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Regional offshore-onshore research using 2D seismic data, gravity and magnetic data, satellite images, 3D terrain image models and detailed onshore structural analysis, reveals that the Lofoten archipelago and adjoining offshore shelf share a multiphase, Mesozoic to Palaeogene tectonic
evolution. Our proposed model differs partly from previous models with respect to fault initiation and evolution relative to known rifting events,
synchronous versus diachronous faulting and lateral segmentation of the shelf.
The continental margin is characterised by NNE-SSW and NE-SW-striking lineaments having stepwise to zigzag attitudes. This lineament pattern
is composed of at least three interacting and genetically related faults and fracture groups: (1) Population 1 defines ESE-dipping extensional detachments (1a) and right-stepping, WNW-dipping antithetic planar normal faults (1b) offshore, and combined extensional and dextral reactivated
shear fractures (S1) onshore. (2) Population 2 represents NW-dipping normal faults bounding the margins of the main basins and the western
Lofoten Ridge, and regional normal faults and dextral transtensional faults (S2) onshore. (3) Population 3 is made up of NW-dipping normal faults
that mark the shelf-edge offshore, and conjugate WNW-striking extensional and Riedel shear fractures (S3) onshore. The interaction of population
1a-b and population 2 faults and fractures forms the regional zigzag pattern.
A three-phase offshore-onshore tectonic model with fault initiation and events is suggested: (1) Permo-Jurassic to Early-Cretaceous proto-rifting
event with WNW-ESE orthogonal extension followed by NNW-directed oblique-extension and dextral shearing (population 1a-b and S1 faults);
(2) Early to Late Cretaceous major syn-rifting event with NNW-SSE oblique extension and lateral reactivation producing regional NE-SW to ENEWSW-striking oblique-normal faults (population 2 and S2 faults); and (3) Late Cretaceous to Palaeogene post-rifting with continued oblique extension in a regional NNW-SSE-extension field producing NW-dipping extensional faults offshore (population 3) and NW-directed shear fractures
onshore (S3 faults). This multiphase and time-progressive fault evolution indicates rotation of the regional stress field from c. E-W to NNW-SSE
and locally NNE-SSW. Offshore, the temporally different fault sets may be controlled by favorable basement grains (Caledonian depressions versus
homogeneous Precambrian rocks) in conjunction with time-progressive change of the regional extension vector. The proto-rift normal faults probably influenced the syn-rift and post-rift transtensional faults and promoted later tectonic reactivation. The apparent lateral shelf segmentation is
explained by temporal and spatial development of population 1 to 3 faults with fault-breaching linking older, oblique (Permo-Jurassic) basins and
the younger, ridge-parallel (Cretaceous) basins and faults.
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Introduction
The Lofoten-Vesterålen continental margin (Fig. 1)
marks the transition between the much wider, passive continental Møre-Vøring margin (Blystad et al.
1995; Brekke 2000) and the sheared, transform Barents
Sea margin (Talwani & Eldholm 1977; Gabrielsen et al.
1990; Faleide et al. 1993). It is, thus, a key region for plate
reconstruction and tectonic linkage of the NorwegianGreenland Sea margins as well as for onshore-offshore
structural comparison. The margin comprises a narrow and thin crustal segment underlain by a Permian
through Palaeogene clastic sedimentary wedge (Fig. 1)
and bounded seaward by Palaeocene to Eocene oceanfloor volcanites (Eldholm et al. 1979; Sellevoll et al.

1988; Mjelde et al. 1993). The region is structurally complex and made up of shelf-parallel basement ridges and
shallow-seated, mainly Cretaeceous basins bounded by
complex extensional fault systems (Mokhtari & Pegrum
1992; Blystad et al. 1995; Løseth & Tveten 1996; Olesen
et al. 1997; Tsikalas et al. 2001, 2005). Despite this general
knowledge of the shelf, many important and unresolved
issues remain before a fully integrated onshore-offshore
tectonic model can be developed. One issue is concerned
with the evolution and timing of fault groups and their
link to tectonic events. This paper debates on whether
faults formed during a prolonged Late Jurassic - Early
Cretaceous tectonic event (cf. Blystad et al 1995; Brekke
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Fig. 1. Regional onshore and offshore tectonic map of the Mid to North Norwegian continental margin (Mosar 2000; Mosar et al. 2002). The
studied Lofoten-Vesterålen part of the margin is framed. Numbered locations are drilled well logs (Statoil) outlined in Fig. 2.

2000), or during tectonic events spanning the PermoJurassic to the Cretaceous and Cenozoic time intervals
and involving successive and/or step-wise fault motions,
uplift-subsidence and basin - ridge formation (Doré et
al. 1997, 1999). Another important issue is the validity of
lateral shelf segmentation as an explanation for changes
in fault polarity offshore (Tsikalas et al. 2001, 2005) and
onshore variations in crustal structures (Løseth & Tveten
1996; Olesen et al. 1997, 2002; Wilson et al. 2005, 2006).
This study addresses these issues by focusing on the offshore shelf, combined with onshore fault data used for
spatial correlation and comparison.

Regional setting and crustal structure
The Lofoten-Vesterålen offshore continental margin is
a narrow shelf with a relatively steep slope and a crustal
thickness up to c. 30 km (Griffin et al. 1978; Kink et al.
1993; Tsikalas et al. 2001, 2005). The outer shelf represents a marginal high with a transition to the average c. 7
km-thick Palaeocene-Eocene oceanic crust. Structurally,
Tsikalas et al. (2001) subdivided the margin into three
lateral segments based on changes in fault geometry and
dip polarity, and bounded by NW-SE-trending transfer
zones. This apparently segmented shelf is further char-
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transition to the much broader Møre-Vøring margin, as
marked by a gradual diminishing of the Skomvær Subbasin and a corresponding widening of the Træna Basin
(Fig. 1). These Lofoten-line elements (Doré et al. 1997)
are all parallel to the Møre-Trøndelag Fault Complex
(Blystad et al. 1995). To the north of Lofoten, the shelf is
underlain by the Harstad and Tromsø basins and is further linked to the transform plate margin of the Barents
Sea along the NNW-SSE-trending Senja-Fracture Zone
(Gabrielsen et al. 1990). This transform is inferred to step
onshore east of Andøya (Fig. 1), where it has influenced,
to some extent, the onshore NE-SW-striking VestfjordenVanna Fault Complex and the Straumsbukta-Kvaløysletta
fault zone (Forslund 1988; Olesen et al. 1997).

Fig. 2. Selected stratigraphic columns for the Lofoten-Vesterålen shelf
margin based on drilled well logs (Statoil). The locations of the wells
are shown in Fig. 1.

acterised by a series of NNE-SSW and NE-SW-trending, partly curved basement ridges and basins bounded
by dominantly extensional faults having variable orientations (Blystad et al. 1995; Løseth & Tveten 1996; Olesen et al. 1997). The main basement high is the Utrøst
Ridge (plus the Røst and Jenegga highs), which is parallel
to the Lofoten Ridge (Fig. 1). Major basins include (see
Fig. 5 for location) the Røst Basin on the seaward side
of the shelf, the Ribban Basin (including Skomvær and
Havbåen sub-basins) on the central part of the shelf, the
Træna Basin to the southwest and the Vestfjorden Basin
on the landward side (Mokhtari & Pegrum 1992; Blystad
et al. 1995; Løseth & Tveten 1996). Major faults include
the West Lofoten and East Lofoten Border faults bounding the Lofoten Ridge, the Hamarøya Fault (Olesen et al.
2002) on the landward side of the Vestfjorden Basin, and
the Vesterdjupet Fault Zone bounding the eastern flank
of the Træna Basin. These intra-crustal basins are all
bounded by normal faults and filled with predominantly
Lower to Upper Cretaceous sedimentary rocks (Fig. 2)
that are locally near 7 km thick. Pre-Cretaceous (possibly
Permo-Jurassic) sedimentary strata have also been recognized in the Træna Basin, the Havbåen Sub-basin and
the Vestfjorden Basin (Statoil, unpublished data). Late
Cretaceous through Tertiary strata overlie these faulted
basin successions and lap onto the basement highs. To
the south of Lofoten, the shelf margin widens at the

The exposed bedrock of the Lofoten-Vesterålen archipelago is composed of Palaeoproterozoic plutonic rocks
(mangeritic and charnockitic) and high-grade migmatitic gneisses and a few intervening metasupracrustal
belts (Fig. 3). These rocks are considered to be of lower
crustal origin (Griffin et al. 1978; Chroston & Brooks
1989; Corfu 2004). The basement province in Lofoten to
the east is overlain by Caledonian thrust nappes (Tveten
1978, Fig. 3). Basement fabrics in Lofoten have variable
frequency and attitude (cf. Tveten 1978) and may have
controlled some of the brittle fracture grains (see discussion). We investigated inheritance and brittle reactivation
of local magmatic layering, gneissic foliation, aligned
metasupracrustal belts, and ductile shear zones. Unlike
gneiss provinces in southern Norway, the Caledonian
fabrics are weak or absent in these basement rocks (Klein
& Steltenpohl 1999; Steltenpohl et al. 2004). Farther
north, on the island of Senja, a regional NW-SE-trending basement grain (Bothnian-Senja Fault Zone) parallel to the Senja Fracture Zone offshore is in marked contrast to the NE-SW trend of the Caledonian thrust sheets
(Henkel 1991; Doré et al. 1997). This grain is defined by
a major Palaeoproterozoic shear belt on Senja (Zwaan
1995; Corfu et al. 2003) that can be traced far into the
Fennoscandian shield.
Jurassic and Lower Cretaceous sedimentary rocks also occur
in localised basins onshore Andøya (e.g. Dalland 1981) and
in nearshore basins adjacent to Sortlandsundet and Gavlfjorden (Fig. 3), as indicated from shallow-level seismic data
(Davidsen et al. 2001; Fürsich & Thomsen 2005).

Data and methods
Statoil’s 2D, multi channel, seismic reflection dataset (Fig.
4), acquired in 1974-1998 and reprocessed and depth-converted in 1996-2000 (see Tsikalas et al. 2001), was used in
combination with TGS data (2D) and stratigraphic logs
(Fig. 2) as a basis for detailed structural analysis of the
shelf. The seismic sections are of moderate to good quality and extend to a depth of c. 7-8 s TWT, well below the
basement-cover contact and deepest sedimentary basin
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fill. The top of the Precambrian/Caledonian basement,
the base-Cretaceous, intra-Cenomanian and base-Tertiary horizons were used for seismic stratigraphic correlation (Fig. 2). Major fault-fracture systems were correlated
using their strike-line attitudes from structure contours,
dip directions (polarity), comparable fault geometries and
timing constraints. Relative and absolute timing of major
faults and faulting events were obtained from onlap and/or
offlap sequences and cross-cutting relationships between
ridge- and basin-bounding normal faults.
A series of NW-SE-trending seismic sections were chosen
from the dataset (Fig. 4) to demonstrate the interpreted
regional structural styles. The section lines LO86R90-04
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and L087R00-08 were used for fault-basin restoration.
Free-air gravity maps and high-pass filtered magnetic
data of the continental margin were used to identify and
resolve basement trends linked to the major fault-fractures of the region (Olesen et al. 2002, 2007). A 3D digital terrain/elevation model (DEM) overlain with Landsat
TM satellite images onshore (Statoil’s Lofoten-Vesterålen
geosimulator) was used to investigate geometry and
spatial relationships of faults, lithological boundaries
and basement fabrics (Tveten 1978; Griffin et al. 1978)
and for tentatively linking offshore and onshore faults.
Detailed field analysis was undertaken at key localities
for further evaluation of fault-fracture kinematics (see
Eig et al. in prep.).

Fig. 3. Generalised bed rock geological map of Lofoten and Vesterålen including main foliation trends (modified after Tveten 1978) and interpreted traces of major and minor brittle lineaments (see Fig. 11).

NORWEGIAN JOURNAL OF GEOLOGY

The Lofoten-Vesterålen continental margin

33

Fig. 4. Seismic reflection
profile coverage database (Statoil), including
grid maps and location of
selected sections used in
the present study.

Offshore fault populations
Map patterns
Major faults cutting the basement-cover contact and
those detaching in Jurassic-Cretaceous basin strata
are outlined on the top-basement depth-converted
structural map (Fig. 5). This map is based on interpretation of the entire seismic dataset (Fig. 4). Two
dominant structural trends are observable, (i) N-S to
NNE-SSW-striking, and (ii) NE-SW to E-W-striking.
Notably, some of the major faults bounding the Lofoten Ridge and Vestfjorden Basin (i.e Hamarøya Fault)
display a left-stepping geometry, whereas the NNESSW-striking fault sets typically are arranged oblique
to and often in between the former (Fig. 5). An apparent curvature of the NNE-SSW faults into the NE-SW
faults produces a zigzag or curved rhombic pattern,
e.g. along the trace of the Vesterdjupet Fault Zone and
in the eastern part of the Ribban Basin. On a local
scale, relay and horsetail geometric arrays are present,
e.g. north of the Træna Basin and in the Havbåen Subbasin. These faults appear to die out along strike and/
or are replaced by the more NE-SW-striking, regionally extensive faults. The map pattern also shows local
anastomosing faults with breaching and rejoining of
the two dominant fault groups, as seen adjacent to the
Utrøst Ridge and Jenegga High. Otherwise, there is no
evidence of any abrupt termination or lateral NW-SE
offset of major fault traces offshore.

Gravity and magnetic data
New Bouguer gravity and aeromagnetic anomaly maps
combined with 3D images constructed from 50 km
high-pass filtered gravity data (Fig. 6a-b) confirm the
presence of step-wise, rectilinear NNE-SSW and NESW-trending lineaments near the basement ridges and
surrounding basins (Åm 1970, Talwani & Eldholm 1972;
Olesen et al. 1997, 2002, 2007). Of importance for our
investigation are the basement anomaly belts defined by
the Lofoten Ridge and the Utrøst Ridge. These display
similar, zigzag patterns that may be attributed to the
interference of the two dominant fault groups (Fig. 5).
Also visible on the filtered magnetic data (Fig. 6b) is a
set of distinct NE-SW-trending lineaments that apparently truncate the entire margin from the Røst High in
the southwest to Andøya in the northeast. These correspond to the offshore West Lofoten Border Fault and
onshore trends bounding the Lofoten Ridge. Similar
major fault trends are indicated on the eastern margin
of the Vestfjorden Basin by the Hamarøya Fault (Fig.
6b). These trends are also clearly visible from seafloor
bathymetric data. Thus, gravity and magnetic data indicate: (i) the existence of at least two different lineament
(fault) groups that may have determined the curved and
zigzag geometry of the Lofoten archipelago, and (ii) the
regional continuity of elongated and curved ridges and
border faults along strike of the shelf margin.
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Reflection seismic data
We describe and interpret faults and geometric features
observable on key 2D seismic sections along the margin
(Fig. 5). The seismic data are used to assess carefully the
timing and sequential development of major groups of
faults based on their geometry and truncating character,
dip direction and significance for basin formation (see
Figs. 5 and 7). The separation into specific fault populations is based on the time of initiation of each fault group,
as argued for specifically below. Fuller descriptions of
crustal scale characteristics and laterally different shelf
provinces are given in Løseth & Tveten (1996), Olesen et
al. (1997) and Tsikalas et al. (2001, 2005).
Population 1a and 1b faults (Permo-Jurassic to Early
Cretaceous initiation)
The oldest fault population is a set of ESE-dipping
extensional faults that bound the Træna Basin against
the Røst High in the southwest (Fig. 7a-c), the Havbåen
Sub-basin against the Jenegga High in the central part
of the shelf (Fig.7d-f), and the Vestfjorden Basin against
the Lofoten Ridge to the east (Fig. 5b). In all these areas,
the faults are planar near the surface, but become more
gently dipping down section and appear to detach in
low-angle reflections at depths of c. 2-4 sec. twt in the
basement (see Fig. 8). In the Træna Basin, a possible
c. 1-2 km vertical down-drop of such a detachment
by the younger Vesterdjupet Fault Zone (Fig. 7a) confirms its relative old age. Similarly, in the central part of
the shelf, a broad basement up-warp (Fig.7b-d) is split
against the Utrøst Ridge and Jenegga High into at least
two eastward tilted fault blocks (Fig. 7f). The Havbåen
Sub-basin and related half-grabens are also bounded by
east-dipping normal faults that merge downwards into
an almost flat-lying seismic reflection level (décollement?) at c. 3s twt, which is well below the basementcover contact (Fig. 7e, f). The seismic data also indicate
a local upwelling of this décollement toward the central
axis of the Havbåen Sub-basin (Fig. 7e). The northern shelf west of Andøya, which is much narrower and
structurally less varied (Fig. 7g, h), comprises a thick
Cretaceous to Palaeogene sedimentary wedge that dips
gently toward the continent-ocean transition. Below
this wedge, gently east-dipping faults are bent upwards
near the shelf edge (Fig. 7g) and bounding a local halfgraben filled with Permian-Jurassic and Cretaceous
strata (Fig. 7g). These faults can be spatially linked to
the east-dipping detachments of the Havbåen Sub-basin
further south (Fig. 7f).
The critical observation regarding absolute timing of
initiation of this oldest fault group termed population 1a
is the occurrence of thickened pre-Cretaceous (PermoJurassic?) strata adjacent to the faults in the lower parts
of the Træna Basin (Fig. 7a-d), the Havbåen Sub-basin
(Fig. 7e, f) and the western part of the Vestfjorden Basin
bounded as it is by the East Lofoten Border Fault (Fig.
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5b). These basinal strata are in turn overlain by thick
Lower to Upper Cretaceous deposits, indicating a prolonged activity on population 1a faults. Deep-seated, local
and regionally preserved Triassic-Jurassic strata are also
found in drilled well logs (Fig. 2). The pre-Cretaceous
strata define wedge-shaped sedimentary prisms in hanging-wall roll-overs and associated synclines (Havbåen
and Skomvær Sub-basins) with wavelengths supportive
of the estimated depth to population 1a detachments (see
Figs. 7b-d and 8b). These observations confirm a temporal and spatial linkage of these basins and population 1a
faults. There is also evidence for westward and footwall
time-migration (cf. Gibbs 1984, McClay et al.1991) of
population 1a faults, as shown by a thick pre-Cretaceous
unit near the base of the Havbåen Sub-basin (Fig. 7f),
while half-grabens further west contain Lower Cretaceous strata at the base. Thus, the initiation of population
1a normal faults may have covered a time span from the
Permo-Jurassic to Early Cretaceous.
Another closely related fault set represents WNW-dipping planar normal faults that affected the strata up to
the base-Cretaceous level and formed antithetically and
exclusively in the hanging wall of population 1a detachments. They are termed population 1b faults and can be
found in the up-warped basement roll-overs east of the
Røst High/Utrøst Ridge (Fig. 7b-d), and on the landward
side of the Havbåen Sub-basin (Fig. 7e, f), and within the
Vestfjorden Basin as the Hamarøy Fault (Fig. 5b). These
planar faults have a consistent westerly dip, and terminate downward against population 1a detachment faults,
thus linking these groups in time and space. Collectively,
population 1a and 1b faults define opposing fault systems
that bounded initial pre-Cretaceous basins of the shelf,
i.e. the Træna and Vestfjorden Basins.
In the Træna Basin, the eastern boundary fault is represented by the Vesterdjupet Fault Zone (Fig. 7a). This fault
dies out northwards along strike, terminating in a small
interior basin bounded by antithetic population 1b faults
on the Utrøst Ridge and comprising pre-Cretaceous
strata at the base (Fig. 7a, b). Similarly, the Marmæle
Spur and related fault blocks below the eastern Ribban
Basin die out northwards (Fig. 7a-c and 8b), producing
the much wider and simpler Skomvær Sub-basin as a
hanging wall synclinal flexure (Fig. 7c). From the above
argumentation, the Vesterdjupet Fault zone may have initiated as a population 1b fault antithetic to population 1a
detachments and successively truncating the underlying
detachment in a time-progressive evolution southwards.
A comparable time-progressive but eastward evolution
of population 1b faults is shown by the Vesterdjupet Fault
Zone and related, synthetic faults bounding the Marmæle
Spur (Fig. 7a-c). These truncate the underlying population 1a detachment and affect successively younger Cretaceous strata of the basins.
In summary, these observations suggest that population
1a faults may have started as growth faults in a proto-rift
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Fig. 5. (a) Depth-converted structural contour map of the top-basement reflection for the studied offshore shelf areas (Statoil). Major faults
interpreted from the seismic data are shown. Note location of the seismic sections outlined in Fig. 7. (b) Interpreted cross-section (lines L086R9004 and L087R00-08) across the shelf margin from the Røst High to east of the Vestfjorden Basin. See Figs. 7 and 19 for legend to the cross-section. Abbreviations are: TB = Top-Basement, BC = Base-Cretaceous, APT = Intra-Aptian, IC = Intra-Cenomanian, BT = Base-Tertiary, HF =
Hamarøya Fault, ELBF = East Lofoten Border Fault, VFZ = Vesterdjupet Fault Zone, WLBF = West Lofoten Border Fault.

stage (likely Permo-Jurassic), while population 1b faults
formed antithetically or later in that time period (Late
Jurassic?) and became further developed during the synrift Early to Late Cretaceous event (population 2, below).

Population 2 faults (Early Cretaceous initiation)
This is the dominant fault population of the LofotenVesterålen shelf dipping consistently NW to NNW. It is
represented by normal faults that bound NE-SW-trend-
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Fig. 6. (a) Residual gravity after isostatic correction of Bouguer gravity data from the Lofoten-Vesterålen region (Olesen et al. 2007). The isostatic correction has been calculated applying the AIRYROOT algorithm (Simpson et al. 1983) to the topography/bathymetry (rock density 2670
kg/m3 on land, 2200 kg/m3 at sea and a crust/mantle density contrast of 300 kg/m3). The contour intervals are 2.5 mGal (thin lines) and 20
mGal (bold lines). A shaded relief version of the 100 km Gaussian high-pass filtered Bouguer gravity dataset is superimposed in colour as on the
gravity residual map. (b) Compilation of aeromagnetic surveys in the Lofoten-Vesterålen region (Olesen et al. 2007). The contour intervals are
25 nT (thin lines) and 100 nT (bold lines). A shaded relief version of the 20 km high-pass filtered aeromagnetic compilation is superimposed on
the aeromagnetic residual map in colour. The ’illumination’ of both shaded relief versions in (a) and (b) is from the southeast. Note the presence
of rhombic shaped blocks bounded by stepped, rectilinear features and trends of magnetic basement that largely follow the major fault-bounded
ridges and basins.

ing and repeatedly eastward-tilted blocks and half-grabens filled by thick, wedge-shaped Cretaceous strata east
of the Træna and Ribban Basins (Fig. 7a). These faults are
consistently synthetic to the West Lofoten Border Fault
in the central part of the shelf (Fig. 7a-d). Also, the listric
Vesterdjupet Fault Zone (Fig. 8a), which may have started
as a population 1b fault, is mainly developed during the
Cretaceous (see above) as shown by thickening of strata
up to the intra-Aptian level above the tilted Marmæle
Spur fault block (Fig. 7a). A syn-rift Cretaceous development of these faults is indicated by upward draping of
the thickened Cretaceous strata against the Vesterdjupet
Fault Zone, whilst Cretaceous strata west of the basin
lap onto the Røst High and dip gently inward toward
the basin axis. Correspondingly, the Cretaceous-filled
Ribban Basin (Blystad et al. 1995; Olesen et al. 1997) is
delimited by a system of tilted fault blocks and a NWdipping normal fault system (Fig. 7a). These faults are
all parallel to the West Lofoten Border Fault. They terminate upward in successively younger Cretaceous (intraAptian) and Palaeogene strata eastward. For example,
Lower Cretaceous strata lap on the two westernmost of
these faults, while Middle and Upper Cretaceous strata
are draped over these tilted fault blocks (Fig. 7a). In the
Havbåen Sub-basin, reflections up to the Mid-Creta-

ceous level exhibit a comparable thickening toward the
bounding faults (Fig. 7c-e), and thus, provide support
for a syn-rift origin. A syn-rift genesis is also conceived
for the east-bounding faults of the Vestfjorden Basin, i.e.
the Hamarøya Fault (Fig. 5b) from observed thickening
of the Cretaceous strata. A pronounced roll-over structure with pre-Cretaceous strata in the hanging wall (Fig.
5), however, suggests that these faults may have initiated
earlier, as population 1b faults.
Syn-rift faults in the northeastern part of the shelf are
present below the Cretaceous – Palaeogene post-rift sedimentary wedge (Fig. 7f-h). One of these NW-dipping
planar normal faults displays a vertical throw of ~3 km,
decreasing to less than 100 m of throw farther north (Fig.
7g, h). West of Andøya, this fault is less obvious and is
replaced by a downward flexure of Cretaceous and Palaeogene strata. At the northern tip of Andøya, however,
a comparable, but steeper NW-dipping fault and a system of oppositely dipping (SE) faults within Andfjorden
together bound the onshore ridge of Andøya (Fig. 5).
The fact that most of the NW-dipping population 2 faults
were synchronous with syn-rift deposition of the Cretaceous strata in the Træna, Ribban and Vestfjorden basins
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Fig. 7. Selection of interpreted NW-SE seismic sections from the Lofoten-Vesterålen shelf (a-e). Each section comprises the main stratigraphic
horizons used for correlation of the sections and genetically related fault populations.
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Fig. 8. (a) Part of the seismic section outlined in Fig. 7a showing the Ribban Basin and bounding normal faults, i.e., Vesterdjupet Fault Zone
and an ESE-dipping S1a detachment. Note the listric geometry of the major faults towards depth, and the roll-over structure comprising wedgeshaped pre-Cretaceous strata. (b) Part of the seismic section in Fig. 7c, illustrating the major hanging wall roll-over anticline and adjacent syncline forming the western margin of the Ribban Basin. The geometry of the hanging wall structures indicates the presence of a shallow, ESE-dipping S1a detachment with ramp-flat geometry. Note also the smaller-scale antithetic normal faults (S1b) in the centre of section, one of them
representing the Vesterdjupet Fault Zone at its northern termination. See text for further explanation.

in an eastward propagating manner, suggests prolonged
activity on these faults. Some of them may have started as
population 1b faults in the Late Jurassic, e.g. Vesterdjupet
Fault Zone and Hamarøya Fault, but the majority were
initiated in the Early Cretaceous and displayed activity to
Late Cretaceous time. Since strata above the Mid/Upper
Cretaceous level typically lap onto the underlying substrate of the basins, as well as against the West Lofoten
Border Fault, this indicates that population 2 fault activities ceased in the Late Cretaceous.
Population 3 (Late Cretaceous initiation)
The youngest fault population is a set of NW-dipping
normal faults that affected the Late Cretaceous to Palaeogene post-rift sedimentary wedge, e.g., west of the Røst

High and on the outermost shelf of Andøya (Fig. 7a-d, g,
h). Further evidence of a post-Cretaceous age is that they
break through the base-Tertiary reflection and obliquely
truncate all other fault sets in the map view, e.g., north in
the Havbåen Subbasin and on the Jenegga High (Fig. 9).
The post-rift package defines a broad and gently downward flexed depression or wedge that can be traced
from the Lofoten Ridge in the south (Fig. 7a) to the
shelf at Andøya in the north (Fig.7g, h). On the seaward
side of the Utrøst Ridge to Jenegga High this sedimentary wedge is partly offset by normal faulting close to
the continent-ocean boundary (Fig. 7a, c). Population
3 normal faults at the most down-drop the Palaeogene
strata by c. 1 km in terms of vertical throw (Fig. 7h).
Such faults are thick-skinned in the southern part of the
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Røst High (Fig. 7a-c) but become thin-skinned at the
ocean-continent boundary in the northern part of the
shelf, detaching within the Upper Cretaceous succession (Fig. 7h). Other major faults that may have experienced Palaeogene movement are those that bound the
Lofoten Ridge on the landward side and the Hamarøya
Fault farther east. Some of these faults may have initiated as Early Cretaceous faults, since they can be linked
down-section with basement-involved faults of population 2 (Fig. 7b), but were later subjected to reactivation
in the Palaeogene. In contrast, many of the Palaeogene
faults formed in isolation and affected the Palaeogene
wedge itself, both in the form of internal detachments
and local disturbances (Fig. 7h).
Offshore shelf segmentation
The Lofoten-Vesterålen shelf margin is considered to be
a separate segment between the NW-SE-trending Bivrost lineament and the Senja Fracture Zone of the MidNorwegian continental margin (Fig. 1; Eldholm et al.
1979). A similar, but second-order, lateral segmentation
is inferred by Tsikalas et al. (2001, 2005) for the Lofoten-Vesterålen shelf itself, based on an abrupt change in
fault-dip polarity and fault geometry. They considered
such a domainal subdivision to be due to the presence
of NW-SE-striking transfer zones (i.e. Mosken/Melbu,
Jenegga and Vesterålen), separating three lateral and
structurally different segments: the Lofoten, Vesterålen
and Andøya segments (Fig. 9). However, our seismic
study has not been able to demonstrate such transfer
zones in the offshore shelf as well as onshore on the
Lofoten archipelago (see below). Furthermore, none
of the observed bends and step-over geometries of
fault traces (Fig. 9) can be ascribed to NW-SE-striking
transfer faults in the subsurface that may have modified
the earlier fault strands. Nor have any definite transfer
zones been identified on the shelf edge overlapping the
position of the Bivrost, Jenegga and Vesterålen transfer zones. Instead, new high-pass filtered aeromagnetic
data from the Eocene oceanic crust (Fig. 10) indicate
that these offshore fracture zones do not exist; they
were artefacts of poor navigation and wide line spacing
of the earlier data sets (Olesen et al. 2007).
In our view, which is supported by Wilson et al. (2006),
the apparent lateral segmentation and polarity change
of faults (Tsikalas et al. 2001) may be caused by distributed zones of soft linkage (accommodation zones)
between areas of temporally different fault geometries (cf. Peacock et al. 2000). The present map (Fig.
9) provides many examples from the shelf that are not
uniquely located at the Mosken/Melbu, Jenegga and
Vesterålen transfer zones. One example is in the Træna
and Ribban Basin (Fig. 9), where the curved, ESE-dipping population 1a detachments are replaced or truncated along strike northwards by NW-dipping population 1b, 2 and 3 faults, producing the polymodal fault
pattern. Similarly, in the Havbåen Sub-basin east of
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the Jenegga High, population 1a faults are replaced by
population 1b and 2 faults both northwards and southwards (Fig. 9). Notably, the NW-dipping population 1b
faults truncate successively deeper sections southwards,
merging to form the overall, NW-dipping West Lofoten Border Fault (population 2). One explanation for
such lateral changes in fault dips and geometries along
the margin is a spatial and time-progressive initiation
of population 1 to 3 faults, reflecting either a change in
the regional extension direction or favorable basement
grains (cf. Doré et al. 1997, 1999, and later discussion).
Lateral shelf segmentation may have started with the
breakthrough of antithetic faults (population 1b) in the
hanging wall of earlier population 1a faults and subsequent linkage and termination of these two fault sets.
Spatial fault reactivation and progressive development
of footwall migrating new faults (population 2-3), with
clock-wise changing attitudes, then produced the polymodal or zigzag fault pattern that characterizes the offshore shelf (Fig. 9).

Onshore fault-fracture patterns and populations
Regional map pattern
A compilation of all the main lineaments, including brittle faults and fractures in the Lofoten-Vesterålen onshore
area, was made using satellite and aerial photograph
images, the 3D terrain simulator, and diverse field observations (Fig. 11). This regional analysis, based on various
cross-cutting relationships, curved effects and kinematic
characters, confirms the existence of at least three genetically-related lineament sets striking: (i) NNE-SSW, (ii)
ENE-WSW to E-W, and (iii) NW-SE, respectively (Gabrielsen & Ramberg 1979, Gabrielsen et al. 2002). These sets
are described and interpreted below.
The first lineament set is arranged parallel with many
narrow fjords and sounds in Lofoten, such as Tjeldsundet, Øksfjorden, Gullesfjorden, Raftsundet, Gimsøystraumen and Nappstraumen (Fig. 11). They show
a straight to parallel, locally right-stepping and relay
geometry, where individual fault traces die out or
breach along strike. Prominent curved fault traces characterise domains of the central and eastern Lofoten
archipelago (Fig. 11). The second set is parallel to the
main linear NE-SW to ENE-WSW trend of the Lofoten islands and Vestfjorden (Gabrielsen et al. 2002). It
is marked by prominent linear escarpments along the
coastline cliffs to the north and south of Lofoten (e.g.
Eggum and Henningsvær), linear valleys of the interior
of the islands such as Olderfjorden on Vestvågøya, and
the linear depression along Hadselfjorden and Ingelsfjorden (Fig. 11a). In Vesterålen, these lineaments can
be traced across Langøya to Andøya, where they bound
the southern margin of a Jurassic-Cretaceous basin on
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Fig. 9. Regional compilation map showing
distribution and tentative correlation of offshore fault populations 1 to 3. Note the presumed location of NW-SE-trending transfer
zones of Tsikalas et al. (2001). The offshore
separation of fault populations is based on
the time of initiation of each fault group, as
observed and interpreted in the seismic dataset. Abbreviations are: WLBF=West Lofoten
Border Fault, ELBF= East Lofoten Border
Fault, HF=Hamarøya Fault, MTZ=Mosken
Transfer Zone, JTZ= Jenegga Transfer Zone,
VTZ=Vesterålen Transfer Zone.

land (Dalland 1981). Similar basins have been found
offshore in Gavlfjorden and Sortlandsundet (Davidsen
et al. 2001; Fürsich & Thomsen 2005). In all these areas
the sedimentary basins are bounded by NNE-SSW (set
i) and ENE-WSW (set ii) striking faults producing zigzag-shaped basins. The third, NW-SE-striking set is
well displayed as rectilinear fault-fracture strands in the
westernmost Lofoten islands and on Langøya.
The relative timing of these onshore lineament trends
has been established from critical observations in the
map view, using the 3D simulator (Fig.12), and in field
exposures. The main features are: (a) the NNE-SSW set
is the most irregular-traced and is systematically off-set
and/or truncated by more linear ENE-WSW and E-W
sets, (b) an apparent curvature of the NNE-SSW set into
the ENE-WSW and E-W sets, and (c) the NW-SE-striking set in the west is rectilinear and consistently truncates all other sets. The systematic and efficient cross-cut
relationships observed in the field throughout Lofoten
(see below) suggest that the NNE-SSW set is the oldest (termed S1), the ENE-WSW and E-W sets are of
intermediate age (termed S2), and the NW-SE set is the
youngest (termed S3). Further support for this relative
chronology (see Table 1) is presented below using field
examples and by comparison with the offshore pattern. A
more detailed discussion on fault timing onshore is currently in preparation (Eig et al. in prep.).

Field observations
S1 lineaments
In general, the onshore NNE-SSW-trending lineaments
define narrow valleys and ridges with consistent planar
and steeply, c. 60º dipping surfaces, approaching a series
of domino-style fault blocks bounded by normal faults.
This geometry is clearly visible in the 3D terrain model
(Fig. 12a). In cliffs composed of foliated gneissic rocks
on Vestvågøya (Fig. 13a), more gently dipping S1 fault
surfaces display associated roll-over geometries, synthetic-antithetic planar fault patterns and fault-bounded
grabens. A very common feature observed in the 3D
elevation model is highly curved traces of S1 lineaments
(Fig. 12b), especially when they approach major ENEWSW-striking lineaments. In outcrop view, the regional
S1 lineaments are defined by a high density of brittle
faults and locally by metre-wide cataclastic deformed
fault rocks (e.g. see Pilskog Øverlid 1995), gouge breccias (Fig. 13c) and numerous second-order fractures.
Secondary and hydrothermal mineral precipitates (e.g.
epidote, chlorite, hematite, sulphides) are common on
S1 fault surfaces. These lineaments mostly define steeply
dipping normal faults and extensional fractures (Fig.
13b, d) with striations yielding a consistent down-dip
movement sense (Fig. 14a). Notably, the S1 faults have
superimposed splayed (relayed) faults, local duplexes and
en echelon shear zones with limited lateral extent and,
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Fig. 10. Compiled aeromagnetic survey in the
Nordland-Vøring
area
acquired by the Geological
Survey of Norway (see Olesen et al. 2007).

often, they die out along strike (Fig. 13e, f). In outcrop
scale they are found as fracture sets mostly present internally and closely linked to the adjacent S1 fault. In such
cases, merging and/or lateral bending of the main S1
fault into the splayed fault traces suggest they are temporally and spatially linked. Kinematic indicators in combination with dominant gently-plunging striations on the
fracture surfaces indicate oblique-normal slip character
with dominantly dextral, subordinately sinistral shear
senses (Fig. 14b). Their rather local occurrence and nontruncating character relative to the NNE-SSW lineament
sets, further suggest that they may have formed in dextral
transition zones between S1 faults.
A most probable explanation is that the NNE-SSW-striking lineaments (S1) originated as regional normal faults
and extensional fractures due to c. E-W extension and later
became reactivated and further evolved as dextral strikeslip faults and/or Riedel shear fractures (see Table 1).
S2-lineaments
These lineaments define a regional fracture array that
coincides with the main topographic depressions and
scarps along the dominant NE-SW to ENE-WSW trend
of the Lofoten archipelago. They are spatially most
common in the central part of Lofoten, i.e. Raftsundet,
decreasing in abundance eastward (Fig. 11). Northward
in Vesterålen and Andøya they have a slightly more
northerly trend which partly overlaps with the NNE-SSW
trend. In combination, S1 and S2 lineaments delimit a
regional onshore zigzag fracture pattern. A well-exposed

S2 fault system crops out in coastal cliffs south and west
of Eggum (Fig. 15) and may be directly traced along
strike into the offshore West Lofoten Border Fault. A general straight attitude, regional and systematic truncation
of S1 structures by these faults (Fig. 16a), and widespread
bending of S1 into S2 (Fig. 16b) support their relative
younger age.
In the exposure at Eggum, a pronounced semi-brittle
fault zone (c. 10 m wide) is composed of sinusoidal
lenses of the host-rock gneisses surrounded by undulating brittle faults and local cataclastic rocks (Fig. 15).
Conspicuous pseudotachylites and widespread hematite- and epidote-coated S2 fault surfaces are found
along strike farther east, at Ingelsfjord, Raftsundet and
in Vesterålen. Kinematic indications of down-to-theNNW normal motion are evidenced by local bending of
the adjacent, gently dipping foliation toward the brittle
S2 faults that characterise the outcrop at Eggum (Fig.
15). Also very clearly seen is a merging of the steeper
brittle faults into the gently dipping foliation, thus indicating the local effect of favourable foliation attitudes
(Fig. 15).
Most outcrop-scale S2 lineaments are normal faults
and extensional fractures with alternating down-tothe-SSE and NNW senses of motion, although an
additional component of dextral strike-slip motion is
obvious on the S2 faults in outcrop striation data (Fig.
14c). This oblique dextral component is possibly also
visualized in the 3D terrain model of Lofoten (Fig.
12b, c) by a sinusoidal interference pattern between
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Fig. 11. a) Interpreted Landsat satellite image of the Lofoten-Vesterålen onshore areas showing the main (undifferentiated) fault-fracture
lineament trends. (b) Onshore subdivision of the same but genetically related fault-fracture sets (S1, S2 and S3).

NNE-SSW-elongated ridges (crests) and NE-SW to
ENE-WSW-trending valleys. A good expression of
a map-scale, dextral curvature is where S1 faults and
basin-ridge systems parallel to Raftsundet are bent
into the ENE-WSW-trending Olderfjorden lineament
(Fig. 12b). The fact that such curvature is observable
on different scales throughout the Lofoten archipelago
is further support for the dextral strike-slip component on S2 faults.

S3-lineaments
In the western part of Lofoten and in Vesterålen, the regional
valleys and ridges have a more WNW-ESE to NW-SE trend
compared to domains farther east (Fig. 11). Fault scarps
and rectilinear gullies are well developed in the anorthosites on Flakstadøya and in gneisses on Moskenesøya (Fig.
12c, d). Additional field observations confirm, firstly, their
young relative age as inferred from systematic, rectilinear
truncation of all other lineaments. Secondly, they delimit
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many composite and splayed fracture arrays and conjugate
fault/ fracture sets located between distinct NW-SE-striking
major faults that approximately bisect the conjugate acute
angle (Fig.16c, d). Dextral and sinistral motions on these
conjugate arrays can be obtained in the field from local drag
effects and slickenside striations, supporting a shear fracture
origin with mostly dextral senses of shear (Fig. 14d). There
is also a tendency for these NW-SE-striking lineaments to
have affected the S1 and S2 lineaments in the form of large-
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scale curving and kinematic reactivation. An illustrative
example is observed in the 3D simulator by the interaction
of two valley-and-ridge sets north of Henningsvær (Fig.
12c); one trending ENE-WSW parallel to the Olderfjorden
lineament (S2), the other trending NW-SE (S3). Conceivably, the S3 lineament trends may have been dextrally bent
into a new and dominant NW-SE trend. The development
of straight faults and fractures parallel to the NW-SE trend
in the same area (Fig. 12d) supports this interpretation.

44

S. Bergh et al.

NORWEGIAN JOURNAL OF GEOLOGY

Fig. 12. 3D terrain images of
selected onshore areas in Lofoten:
(a) Southward views from
Hadselfjorden showing NNESSW-striking narrow valleys
and ridges with planar and
moderately dipping surfaces,
resembling domino-style fault
blocks bounded by normal
faults.
(b) Eastward view of main
topographic lineaments near
Raftsundet, Austfjorden and
Hadselfjorden. Note prominent curved traces of the S1
lineaments (red) and more
linear attitudes of S2 lineaments (black),
(c) View toward Vestvågøya
outlining S1 lineaments (in
red) along Gimsøyfjorden,
S2 lineaments (black) along
Olderfjorden and S3 lineaments (pale green) that obliquely truncate the former.
Note prominent curvature of
S2 into S3 north of Henningsvær.
(d) The same lineaments as in
c are visible on Flakstadøya in
the western part of Lofoten.

Population 3: Post-rift
sedimentation of a huge
seaward dipping wedge.
NE- to ENE-striking normal
faults with hanging wall
down-to-the-NW

Population 2: Main Cretaceous
syn-rift faulting, sedimentation
and basin formation. Planar
and listric normal faults and
growth faults, bounding
rotated half-grabens. NE to
E-W-striking and consistent
NW-dips

Population 1b: Proto-rift,
en-echelon stepping, WNWdipping, planar normal faults
with a dextral strike-slip component that formed antithetic
to population 1 faults in
major roll-over anticlines near
the Røst High.

Population 1a: Proto-rift
normal faults bounding local
half-grabens adjacent to
NNE-SSW-striking and ESEdipping, listric and lowangle
extensional detachments.
Major roll-over structures.

Late Cretaceous to
Palaeogene

Early to Late Cretaceous

Late Jurassic (?) to Early
Cretaceous

Permo-Jurassic

Offshore precursor to
the Vesterdjupet Fault
Zone and east-bounding
normal faults of the
Ribban and Vestfjorden
Basins and Havbåen
Sub-basin, and faults in
Sortlandsundet.
Offshore faults on western
margins of Træna, 
Hav- båen and Vestfjorden
basins. Onshore faults in
Andøya, Sortlandsundet
and along Tjeldsundet,
Raftsundet, Gimsøy- and
Nappstraumen.,

S1 lineaments: NNE-SSWstriking dip-slip normal faults
and tension fractures arranged
as right-stepping and parallel
arrays.

Offshore Vesterdjupet
Fault Zone and normal
faults synthetic to the
West and East Lofoten
Border Faults. Onshore
faults bounding Lofoten
Ridge and along Olderfjorden.

Offshore faults west of
Røst High and Andøya
on the seaward shelf
edge. Onshore faults in
western Lofoten and
Vesterålen.

Examples

Reactivated S1 lineaments
represent steep NNE-SSW-striking dextral oblique-normal
faults with splayed geometries,
duplexes and probably Riedel
shear faults.

S2 lineaments: ENE-WSW to
E-W-striking regional normal
faults and dextral transtensional
faults formed by reactivation of
the ENE-WSW-striking dextral
S1faults. Dextral curving of S1
faults toward S2

S3 lineaments: NW-SE-striking conjugate normal faults
and shear fractures formed by
incremental dextral reactivation
of major S2 faults.

Onshore fault groups

Table 1: Summary of offshore and onshore fault-fracture timing, correlation and tectonic events.

Offshore fault populations

Fault initiation and
last activity offshore

Orthogonal
WNW-ESE

Oblique WNWESE and incremental
NNW-SSE

Orthogonal and
oblique NW-SE

IncrementalNNE-SSW

Orthogonal
NW-SE

Extension trend

Table 1. Summary of offshore and onshore fault-fracture timing, correlation and tectonic events
Fault development and
chronology

-Initial footwall uplift of
Røst High and Lofoten
Ridge
-Fault-related subsidence
in Træna Basin

-Local footwall uplift
and differential sediment
loading

-Main footwall uplift and
tilting of Lofoten Ridge
and Marmæle Spur
-Fault-related basin subsidence

-Differential uplift and
erosion.
-Flexural subsidence and
differential sediment
loading

Uplift and
subsidence
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Fig. 13. Outcrop examples of S1 lineaments. (a) Horst-graben geometry of S1 faults and fractures in foliated gneisses on Vestvågøya. Note an
apparent roll-over structure to the right. View is to the north. (b) Cliffs north of Henningsvær showing prominent, steep, easterly dipping S1
faults and fractures. (c) S1 fault in mangerite near Eidfjorden, Vesterålen, comprising fault gouge breccias and cataclasites. Width of the fault is
c. 5 m. View is toward north. (d) S1 fracture sets in mangeritic outcrops along the shore north of Henningsvær. View is due north. (e) Splayed
and anastomosing S1 fractures in near-shore outcrops north of Henningsvær. (f) Details of structures from d and e. Note the splayed and stepwise geometry of S1 fractures and local termination of fractures in stepped tension veins. View is due north.

Discussion
The Lofoten-Vesterålen continental shelf, which is part of
the Norwegian-Greenland Sea margins, records a prolonged
and complex history of crustal stretching starting in the
Late Palaeozoic and lasting to the Late Cenozoic, i.e., a time
period of more than 200 million years (Ziegler 1988, 1989;
Blystad et al. 1995; Brekke 2000). Although Late Jurassic to

Early Cretaceous rifting has been considered the dominant
tectonic episode in the Lofoten-Vesterålen part of the MidNorwegian Shelf (e.g. Blystad et al. 1995; Doré et al. 1999;
Brekke 2000; Tsikalas et al. 2001), our data and interpretations clearly indicate that the proto-rifting event started in
the Permo-Jurassic by the formation of population 1a -1b
faults and related deep-seated basins. This event was followed by huge syn-rift deposition and basin-bounding
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Fig. 14. Equal-area, lower hemisphere stereonet diagrams of kinematic data for onshore brittle faults,
including S1 faults with (a) dip-slip
extensional and (b) reactivated dextral strike-slip character, (c) S2 faults
and (d) S3 faults. Striated fault data
are plotted as slip-linears in which
the pole of the fault is representing
a point with an arrow indicating
the movement plane (Goldstein &
Marshak 1988).

population 2 faults in the Late Jurassic(?)/Early Cretaceous
to Late Cretaceous, and culminating with continental break
up, oceanic crust formation and deposition of a post-rift
Late Cretaceous to Palaeogene sedimentary succession
bounded by population 3 faults on the seaward side of the
margin (cf. Lundin & Doré 1997; Brekke 2000). This complex crustal extension model may have been multiphase, but
also spatially and temporally variable, probably involving
successive and step-wise fault motions accommodated on
long-lived normal and strike-slip faults evident offshore as
well as onshore in Lofoten (Fig. 17 and Table 1). Critical for
the further derivation of a fully integrated onshore-offshore
fault tectonic model is, however, the feasibility of directly
linking onshore and offshore faults and fracture patterns,
the temporal-spatial and kinematic evolution of individual
fault groups and their effect on lateral shelf segmentation, in
conjunction with sedimentary and palaeogeographic reconstruction. These aspects are discussed briefly below.

Onshore-offshore fault linkage
The offshore pattern of faults and bounding structural elements of the studied shelf is remarkably similar to the faultfracture pattern obtained onshore (Fig. 17) and in our view
can be spatially and temporally linked (Table 1). This tenta-

tive correlation is confirmed by the following observations
and arguments (Figs. 17 and 18): (i) There is a close correspondence of fault population strikes, dips and geometries,
e.g. population 1a, 1b and 2 faults offshore display en echelon
and relayed geometries that match fully with the S1-2 lineament patterns onshore. (ii) The trace of the bounding faults
of the Lofoten Ridge (population 2) next to the Ribban,
Havbåen and Vestfjorden basins can be directly linked with
major onshore S2 faults, e.g., at Eggum and Ingelsfjorden. (iii)
The onshore polymodal (zigzag and sigmoidal) patterns are
produced by the interference of S1 and S2 lineaments; they
mimic the offshore interference of population 1a, 1b and 2
faults. (iv) The offshore population 1a and 2 faults can be fully
correlated with onshore S1 and S2 faults bounding the Jurassic-Cretaceous basin of eastern Andøya (Dalland 1981) and
near-shore basins in Gavlfjorden and Sortlandsundet (Davidsen et al. 2001, Fürsich & Thomsen 2005).
On the contrary, onshore analogues to offshore population
1b faults do not exist on a regional scale, but the S1 faults
(striking NNE-SSW) systematically curve or merge into
the ENE-WSW-striking S2 fault sets. Thus, by analogy, the
S1 faults may have been reactivated and further expanded
as major localised extensional and dextral strike-slip fault
strands (S2) in a time-progressive order. Similarly, the
youngest NW-SE-striking lineaments (S3) onshore are not
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Fig. 15. S2 normal fault systems exposed in a cliff section near Eggum. The S2 faults have similar strike but a steeper dip angle than the main
gneissic foliation. Note also local curving and internal reorientation of the brittle faults adjacent to the foliation.

fully correlative with those offshore based on the existing
dataset. This may either be due to the high angle of these
lineaments relative to the shelf margin and limited structural information from NE-SW-trending seismic lines, or
is a confirmation of their absence, at least in the outermost
part of the shelf (see Fig. 10, Olesen et al. 2007).

Temporal and spatial fault evolution
A variety of rift-tectonic models may produce lineament

patterns such as those observed in this study: (i) orthogonal and oblique rifting, (ii) a single but long-term rifting event including multiple fault evolution and local,
step-wise rotation of the principal stress axes, and (iii)
multistage, time-progressive rift evolution with successive rotation of the principal stress axes. These models
and their relevance to the present dataset are discussed
briefly below (Fig. 18 and 19).
Many continental rifts and passive extensional margins
tend to display zigzag fault patterns, e.g., the Suez rift of
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Fig. 16. (a) Outcrop near Raftsundet showing a systematic relationship of steep S1 faults truncated by S2 faults. View is due ENE. (b) S1 and
S2 fault interaction observed in a road cut just east of Raftsundet. Note the steep attitude and width of S2 faults with fragmental and gouge
breccias clearly cutting the more open-spaced S1 fractures. (c and d) Details of a linked and conjugate S3 fracture set in map and oblique section
view from Moskenes in westernmost Lofoten. View in d is toward NW.

Egypt (Gawthorpe et al. 2003), the East African rift system (Scott et al. 1992), the Rio Grande Rift (Baldridge et
al. 1994; Chapin & Cather 1994), rifts of Thailand (Morley et al. 2004), the North Sea (Færseth et al. 1997) and
the Mid-Norwegian Shelf (Caselli 1987; Blystad et al.
1995; Brekke 2000). Such fault patterns may be produced
either by successive orthogonal extension, oblique extension (Bonini et al. 1997) or by a combination of the two.
Oblique extension is considered important in the North
Sea where the overall Jurassic rift axis was inferred to be
c. W-E (Ziegler 1988; Bartholomew et al. 1993; Færseth
et al. 1997; Doré et al. 1999), i.e. oblique to the dominant
plate movement vector of opening of the NorwegianGreenland Sea. In such settings, en echelon and zigzag
normal fault arrays may develop synchronously during a
single-stage rifting event (Moustafa 1997; Smith & Durney 1992; Crider 2001). A similar interpretation can be
made for multiple fault patterns developed under noncoaxial three-dimensional strain (Reches 1978; NietoSamaniego & Alaniz-Alvarez 1997). In contrast, however,
individual en echelon fault patterns may form under rift-

normal or orthogonal extension, especially in the early
stages of the rifting event (Bonini et al. 1997). These early
faults may then act as precursors for larger normal faults
superimposed at a low angle to the former during progressive and favourable rotation of the principal stress
axes (Smith & Durney 1992; Crider 2001).
For the Lofoten-Vesterålen margin, a single prolonged
phase of NW-SE oblique, transtensional extension, as
proposed by Wilson et al. (2005, 2006), is in our view, a
too simplified approach (cf. Lundin & Doré 1997; Doré
et al. 1999; Mosar et al. 2002; Torsvik & Cocks 2005).
However, their model is based on a limited study in
eastern Lofoten, where the interaction and crosscutting
relationships of faults and fractures are less obvious.
Our proposed model, covering the entire margin, can
be attributed to successive and step-wise evolution and
migration of fault-fracture, offshore and onshore, and
probably responds to a clockwise rotation of the regional
stress axes (plate movement vectors) from E-W to NWSE, locally NNE-SSW. The evidence is discussed below
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(see Figs. 18, 19 and Table 1).
First, the evidence for a pre-Cretaceous or proto-rift initiation (cf. Nøttvedt et al. 1995) of population 1a faults
is convincing offshore, from the presence of thickened
sedimentary wedges adjacent to major ESE-dipping normal faults of the Træna Basin, Havbåen Sub-basin and
the Vestfjorden Basin (Fig. 18a-b, 19a-b). Population 1b
faults developed antithetically in the hanging walls of
population 1a detachments to accommodate for the roll-
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over stretching in a time-progressive order (cf. McClay
et al. 1991), thus temporally linking populations 1a and
1b faults to the proto-rift stage. Local and associated
footwall uplift can be inferred for population 1a faults
adjacent to the Røst High and Lofoten Ridge (Fig. 19b).
Furthermore, a proto-rift unconformity is inferred at
the base-Cretaceous level, which marks the transition to
the subsequent main rift stage (cf. Nøttvedt et al. 1995).
Onshore data for the S1 faults also support this protorift fault chronology and indicate a kinematic shift from

Fig. 17. Regional composite map linking offshore and onshore faults-fracture patterns along the Lofoten-Vesterålen margin.
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Fig. 18. (a-d) Chronologic and kinematic evolution model for the observed offshore (left) and onshore (right) fault populations and lineaments
combined with fault-basin restoration, sediment deposition and palaeogeography (Brekke et al. 2001; Henriksen et al. 2003; Statoil, unpublished data). Note the clockwise rotation of inferred strain field onshore used to explain the separate fault patterns.

pure extension to dextral-oblique strike-slip fault reactivation and associated Riedel shear fracturing during
this composite tectonic event (Fig. 18a, b). Such an intermittent kinematic shift may be explained by orthogonal
ENE-WSW extension followed by local oblique extension or, alternatively, by orthogonal extension followed

by NNE-directed dextral strike-slip reactivation in transition zones undergoing block rotation (Fig. 18a, b). The
right-stepping geometry of population 1a and S1 faults
and dextral merging of the superimposed population 1b
faults is supported by a similar attitude of many adjacent
basins and by paleogeographic reconstructions (Fig. 18a,
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b, Henriksen et al. 2003). In our model, the offshore Vestfjorden, Træna and Havbåen basins and related onshore
basins (Sortlandsundet and Andøya) may all have originated in the Permo-Jurassic as purely extensional basins
but later (Late Jurassic-Early Cretaceous?) evolved as
transtensional pull-apart basins (Figs. 18a-b and 19a-b)
at an oblique angle to the dominant, present-day margin.
Second, the offshore population 2 faults consistently dip
NW and were formed by eastward migrating and timeprogressive evolution of the Late Jurassic(?) population
1b faults (Fig. 18c, 19 c-d). As these population 2 faults
bound major Cretaceous basin-fill strata and influenced
the thickness and internal geometry up to the intra-Ceno-
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manian level, they are confirmed as syn-rift Cretaceous
faults. There is also evidence of footwall uplift and block
tilting adjacent to population 2 faults, e.g., Marmæle Spur
and Lofoten Ridge (Fig. 19c-d). Thus, the present NESW grain and architecture of the Vestfjorden and Ribban
basins may be attributed to major uplift and tilting of the
Lofoten Ridge and corresponding tectonic subsidence
and sedimentation, thus bridging the right-stepping, earlier basins (Fig. 18c). This active rifting stage was terminated by the development of a syn-rift unconformity at
the intra-Cenomanian level (Fig. 19c-d). Possible onshore
evidence of this erosion-tilting event is shown by eastdipping erosion surfaces on the Lofoten Ridge close to the
eastern bounding fault (Fig. 19f, Blystad et al. 1995). Such

Fig. 19. Tectonic restoration (backstripping) of offshore fault populations, basins and highs on the Lofoten-Vesterålen shelf using the seismic
section line L086R90-04 (see Fig. 4 for location). Note the time-progressive evolution and reactivation of individual fault populations at different time periods, for example, evolution of population 1b faults antithetic to population 1a detachments (19b) and successive truncation of the
detachment to produce population 2 faults in an eastward, time-propagating order (19c, d).
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Fig. 20. Fault-breaching model used to explain the apparent shelf segmentation by formation of accommodation zones between distinct population
1a, 1b and 2 faults offshore (after Trudgill & Cartwridge 1994). Frames show areas of lower-and upper-ramp breaches discussed in the text.

an evolutionary model (population 1b-2 offshore and S1S2 onshore) suggests a time-progressive, probably gradual
rotation of the regional extension trend from ENE-WSW
(population 1a-1b and S1) to NNW-SSE (population 2 and
S2), as outlined in figure 18a-c.
Third, the offshore population 3 faults are the youngest faults; they affected the Late Cretaceous to Palaeogene sedimentary wedge along the outer shelf edge (Fig.
18d). These strata and bounding population 3 faults
mark the onset of the post-rift or thermal relaxation
stage of rifting (cf. Nøttvedt et al. 1995). This stage was
accomplished by infilling of the remnant rift topography above the syn-rift unconformity (shown by baseTertiary strata onlapping Upper Cretaceous strata) and
subsequent build-up of the Palaeogene wedge by flexural subsidence and/or differential sedimentary loading (Fig.19d-e). Onshore fault-fracture arrays (S3) are
represented by NW-SE to E-W-striking normal and
oblique-slip faults that may have formed by transtensional reactivation of major S2 faults and possibly also
reactivation of earlier S1 fault arrays (Fig. 18b and d).
This model implies that the regional NNW-SSE extension trend was largely retained during the Late Cretaceous-Palaeogene but superimposed by a local or incremental NNE extension (Fig. 18d).
Fourth, the temporal evolution of faults and fault
motions inferred above is partly supported by new
apatite fission-track studies onshore (Hendriks &
Andriessen 2002; Hendriks 2003; Redfield et al. 2005).
Their data indicate a Mesozoic and, probably, Cenozoic
differential or block uplift-denudation history for the
Lofoten-Vesterålen area This is demonstrated by the

pattern og Jurassic and Cretaceous denudation ages,
including AFT age-jumps across known lineaments.
Further studies are required to test these findings (cf.
Wilson et al. 2006).

Faulting and margin segmentation
Lateral segmentation of extensional rift margins by
transfer faults is widely documented in continental rift
settings (e.g. Gibbs 1984; Lister et al. 1986) and passive
margins such as the Vøring Margin (Blystad et al. 1995;
Brekke et al. 2001). Transfer faults may cause an abrupt
change in the dip direction of a linked detachment and
modify the overall map pattern by bending and rotating
of fault traces. For the Lofoten-Vesterålen shelf, however,
the existence of NW-SE-trending transfer zones (Tsikalas et al. 2001) is partly refuted by the new magnetic and
gravity data (Olesen et al. 2007) and there is now a need
to discuss other explanations for the apparent shelf segmentation.
The problems with interpreting lateral segmentation
may be due to a confusing terminology. The term transfer
fault is well established. However, a transfer zone is used
for an area of deformation and bed rotation between two
normal faults formed at the same time (Morley 1995;
Faulds & Varga 1998). In contrast, an extensional accommodation zone or twist zone (Colletta et al. 1988) is one in
which oblique displacement is transferred from one halfgraben to another with opposite sense along an intrabasin ridge, where the faults need not have been active at
the same time (Rosendahl et al. 1986; Morley 1995; Peacock et al. 2000). Accordingly, the segmentation of the
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Lofoten shelf margin may have been caused by faultparallel accommodation zones, breached faults or lateral relay ramps and twist zones at different times (e.g.
Gawthorpe & Hurst 1993; Trudgill & Cartwridge 1994;
Peacock et al. 2000; Morley et al. 2004). Under such circumstances, temporal fault growth is accomplished by
linkage of small fault segments into composite structures in which the ramp and the earlier fault tip are
either in the hanging wall (upper ramp breach) or in the
footwall (lower ramp breach) (Fig. 20). A lower-ramp
breach may exist in the Træna and Ribban basins where
NNE-SSW-striking population 1a and 1b faults merge
into ENE-WSW- striking population 2 faults (Fig. 20).
A possible upper ramp breach system is inferred where
population 1b faults of the Havbåen Sub-basin merge
into population 2 faults near the West Lofoten Border
Fault (Fig. 20), i.e., they are located at sites where the
basins die out or terminate against the Lofoten Ridge.
Thus, accommodation zones and relay ramps may have
acted as barriers for along-margin fault propagation,
explaining among other things, the oppositely dipping
faults of these half-grabens (Fig. 19). The causal effect
of these processes on the shelf may be an apparent lateral segmentation, with ridge-basin domains bounded
by temporally different fault sets. For example, the oldest initiated population 1a-1b faults that dip to the ESE
prevailed in the central and eastern part of the shelf
(Vesterålen and Andøya segments of Tsikalas et al. 2001)
whilst the younger, population 2 and 3 faults, dipping
NW, developed extensively in the southern (Lofoten
segment) and on the outermost shelf edge (cf. Hendriks
& Andriessen 2002).
For the Lofoten-Vesterålen archipelago onshore, Olesen et al. (1997, 2002) claimed the existence of several
NW-SE-trending transfer zones. One such zone was
the Vesterålen Transfer Zone. This was inferred to run
through Vesterålen, splitting up this eastern province into
crustal blocks. In our view, the Vesterålen Transfer Zone
constitutes a local, strike-parallel accommodation or
twist zone that coincides with a step-over along the trace
of the S1 Gullesfjorden Fault (Fig. 11). The generation
of step-wise crustal blocks and transition zones between
them may have been established during S1 faulting along
Nappstraumen, Gimsøystraumen, Raftsundet, Øksfjorden and Tjeldsundet. Also, the widely observed regionalscale curving and termination of S1 faults into S2 fault
traces (Fig. 12b, c) and S2-S3 overlap patterns (Fig. 12d)
may be further expressions of interacting transfers of
faults, relay ramps and breached structures onshore.
Finally, the character and orientation of basement fabrics may have exerted a certain influence on lateral segmentation (cf. Wilson et al. 2006). In Lofoten, most plutonic rocks are homogeneous, while pervasive gneissic
foliations are on the whole randomly distributed (Tveten
1978). When present, ductile fabric orientations are
mostly oblique to the regional NW-SE extension direction proposed by Wilson et al. (2006), and may thus indi-

NORWEGIAN JOURNAL OF GEOLOGY

cate that the pervasive fabrics exerted a limited influence
on the evolution of brittle faults. Alternatively, they were
reactivated as new and favourable brittle fault directions
(Wilson et al. 2006). Our conclusion, however, is best supported by the fact that major NE-SW-striking, S2 faults
show a systematic and consistent truncation of the basement fabric grains (Figs. 3 and 11). An exception is the
S2 fault at Eggum, where the local foliation is parallel to
the West Lofoten Border Fault (Fig. 15). Another exception is the coincidence of NW-SE-striking gneiss foliation belts and S3 brittle fault strands in western Lofoten,
suggesting that S3 faults there may be anomalous to the
regional stress pattern (Wilson et al. 2006), but possibly
coincident with the Senja Shear Belt trend farther north
(Henkel 1991; Zwaan 1995; Corfu et al. 2003).
Offshore, some large-scale variations in the basement
fabric trends and long-lived fault zones and fault dips
may have had an influence on the evolution of brittle
faults (e.g. Gabrielsen 1984). An example is where
regional SSW-plunging Caledonian and late-Scandian,
Devonian depressions occur, e.g., beneath the Helgeland and Træna Basins, and possibly also the Vestfjorden Basin (Rykkelid & Andresen 1994; Braathen et al.
2002; Olesen et al. 2002; Skilbrei et al. 2002; Osmundsen et al. 2007). In other domains more local but pervasive Precambrian fabric grains exist (Klein & Steltenpohl 1999, Klein et al. 1999, Steltenpohl et al. 2004).
Accordingly, twist zones may have been located where
basement culminations and depressions pinched out
along strike (Olesen et al. 2002). We favour interpreting
population 1a and 1b faults and adjacent Permo-Jurassic basins (Træna, Vestfjorden) as having initiated along
the ESE- and WNW-dipping flanks of such depressions which were in favourable orientations during the
Permo-Jurassic extension (Fig. 18a, b). The pinchingout of these basement trends northward along strike
and transitional to more homogeneous Precambrian
rocks favours localisation of accommodation zones and
sites of apparent lateral segments (Olesen et al. 2002).
The younger population 2 and 3 faults, however, formed
with a consistent oceanward dip, but at a relatively low
angle to the eastern flanks of these basement-seated
depressions. The latter NE-SW to ENE-WSW trend,
however, coincides with the Møre-Trøndelag Fault
Complex further south (Grønlie & Roberts 1989; Braathen et al. 2002; Osmundsen et al. 2002, 2007). More
work is needed to further evaluate the basement effects,
onshore as well as offshore.

Regional tectonic model
Plate reconstructions of the Norwegian-Greenland Sea
and passive margins (Ziegler 1988, 1989; Lundin & Doré
1997; Doré et al.1999; Roberts et al. 1999; Mosar et al.
2002) and recent reviews of palaeomagnetic anomalies
(Roest & Strivastava 1989; Torsvik et al. 2001a, b, Mosar
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Fig. 21. Crustal-scale fault evolution model of the Lofoten-Vesterålen continental margin based on Figs. 18 and 19. Note the polarity shift between fault populations 1a-b offshore (S1 and S2 faults onshore) and a corresponding change from upper-plate to lower-plate margin characteristics (cf. Lister et al. 1986). The crustal sections are modified after Mosar et al. (2002), Olesen et al. (2002) and Tsikalas et al. (2005).

et al. 2002, Olesen et al. 2007, Torsvik & Cocks 2005) suggest progressive E-W directed rifting from the PermoJurassic (250-150 Ma) to Early Cretaceous (100-90 Ma),
followed by a more WNW-ESE to NW-SE opening trend
in the Early/Late Cretaceous and Palaeogene, and ending
with uniform NW-SE oceanic spreading in the Eocene.
This chronology and the inferred changes in plate motion
directions can be compared with our proposed fault evolution model.
From our analysis, a three-phase fault evolution and rift
model is advocated (Fig. 18 and Table 1), involving: (1)
proto-rift WNW-ESE orthogonal extension followed by
NNW-SSE-directed oblique extension with dextral Riedel shearing, (2) syn-rift NNW-SSE directed regional,
oblique extension and progressive dextral strike-slip
shearing, and (3) post-rift uniform NNW-SSE extension, and continued, but local, NNE-SSW-directed
strike-slip shearing or, alternatively, progressive oblique
extension in a regional NW-SE extension field. This
multiphase fault evolution model requires a progressive clockwise rotation of the regional stress axis from
c. E-W to NNW-SSE at specific time-space intervals. In
this context, earlier stepping normal faults (population
1a-1b and S1) and oblique basins and ridges may have
acted as precursors to the subsequent transtensional
faults (population 3 and S3) and linked, margin-parallel
basins.

Absolute timing of the onshore faults is critical for further confirmation of the model. Our tentative fault
chronology and fault development history largely agrees
with known tectonic events along the Vøring and MøreTrøndelag margins (Lundin & Doré 1997, Brekke 2000).
In this perspective, the initiation of proto-rift population
1a and 1b faults (S1 onshore) during overall WNW-ENE
extension can be confined to the Permo-Jurassic rifting
trend that may have lasted until the Early Cretaceous
(Doré et al. 1999). Population 2 faults (S2 onshore) can
be linked to the main syn-rifting event in the Early to
Late Cretaceous as a result of a change to a more NWSE regional plate motion, while population 3 faults (S3
onshore) marked the onset of uniform NW-SE oceanic
spreading in the Palaeogene (e.g. Olesen et al. 2007).
Moreover, our integrated data support asymmetric plate
rifting (cf. Lister et al. 1986, 1991) and formation of a
passive margin that changed character from upper to
lower plate configuration (Fig. 21). The margin evolution
may have started with the formation of shallow-level,
continentward dipping detachments (population 1a)
and being followed by seaward dipping detachments at a
deeper crustal level (populations 1b and 2) (Fig. 21). During this shift, crust instabilities may have caused doming
and uplift of the central Lofoten area as a metamorphic
core complex (cf. Steltenpohl et al. 2004; Osmundsen et
al. 2005).
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Conclusions
1. The Lofoten-Vesterålen archipelago and adjoining offshore shelf share a similar and multiphase tectonic evolutionary history. The present zigzag and curved architecture of basins and ridges is produced by the interaction of temporally and spatially evolving faults offshore
(populations 1a, 1b, 2 and 3) and onshore (S1, S2 and S3
faults). The faulting may be ascribed to distinct rifting
events starting in the Permo-Jurassic (proto-rift), lasting
through the Cretaceous (syn-rift) and ending in the Palaeogene (post-rift) (cf. Doré et al. 1999).
2. A three-stage fault evolution model is suggested as follows: (1) Population 1a (S1 onshore) faults initiated in
the Permo-Jurassic where WNW-ESE orthogonal extension was pervasively distributed across weakly interacting, stepwise arrays of NNE-SSW-striking normal faults
and basins. Local NNW-SSE oblique extension later in
the Jurassic (?) generated antithetic faults offshore (population 1b) and probably reactivation onshore as well as
in transition zones between major S1 faults and basins.
(2) A main stage of Early to Late Cretaceous basin-andmargin fault evolution was accomplished by a change to
a NNW-SSE extension direction and oblique reactivation
of population 1a-1b and S1 faults producing major ridgebasin bounding, extensional and dextral strike-slip faults
(population 2 and S2 faults). (3) Continued regional
NNW-SSE extension with local incremental rotation and
NNE-directed shear stresses produced population 3 and
S3 faults and fractures. All the established fault-fracture
sets may have been accomplished by further brittle reactivation in the Cenozoic. This multiphase fault evolution
model requires a progressive clockwise rotation of the
regional stress axis from c. E-W to NNW-SSE within the
Mesozoic-Palaeogene intervals.
3. Systematic relative age, cross-cutting relationships and
kinematic variance between the different fault populations throughout Lofoten support the proposed timing
and fault evolution model. Our interpretation deviates
from Wilson et al. (2005, 2006) who applied a uniform
WNW-ESE extension vector for eastern Lofoten. In their
model, various fault patterns were activated synchronously in segmented domains at different angles to the
presumed regional extension.
4. The extent and nature of lateral segmentation by NW-SEtrending transfer zones (Tsikalas et al. 2001, 2005; Olesen et
al. 1997, 2002) inboard of the Lofoten shelf margin is questioned based partly on new gravity-magnetic data (Olesen
et al. 2007) and also on the present dataset. In our view, the
reason for lateral segmentation is a temporal (Permo-Jurassic to Palaeogene) and spatial initiation of population 1 to
3 faults offshore and corresponding fault-fracture evolution
onshore (S1-S3 faults). The initiation of different fault sets
at different times may reflect (i) northward pinching-out of
regional scale SSW-plunging Caledonian-Devonian basement depressions and transition to more homogeneous
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Precambrian fabrics, and (ii) a time-progressive change in
the regional extension vector. In this scenario, fault-parallel
accommodation zones with breached faults and lateral relay
ramps (e.g., Peacock et al. 2000; Olesen et al. 2002) formed
when attempting to link the older, oblique (Permo-Jurassic)
basins and the younger, ridge-parallel (Cretaceous) basins
and bounding faults.
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