflection data 
are obscured below the lava flows and impede an inter-
pretation of whether the sheared region within the crust 
could extend farther towards the COB region (Figure 11), 
yet the proposed crustal-scale detachment configuration 
offshore Vesterålen by Breivik et al. (2017) suggests that 
such structural feature may exist regionally within the 
studied region.

The listric or low-angle detachment geometries in the 
WRHFC and NURFC developed depending on whether 
the underlying basement relief is high or low, respectively 
(Meza-Cala et al., 2021; Tsikalas et al., 2019) (Figure 3). 
How basement relief is distributed can influence the cou-
pling ability of later faults within shale-rich lithologies 
with deeper crustal-affinity deformation in the area (e.g., 
Claringbould et al., 2017), as well as the resulting fault ge-
ometries (Osmundsen & Péron-Pinvidic, 2018) (Figures 2 
and 11). In addition, the observed rift topography and 
faulting character along the Lofoten-Vesterålen margin 
have been suggested to vary in response to the presence 
of different high-  and low-relief accommodation/trans-
fer zones (e.g., Tsikalas et al., 2001, 2022) (Figures 3 and 
11-inset map). Conversely, the nature of the WRHFC and 
NURFC invites also to suggest that gravitational processes 
played an important role on the development of these 
structural features as some of the faults developed on top of 
tilted blocks that affect the geometry of the top-basement 
seismic horizon (Figure  2). Alternatively, dome-like 
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structures or sedimentary bulges (i.e., South Lofoten mar-
gin dome, SLMD; and Northern Vesterålen margin dome, 
NVMD), and outer highs or volcanic edifices (i.e. Andøya 
Volcanic Mound, AVM) have been reported in association 
with the WRHFC and NURFC (e.g., Tsikalas et al., 2022), 
and further evidence compressional deformation during 
the Cenozoic (Doré et al., 2008; Gaina et al., 2017) (e.g., 
Figures  1–3, and 11b). These latter features exist in the 
present-day studied margins, except where they are 
eroded by younger late Cenozoic/Quaternary glacial pro-
cesses (Figures 1, 10 and 11d). Based on all the above we 
suggest that crustal extension towards breakup may have 
reactivated the underlying shear zones, and the following 
readjustments of basement relief, together with different 
degrees of coupling between the overlying fault complexes 
may have modified and deformed the sedimentary cover 
above (Figure 11).

The Late Cretaceous–Palaeocene low-angle detach-
ment faults observed in the upper crust along the WRHFC 
and NURFC are then suggested to be part of an entire-
crust fault system, and in this context, an updated model 
for lithospheric extension at the conjugate margins is pre-
sented in Figure 12. A primary first stage (Figure 12a) is 
interpreted to be related to a thinning phase during the 
distinct extensional episodes of the Late Cretaceous–
Palaeocene rifting, and this is characterized by low-angle 
detachment faulting. For instance, the average total ex-
tension leading to breakup in the conjugate transect 
across the Vesterålen segment and the NE Greenland 
Thetis Basin (central region) is estimated to be ca. 220 km 
(Figures 10 and 12a), with nearly ca. 48 km corresponding 
to the combined contribution from the Late Cretaceous–
Palaeocene rifting (Abdelmalak et al., 2022). Initially, low-
angle faulting at relatively deeper levels is localized to the 

F I G U R E  1 2   Conceptual tectonic model illustrating the multiphase evolution of the Lofoten-Vesterålen (LVM) and NE Greenland 
conjugate margins (modified from Meza-Cala et al., 2021). The composite Late Cretaceous-Palaeocene rifting and post-Palaeocene tectonic 
evolution is illustrated following our observations upon the structural analysis of the WRHFC and NURFC fault complexes in the LVM. 
To the left, the two-step reconstruction of the crustal transect across the listric/detachment system illustrates the extent of the thinning 
domain (ThD), transitional crust domain (TrD), and the fully igneous domain (FiD). The solid red lines indicate active extensional tectonics, 
whereas the stippled black lines are the inactive faults of the crustal-scale model that were developed during previous extensional phases. 
Seismic panels in the centre illustrate the tectono-stratigraphic evolution of the fault complexes with respect to the fault stages. The two 
map panels to the right show the distribution and extent of fault stages in the central and northern LVM. Coloured fault traces are active, 
whereas the ones in grey are inactive. Vectors of apparent extension for each fault stage is also schematically indicated in these maps as 
arrows. Arrow in grey indicates the regional Late Jurassic-Early Cretaceous WNW extension direction.
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east of the WRHFC and NURFC fault complexes and cor-
responds to the early Late Cretaceous fault stages (B and 
B1-B3), which are interpreted as the initial structuration 
within the fault complexes. Following that, progressive 
migration of deformation in time and space was estab-
lished and is recognized as the Late Cretaceous to latest 
Cretaceous–Palaeocene fault stages (C and C1-C2) local-
ized towards the west of the fault complexes (Figure 12a). 
These detachment structures that possibly developed 
at intermediate-to-deep levels of the continental crust 
often suggest ductile deformation (e.g., Clerc et al., 2018), 
and they could have been possibly triggered by thinning 
mechanisms such as depth-depending stretching as it 
was proposed for the NE Atlantic margins (e.g., Kusznir 
et al.,  2005) and similar rifted margins worldwide (e.g., 
Blaich et al., 2011; Deng et al., 2020; Osmundsen & Péron-
Pinvidic, 2018; Zhao et al., 2018).

Subsequently, a second stage related to breakup takes 
place, together with an increase in magmatic activity 
and abandonment of the suggested detachment system 
(Figure 12b) (e.g., similar to the Brazilian margin: Blaich 
et al.,  2011). The Palaeocene fault stage (D) is clearly ev-
idenced to represent the westernmost faults on the LVM. 
It seems these faults become steeper ocean-wards, as some 
are probably able to reactivate pre-existing structures. 
Similarly, these faults on both the WRHFC and NURFC 
fault complexes confine the spatially extensive layer of 
breakup-related volcano-clastic deposits onto the Lofoten 
and Røst basins, as well as the few locally observed sedimen-
tary wedges on the upper parts of the NURFC (Figure 12b). 
Thus, the fault complexes must have been formed prior to 
the initiation of seafloor spreading, as the breakup lavas can-
not flow uphill (e.g., Figure 4 profile 2 and Figure 5 profile 
5). Moreover, magmatic processes guided by pre-existing 
faults and transfer zones (e.g., Figure 3), and/or any other 
inherited structures may have influenced and governed 
the final plate separation as they are favoured by the stress 
directions within the crustal and mantle weakness zones 
(Schiffer et al.,  2020). Similarly, the rheologically-distinct 
and up-domed lower crustal structures (i.e. LCB) that are 
formed at the time of rifting and breakup can control the 
location, deformation and type of breakup, and influence 
the subsequent basin and crustal development (Figure 12b) 
(Breivik et al., 2017; Gernigon et al., 2004, 2014; Meza-Cala 
et al.,  2021). The resulting asymmetric rift geometry of 
the Lofoten-Vesterålen and NE Greenland conjugate mar-
gins is presumed to be laterally controlled by listric faults 
and the configuration of a detachment system through an 
upper plate or flexural margin (NE Greenland margin), and 
a lower plate or tilted-block margin (Lofoten-Vesterålen 
margin) with a suggested subsequent effect on the verti-
cal differentiation across the conjugate system present-day 
crustal configuration (Figure 12a) (e.g., Mosar et al., 2002).

5.5  |  Obliquity of extension towards 
breakup and margin evolution

The obliquity in the breakup axis location, the exten-
sion direction, and areas of focused stretching along the 
Lofoten-Vesterålen and NE Greenland conjugate mar-
gins are constrained mainly from the detailed mapping 
of fault stages within the NURFC and its vicinity on 
the central and northern LVM (Figure  12). The corre-
sponding faulting into the southern LVM and within the 
WRHFC is also expected to be active during the equiva-
lent time periods and towards the outer part of the mar-
gin (Figures 2 and 4) (Tsikalas et al., 2019). During most 
of the mid- and early Late Cretaceous, the deformation 
(fault stage A) is observed to concentrate mostly towards 
the central/northern Vesterålen and Andøya margin 
segments (Figures  8a,b and 12), as the main WNW-
ESE directed Late Jurassic-Early Cretaceous extension 
and regional basin structuring along the LVM is ceased 
(e.g., Faleide et al.,  2008). The Havbåen Sub-basin area 
up to the NNW–SSE trending Jennegga Transfer Zone 
is, however, observed with active sedimentation still in 
Albian times within the northern Lofoten segment (e.g., 
Meza-Cala et al., 2021; Tsikalas et al., 2001). Locally on 
the northern LVM, some few NE–SW trending faults 
are observed to gradually shift into a more NNE–SSW 
orientation (fault stages B and B1–B3) in the early Late 
Cretaceous (Figure  12). As deformation moves towards 
the northwest within the margin, faults eventually be-
came oriented nearly N-S on the Andøya segment dur-
ing the latest Cretaceous, and thus with a WNW-ESE 
apparent extension direction (fault stages C and C1–C2; 
Figure 12). In comparison, a shift in apparent extension 
direction from WNW to NW has been documented re-
gionally to occur prior to the Campanian (90–83 Ma) (i.e. 
Hansen et al., 2012), yet the WRHFC and NURFC fault 
complexes provide better constrained location of the 
focused area that is being actively deformed, as well as 
better control on the apparent extension direction with 
respect to the line of final continental separation towards 
the end of the Campanian (Figure  12). Similarly, on 
both the northern Vøring/southern Lofoten-Vesterålen 
and NE Greenland conjugate margins the regional tec-
tonic quiescence at the end of the Albian had a duration 
until the next major rifting initiated around Campanian 
to Maastrichtian times (Gernigon et al., 2003; Lundin & 
Doré,  1997; Skogseid et al.,  2000; Tsikalas et al.,  2001; 
Tsikalas, Faleide, et al.,  2005). From this time up to 
breakup in the Palaeocene/Eocene transition the diver-
gence direction was again shifted to a NW-SE oriented 
apparent extension direction (fault stage D; Figure  12) 
and perpendicular to the first magnetic seafloor spread-
ing anomaly.
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Numerical modelling of lithospheric-scale rifting to 
breakup showed that a constant extension direction can 
generate multiphase fault orientations, and therefore local 
variations in crustal stress field and fault orientation may 
arise intrinsically during rift maturation and may not re-
quire plate motion changes (Brune, 2014). If we consider 
the main basin-opening phase as the Late Jurassic-Early 
Cretaceous has occurred constantly in a WNW extension 
direction during the entire Late Cretaceous–Palaeocene, 
the resulting final rifted margin is moderately oblique 
(ca. 30°–45°) with respect to the breakup line (Figure 12). 
Such evolution of fault patterns can reproduce during the 
time of breakup the observed orientation for fault stage 
D, where these latter faults are localized near the COB 
region and orthogonal to the seafloor spreading direction 
(Figure 12). However, transtension and segmentation re-
sulting in oblique rifting across south Lofoten has been 
proposed possibly due to reactivation of Devonian detach-
ments, differential uplift of fault blocks, and/or basement 
buoyancy effects due to differences in mineral geochemis-
try (Wilson et al., 2006 and references therein). Moreover, 
Henstra et al. (2019) showed that in the presence of inher-
ited pre-Mesozoic structural grain (i.e. earlier rift phase 
with brittle imprint) contrasting styles of fault growth, 
such as zigzag geometries and splay faults at the tips of 
reactivated previous fault systems can result in the south 
Lofoten area within the Ribban and Vestfjorden basins 
(Figure  1) (Bergh et al.,  2007; Meza-Cala et al.,  2021; 
Tasrianto & Escalona,  2015). The latter findings agree 
with the evolution of fault activity and fault distribution 
for the mapped fault stages within the fault complexes and 
their relationship with basement highs mapped in the area 
(Figures 3, 11 and 12). No prominent basement highs are 
observed within the Ribban Basin area (e.g., Havbåen Sub-
basin), whereas more influence of pre-existing structures 
is expected towards the north of the Lofoten-Vesterålen 
margin as basement topography is rougher (Figure  3). 
This would result in fault stage C at NURFC being oblique 
to the previously formed fault stages A and B and their 
apparent extension direction (Figure 12).

6   |   SUMMARY AND 
CONCLUSIONS

An integrated dataset of reprocessed 2D and 3D seismic 
reflection data, potential field data (gravity and magnet-
ics), and updated published crustal transects have been 
utilized to investigate the Late Cretaceous–Palaeocene 
continental crustal extension within the Lofoten-
Vesterålen margin (LVM) towards lithospheric breakup 
between this and its conjugate NE Greenland margin at 
the Palaeocene-Eocene transition. We focus on the study 

of two low-angle detachment structures named West 
Røst High Fault Complex (WRHFC) and North Utrøst 
Ridge Fault Complex (NURFC) located at the southern 
and central-northern portions of the LVM, respectively. 
Extension was calculated from the fault-block geometries 
(i.e., fault heave and displacement) of the two low-angle 
detachment fault complexes and were compared with the 
extension measurements derived from the stretching and 
thinning factors for the whole-crust within the studied 
portions of the conjugate margins. Moreover, the amount 
extension from the fault geometries were corrected for 
sub-seismic resolution faulting.

The WRHFC and NURFC fault complexes evidence 
multiple episodes of faulting with various degrees of in-
tensity during the composite Late Cretaceous–Palaeocene 
rifting that culminated in lithospheric breakup. These fault-
ing episodes were mapped as distinct fault stages that can 
be age-correlated across both fault complexes due to their 
specific geometries and corresponding deformation, and 
they extend over an area that has experienced multiphase 
thinning further back in time than mid-Cretaceous times. 
The NURFC has locally recorded an Albian-Cenomanian 
fault stage (A) related to the initial faulting activity, and 
with a range of maximum extension of ca. 1.1–1.5  km. 
However, the main and early faulting activity occurred 
during the early Late Cretaceous, probably throughout 
the Cenomanian–Turonian to Campanian (fault stages B 
and B1–B3). The combined maximum extension ranges 
estimated for fault stages (B1 to B3) at WRHFC and fault 
stage (B) at NURFC are, respectively, ca. 3.9–4.7 and 2.2–
2.8  km. A less intense rifting compared to the preceded 
one (e.g., smaller in size individual fault-blocks) is ob-
served as westward faulting activity is developed during 
the Late Cretaceous to latest Cretaceous–Palaeocene fault 
stages (C and C1–C2). The combined maximum extension 
ranges for fault stages (C1 and C2) at WRHFC and the 
contemporary fault stage (C) at NURFC are, respectively, 
ca. 1.3–2.5 and 2.5–3.1 km. At last, and close to the time 
(or during?) breakup, the westernmost Palaeocene fault 
stage (D) is observed with steeper fault plane geometries 
that impeded the up-flow of breakup-related volcanic de-
posits into the inner parts of the LVM. The Palaeocene (D) 
fault stage maximum extension estimates are in the order 
of ca. 1.5–2 km at WRHFC and ca. 2–2.6 km at NURFC. 
Despite the differences in absolute values, the narrower 
in extent WRHFC has accommodated a relatively greater 
amount of focused and concentrated extension (ca. 18–
19 km), whereas the NURFC has a much wider area with 
widespread extension intensity (ca. 6–8 km).

The calculated extension at the LVM shows a north-
wards decreasing trend in magnitude, whereas the mag-
nitude of extension within the conjugate NE Greenland 
side seems to increase following the same northwards 
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trend. In addition, extension within the continental crust 
is observed to increase in magnitude as the presence of 
lower crustal bodies (LCBs) underplating the crust in-
creases, and as documented in this study (0% and 100% 
modelled LCB scenarios). Average extension estimates 
considering 0%–100% LCB scenarios within the southern, 
central, and northern portions of the LVM are, respec-
tively, ca. 154–170, 63–66, and 40 km. Similarly, average 
extension estimates considering 0%–100% LCB scenarios 
within the southern, central, and northern portions of 
the NE Greenland margin are, respectively, ca. 29–49, 
170–171, and 226 km. These estimates when compared to 
derived extension from seismically observed fault-block 
geometry suggest an apparent extension discrepancy at 
the scale of the whole conjugate margin system. Hence, 
only ca. 11% and 13% of the extension would be seen 
through the interpreted fault geometries in the studied 
seismic profiles on the WRHFC and NURFC, respec-
tively. The corrected maximum extension for sub-seismic 
resolution faulting ranges for both the WRHFC (south-
ern LVM) and NURFC (central and northern LVM) fault 
complexes are, respectively, ca. 164–173 and 46–62 km.

The Late Cretaceous–Palaeocene WRHFC and NURFC 
fault complexes provide key evidence for a ductile mode of 
deformation towards breakup and a multiphase tectonic 
evolution for the resulting asymmetric rift geometry of the 
Lofoten-Vesterålen and NE Greenland conjugate margins. 
The proposed tectonic evolution model includes a pri-
mary stage related to thinning phases during early Late 
Cretaceous (fault stages B and B1–B3) and Late Cretaceous 
to latest Cretaceous–Palaeocene (fault stages C and C1–
C2). Rifting in the conjugate margins is controlled by lis-
tric faults and the configuration of a detachment system 
through an upper plate or flexural margin (NE Greenland 
margin), and a lower plate or tilted-block margin con-
figuration (LVM). Furthermore, seismic and structural 
observations on reflection data suggest the existence of 
a sheared region within the crust, that was possibly ac-
tive during active stretching before continental separa-
tion. The effects of such ductile mode of deformation are 
manifested as reorganization of basement topography and 
varying ability to couple deformation within the overlying 
Cretaceous sedimentary strata consisting mostly of fine-
grained lithologies. Subsequently, breakup takes place, 
together with the development of Palaeocene fault stage 
(D), an increase in magmatic activity, and abandonment 
of the suggested detachment system. The obliquity in the 
breakup axis location along the LVM-NE Greenland con-
jugate margins can be explained by this model.
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