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1  |   INTRODUCTION

Continental rifts are built on a continental crust that during 
rifting undergoes a history of stretching, thinning and subsid-
ence. The overall rift history is well recorded by the basin 

fill and its stratigraphic relations to faults and fault activity, 
but how and to what extent this deformation was accom-
modated by the basement and the role of prerift structures 
may be less clear. Exhumed rift margins commonly expose 
the basement with its prerift structure but may be difficult 
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Abstract
Although seismic and stratigraphic well information put tight constraints on rift basin 
evolution, eroded rift shoulders commonly expose polydeformed prerift basement 
whose deformation history may be difficult to constrain. In this work, we apply K-Ar 
dating of fault gouge samples from 18 faults to explore the brittle deformation of the 
well-exposed eastern rift margin to the northern North Sea rift. We find evidence of 
clay gouge formation since the Late Devonian, with distinct Permian and Jurassic 
fault activity peaks that closely match early stages of the two well-established North 
Sea rift phases. A marked decay in fault density away from the rift margin confirms 
a close relationship between rifting and onshore faulting. The results show that ini-
tial rift-related extension affected a much wider area than the resulting offshore rift. 
Hence our data support a rift model where strain is initially distributed over a several 
100  km wide region, as a prelude to the development of the ~150–200  km wide 
Permo-Triassic northern North Sea rift as defined by large marginal faults. Towards 
the end of the second rift phase, strain localises even more strongly to the 25–50 km 
wide Viking Graben. Interestingly, a period of early widespread extension is seen for 
both phases of North Sea rifting and may be a general characteristic of continental 
rifting. The documented prerift faulting and fracturing of the basement since the 
Devonian weakened the basement and probably facilitated the widespread initial ex-
tension that subsequently localised to form the northern North Sea rift, with further 
localisation to its relatively narrow central part (Viking Graben).
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or time-consuming to assess in terms of rift-related faulting 
and structural reactivation. In this work, we explore brittle 
faulting in the crystalline Caledonian and Proterozoic crust 
of SW Norway, immediately east of the northern North Sea 
rift. This area (Figure 1) is crisscrossed by faults and frac-
tures that, apart from postdating Caledonian (Ordovician-
Early Devonian) ductile deformation structures, are poorly 
constrained in terms of age (e.g. Braathen,  1999; Fossen 
et al., 2016; Gabrielsen et al., 2002; Ksienzyk et al., 2016; 
Larsen et al., 2003). Unresolved questions include: To what 
extent was the basement affected by faulting prior to rift 
initiation in the Permian? How much of the onshore fault-
ing is related to the North Sea rifting, and how far away 
from the rift can we trace the signature of rifting? And what 
can our knowledge of onshore basement tell us about the 
poorly known crystalline basement underneath the northern 
North Sea Rift fill? To address these questions, we present 
K-Ar dates of 18 fault gouge samples from the Sognefjord-
Nordfjord area and combine those results with published data 
from the Bergen and Bømlo areas to the south (Figure  1). 
Based on the total dataset we demonstrate that rift-related ex-
tension affected the basement far into the onshore rift margin 
and that this wide-spread extension and related faulting pre-
dated the main rift event.

2  |   GEOLOGIC SETTING

Southwest Norway represents the east margin of the north-
ern North Sea rift (Figure 2). It exposes Proterozoic Baltican 
crust and overlying lower Paleozoic metasedimentary 
rocks that were reworked during the Caledonian orogeny 
and allochthonous Caledonian units of continental margin 
and oceanic affinity. Also preserved are post-Caledonian 
Devonian basins in the hanging wall of the Nordfjord-Sogn 
Detachment Zone (NSDZ) – the largest of several Devonian 
extensional shear zones that formed immediately after the 
Caledonian collisional history (Fossen, 2010).

The northern North Sea rift basin formed during a two-
phase rift history that is well known from about 50 years of 
extensive hydrocarbon exploration. The first rift basins initi-
ated in the Permian with an Early Triassic climax, followed 
by a Middle to Late Jurassic phase that locally extended into 
the Early Cretaceous (Færseth,  1996; Roberts et  al.,  1995; 
Steel & Ryseth,  1990). A thick postrift sequence was de-
posited between the two rift phases. Some faults show evi-
dence of tectonic activity also during this period, implying 
that rifting was not completely turned off during this Middle 
Triassic to Middle Jurassic period (Deng et al., 2017; Ravnås 
et  al.,  2000). In the Early Cretaceous, rifting was focused 
along the future North Atlantic margin north and west of the 
northern North Sea rift, with important rift stages in the Early 
Cretaceous, middle Cretaceous and Paleocene, culminating 

in the continental breakup in the early Eocene (e.g. Doré 
et al., 1999).

East of the Viking Graben, in the offshore Horda Platform 
area near the coast (Figure 1), most of the faulting occurred 
during the Permo-Triassic (first) rift phase, with normal 
offsets up to several kilometres (Figure 1, profile). In con-
trast, the second rift phase involved much less strain and 
smaller displacements on reactivated faults (Bell et al., 2014; 
Færseth,  1996; Odinsen et  al.,  2000; Phillips et  al.,  2019). 
North of 61°N, in the Måløy Slope area, the situation is 
different: Here the rifting appears to be almost entirely 
Jurassic-Early Cretaceous, with the Permo-Triassic extension 
and deposits occurring farther west. The absence of Permo-
Triassic rifting in this area can be documented from seismic 
and supporting well data (Figure 3). These data show Jurassic 
sediments deposited directly on the crystalline basement, 
with the total basement fault offsets accommodating Jurassic-
Cretaceous synrift deposits. The expansion of the sedimen-
tary cover in the hanging wall to the main fault in Figure 3 
shows that faulting occurred from the Middle Jurassic and far 
into the Cretaceous.

Onshore southwestern Norway, the prerift basement is 
dissected by numerous post-Caledonian extensional faults 
showing a wide range in orientation (Braathen,  1999; 
Fossen,  1998; Fossen et  al.,  2016; Gabrielsen et  al.,  2002; 
Ksienzyk et  al.,  2016; Larsen et  al.,  2003). Coast-parallel 
faults are particularly well represented, together with NE and 
NW trends (Fossen et al., 2016). Some of the largest faults 
formed partly or fully by the reactivation of Devonian exten-
sional shear zones at brittle crustal depths, notably the low-
angle Lærdal-Gjende and Dalsfjord faults that are discussed 
below. However, the majority of the brittle faults are steeper 
and crosscut all ductile structures. The general absence of 
post-Middle Devonian stratigraphic markers makes it diffi-
cult to constrain the age of these structures beyond the fact 
that they postdate Early Devonian ductile fabrics.

An interpretation of lineaments, from digital elevation 
models and bathymetric data (~10 m resolution) and Google 
Earth imagery, is shown in Figure  4. This lineament map 
was produced by the manual tracing of lineaments longer 
than roughly 1  km and is biased by the manual lineament 

Highlights

•	 North Sea rifting followed an initial low-strain 
phase of widely distributed extension

•	 K-Ar dating of fault gouge reveals extension 
>100 km into the rift shoulder

•	 Reactivation of basement structures was wide-
spread during early stages of rifting
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identification and variations in lithology and exposure, al-
though the degree of exposure at this scale is good in all parts 
of the region, particularly at high elevations. Our five profiles 
in Figure 4 show an increase in fault density towards the coast, 
with a coastal density that is 5–8 times higher than 100 km 
into the mainland. This is consistently expressed by each pro-
file, suggesting that this increase towards the rift is real, at 
least qualitatively. The observation, therefore, suggests that 
the majority of the faults along the coast are rift related. Most 
of these lineaments represent faults with slip surfaces, many 
with only metres to tens of metres of displacement, but some 
with larger displacements. Where well exposed, these faults 

typically show a zone of cataclasite and an internal zone of 
incohesive fault gouge. Cohesive fault rocks (cataclasites) are 
generally assumed to represent deep upper crustal formation, 
and incohesive fault gouge represents shallower (0–4  km) 
deformation (Sibson, 1977). Regionally, however, K-Ar fault 
gouge illite ages as old as late Devonian/early Carboniferous 
(this work) and cohesive cataclastic fault rocks as young as 
Jurassic/Cretaceous (40Ar/39Ar dating: Eide et al., 1997; pa-
leomagnetic dating: Andersen et al., 1999) occur. Therefore, 
this assumption may work with respect to relative ages at the 
outcrop scale, but it cannot be used as an absolute criterion 
for depth or age of faulting.

F I G U R E  1   Structural setting of the northern North Sea rift and its eastern shoulder. Cross-section based on offshore 3D seismic data, except 
for the westernmost part which is uncertain. Sampling localities are indicated. Red lines are Devonian shear/fault zones reactivated at later stages. 
AF, Austefjord Fault; BASZ, Bergen Arc Shear Zone; BF, Bortnen Fault; DF, Dalsfjord Fault; HSZ, Hardangerfjord Shear Zone; HF, Hjeltefjord 
Fault; HB, Hornelen Basin; LGF, Lærdal-Gjende Fault; NSDZ, Nordfjord-Sogn Detachment System; RP, Rift Phase; SB, Solund Basin; ØFS, 
Øygarden Fault System 
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F I G U R E  2   Map of the onshore geology and near-shore top crystalline basement fault pattern connected by bathymetric data along the coast 
(see Figure 1 for location). Fault gouge sample locations are shown with local fault orientations indicated. Fault interpretation is based on an 
onshore 10 m elevation model and field observations, bathymetry data (Olex), and marine seismic 3D data (CGG) in the western part. Note that 
the Nordfjord Sogn Detachment Zone is a several km-thick shear zone below (east of) the Devonian basins, whereas the red dashed line merely 
represents brittle faulting in the upper part of this zone. Note that only prominent onshore faults/lineaments are shown here. See Figure 4 for a 
comprehensive interpretation of onshore structures 
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3  |   K-AR DATING 
METHODOLOGY AND 
INTERPRETATION APPROACH

K-Ar and 40Ar/39Ar analyses of fault gouge samples have be-
come well-established dating methods for clay-gouge bearing 
brittle faults (e.g. Bense et  al.,  2014; Ksienzyk et  al.,  2016; 
Löbens et  al.,  2011; Torgersen et  al.,  2014; van der Pluijm 
et al., 2001; Viola et al., 2016; Vrolijk et al., 2018; Zwingmann 
& Mancktelow, 2004; Zwingmann et al., 2010). We applied the 
K-Ar method to 18 faults sampled in relatively fresh quarries, 
road cuts or tunnel sections along the coast of SW Norway and 
up to 150 km inland (see Figure 2 and Supplementary infor-
mation for sample locations). Three grain-size fractions (2–6, 
<2 and <0.2 µm) were analysed for each sample, according to 
analytical procedures presented in the Supporting information.

When several grain size fractions separated from a fault 
gouge sample are dated, they often display a range of ages, 
where the ages typically correlate with grain size, i.e. the 
coarsest dated gain size fraction gives the oldest age (e.g. 
Ksienzyk et al., 2016; Löbens et al., 2011; Solum et al., 2005; 
Torgersen et  al.,  2014; van der Pluijm,  2001; Zwingmann, 
Mancktelow, et  al.,  2010). Several processes may contrib-
ute to produce such inclined age spectra. Thermally acti-
vated volume diffusion of radiogenic 40Ar can reset K-Ar 
ages in fault gouges (e.g. Uysal et  al.,  2006; Zwingmann 
et  al.,  2010), but is unlikely to affect even the finest grain 
size fraction at a temperature below 250°C (e.g. Torgersen 

et al., 2014). Hence, the two main processes that need to be 
considered are mixing with older K-bearing minerals (e.g. 
muscovite, K-feldspar, hornblende) inherited from the host 
rock (Torgersen et al., 2014, 2015; Zwingmann, Mancktelow, 
et al., 2010) or fault reactivation producing two or more gen-
erations of authigenic illite (Bense et  al.,  2014; Torgersen 
et al., 2014; Viola et al., 2016).

At the root of the problem lies the impracticality of phys-
ically separating authigenic illite, the target mineral for K-Ar 
dating, from other fine-grained components of the fault 
gouge. Physically separating different generations of illite 
that might have grown in a fault is even less achievable. As 
a consequence, almost all separated grain size fractions are a 
mixture of minerals that can either be inherited from the host 
rock or neocrystallised in the fault. All minerals that contain 
potassium will contribute to the K-Ar date, and thus many 
fault gouge fine-fraction ages are, to a greater or lesser de-
gree, mixed ages that require careful evaluation to decrypt 
the age of one or more periods of fault activity versus the in-
fluence of inherited host rock minerals (e.g. Torgersen et al., 
2015; Viola et al., 2016; Vrolijk et al., 2018).

The presence of inherited K-bearing minerals can be 
determined by routine XRD analyses. K-feldspar and horn-
blende are easily identified, whereas muscovite, due to its 
similarity to illite, is more challenging to detect but may be 
distinguished from authigenic illite by its higher crystallin-
ity (lower Kübler Index) or different polytypes (e.g. Löbens 
et al., 2011; van der Pluijm et al., 2001; Vrolijk et al., 2018). 

F I G U R E  3   Seismic line through well 36/1-1 in the Måløy Slope (see Figure 2 for location), showing Middle Jurassic overlaying crystalline 
basement (red colour). Photo of the cored crystalline basement is shown. The small faults show similar offsets at top basement and Jurassic levels. 
The main fault east of well 36/6-1 holds a hanging-wall growth sequence that constrains the entire fault history from Middle Jurassic to Cretaceous. 
No evidence of pre-Jurassic faulting is seen 
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The contribution of any mineral to the age of the dated fine 
fraction depends on the amount of the mineral present, its 
K-content and age. The following generic examples demon-
strate the effect of each of these three variables. They have 
been calculated using a mixture modelling spreadsheet (de-
veloped by R. van der Lelij, Geological Survey of Norway), 
that takes into account the amount, K-content and age of each 
mineral to estimate the effect of different mineral phases on 
the age of fault gouge samples:

Example (1) Mixing 95% Early Jurassic illite (200 Ma, 6 wt% 
K) with 5% Early Devonian K-feldspar (400 Ma, 14 wt% K), will 
change the age of the dated fine fraction by 12% (to 223 Ma).

Example (2) Mixing 95% Early Jurassic I/S (mixed-layer 
illite/smectite; 200 Ma, 1 wt% K) with 5% Early Devonian 
K-feldspar (400 Ma, 14 wt% K) will changes the age of the 
dated fine fraction by 44% (to 288  Ma). Due to the lower 
potassium content (cf. example 1), I/S is more vulnerable to 
contamination.

Example (3) Mixing 95% Early Permian illite (300 Ma, 6 
wt% K) with 5% Early Devonian K-feldspar (400 Ma, 14 wt% 
K), will change the age of the dated fine fraction by only 4% 
(to 311 Ma). The smaller age difference between illite and 
K-feldspar (cf. example 1) diminishes the impact of contami-
nation on the sample age.

F I G U R E  4   Onshore lineament map, 
based on Google Earth imagery and assisted 
by a 10 m elevation model onshore (gently 
illuminated from the W), combined with 
lineament interpretation from bathymetry 
map near-shore and broadband 3D seismic 
data provided by CGG offshore. Underlap 
between the latter two datasets is marked 
gray. Most lineaments represent relatively 
minor faults. The 5 profiles show a general 
increase in lineament density from the 
inland towards the coast. Lower density 
in the west is due to lower offshore data 
resolution. Stars indicate sample locations 
and are colour-coded for interpreted age of 
fault activity. Unnamed localities are from 
Ksienzyk et al. (2016). BF, Bortnen Fault 
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Example (4) Mixing 95% Early Jurassic illite (200 Ma, 6 
wt% K) with 5% Early Devonian hornblende (400  Ma, ~1 
wt%  K is the average value for representative hornblende 
from W-Norway; Boundy et al., 1996; Fossen & Dunlap, 
1998), will change the age of the dated fine fraction by only 
1% (to 202 Ma). The low K-content (cf. example 1) makes the 
hornblende a weaker contaminant than K-feldspar.

The ages of potentially problematic minerals from the 
host rock of the dated faults have been determined by several 
earlier studies: 40Ar/39Ar hornblende ages from West Norway 
range from ~420 to 395 Ma (Boundy et al., 1996; Chauvet 
& Dallmeyer, 1992; Fossen & Dunlap, 1998), whereas the 
majority of K-Ar and 40Ar/39Ar muscovite ages fall between 
~420 and 385 Ma (Berry et al., 1995; Chauvet & Dallmeyer, 
1992; Fossen & Dallmeyer, 1998; Fossen & Dunlap, 1998, 
2006; Walsh et al., 2007; Young et  al.,  2011). 40Ar/39Ar 
K-feldspar analyses gave complex age spectra but gener-
ally slightly younger ages (Arnaud & Eide, 2000; Dunlap 
& Fossen, 1998; Eide et al., 1997, 1999). We have assessed 
the effect of inherited hornblende, K-feldspar and musco-
vite, when present, for each dated grain size fraction based 
on these known ages. If the effect is expected to be minor 
(within the uncertainties of the method, e.g. examples 3 and 
4), the fine fraction ages are considered for further interpreta-
tion. If the effect is clearly exceeding the uncertainties of the 
method (2 σ typically 5%–10%; e.g. examples 1 and 2), the 
respective age is considered to be a mixed age and excluded 
from further interpretation.

Although the influence of inherited K-bearing minerals 
can occasionally explain the entire range of grain size frac-
tion ages in a sample, many samples show a considerable 
spread in ages even after the influence of other K-bearing 
minerals has been ruled out or affected ages have been ex-
cluded. We interpret this to be a sign of fault reactivation 
where illite has either grown repeatedly or over extended 
periods of time, resulting in different generations of illite 
(e.g. Ksienzyk et  al.,  2016; Torgersen et  al.,  2014; Viola 
et al., 2016). Identifying different illite generations can be 
challenging, but may be based on discrete illite versus I/S, 
different illite crystallinities or different polytypes (e.g. 
Solum et al., 2005; Haines & van der Pluijm, 2008; Bense 
et al., 2014; Vrolijk et al., 2018). Although faults can be re-
activated multiple times, resulting in multiple generations 
of illite, generally only two endmembers can be resolved, at 
best, in a single sample (with several grain-size fractions an-
alysed). A more detailed reconstruction of a fault's history 
requires a detailed sampling of different fault domains (e.g. 
Scheiber et al., 2019; Viola et al., 2016). This has not been 
attempted in this study, which aimed to obtain a regional 
overview. Nevertheless, in several samples, two different 
illite generations can be distinguished and their effect on 
the age of each grain size fraction can be assessed similarly 
to the effect of other K-bearing mineral phases, with the 

major caveat that assumptions have to be made about the 
age of the different illite generations. The rules described 
above are applied here as well: Grain size fraction ages that 
can with some confidence be assigned to one illite gener-
ation or are only slightly affected by mixing with another 
illite generation (i.e. the effect is considered to be within 
the uncertainties of the method) are interpreted to date il-
lite growth in the fault. Ages where the effect of mixing 
of different illite generations is expected to exceed the un-
certainties of the method, moreover, are rejected as mixed 
ages. Based on these considerations, we have assigned each 
K-Ar grain size fraction date to one of the following cate-
gories (Table  1): (a) Fault activity/reactivation – the age 
corresponds to the growth of illite or I/S during fault activity 
and the effect of contamination with other age components 
is considered to be minor. (b) Approximate fault activity/re-
activation (or max./min. age fault activity/reactivation) – the 
age is affected by some contamination with one or more age 
components, but is still considered to be geologically mean-
ingful as it can provide a maximum or minimum age for fault 
activity. (c) Mixed age – different age components contribute 
to the age to such a degree that a geologically meaningful 
interpretation has not been attempted. We would like to high-
light once more, that some degree of contamination by ei-
ther inherited wall rock minerals or different authigenic illite 
phases can never be ruled out entirely and thus all ages, even 
those in category 1, are to some degree mixed ages. However, 
we use these categories as a practical means to distinguish 
between ages where we interpret the effect of contamination 
to be small enough as to be geologically irrelevant (category 
1), moderate (category 2) or significant enough to make a 
meaningful interpretation impossible (category 3).

The finest grain size fraction is generally least affected by 
host rock inheritance and most likely to date the last occurrence 
of illite growth in the fault (e.g. Torgersen et al., 2014; Viola 
et al., 2016). Except for a few cases where host rock inheri-
tance or mixing with an older generation of authigenic illite can 
be demonstrated, we interpret the ages of the finest analysed 
grain size fractions (<0.2 µm in our case, <0.1 µm in Scheiber 
&Viola (2018); Viola et al., 2016, and Scheiber et al., (2019)) 
as the last episode of fault activity that caused the growth of 
illite or I/S and can thus be detected by the K-Ar dating method. 
The coarsest grain size fractions are generally most strongly 
affected by host rock inheritance. However, if the absence of 
any inherited K-bearing minerals can be demonstrated, or their 
influence is considered to be minor, the coarse fraction may 
date an earlier period of fault activity. Thus, in some faults, two 
periods of fault activity can be recorded in the K-Ar fault gouge 
data. The intermediate grain size fraction ages are most often 
mixed ages. However, they can occasionally overlap with the 
age of either the fine or coarse fraction, when illite authigene-
sis was extensive enough to generate illite over a larger range 
of grain sizes (Viola et  al.,  2016). When two or more grain 
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size fractions overlap in age, forming an age plateau, this age 
is interpreted to represent extensive illite crystallisation corre-
sponding to a significant event in the fault's history.

4  |   SAMPLES, RESULTS AND 
INTERPRETATIONS

The ages obtained for each of the three grain-size fractions 
(2–6, <2 and <0.2 µm) are presented in Table 1. Ages within 
the entire dataset range from Late Devonian (374  Ma) to 
Paleocene (57  Ma). The spread of ages within individual 
samples varies from 24 to 139 Ma with an average of 80 Ma, 
and ages generally decrease with grain-size (Figure 5). The 
results for each sample are interpreted and presented in full 
in the supporting information, as sorted into subareas A-F 
(Figure 5). Below we present a short summary of each sub-
area, before considering the data collectively in the context of 
the regional tectonic evolution.

4.1  |  Gurskøya – Austefjorden (Subarea A)

Subarea A encompasses samples GO-07-11 (Gurskøya), GO-
11-12, GO-09-12 and GO-10a-12 (Austefjorden). The three 
samples from Austefjorden all document growth of illite dur-
ing fault activity in the Early Jurassic, from ~192 to 174 Ma 
(Figure 5a). The illite in sample GO-07-11, moreover, docu-
ments an earlier period of fault activity in the Middle Triassic 
(~244 Ma). None of these samples preserve clear evidence of 
either earlier fault activity or later fault reactivation. One of 
the samples from Austefjorden (GO-11-12) and the sample 
from Gurskøya (GO-07-11) contain an older generation of 
higher-temperature illite or muscovite. Although this might 
suggest an earlier period of fault activity, it could equally 
well be explained by minor amounts of inherited muscovite 
from the host rock. The only evidence of later (post-Early 
Jurassic) reactivation might be zeolite present in samples 
GO-09-12 and GO-10a-12, but we consider this to be highly 
speculative.

F I G U R E  5   Age versus grain size plots for dated faults from subareas (a-f). Dark blue symbols mark ages interpreted to date fault activity; 
light blue symbols represent ages that are close to the age of fault activity (max./min. ages for fault activity) and empty symbols are ages that are 
interpreted as mixed ages of uncertain geological significance. Blue bars mark interpreted periods of fault activity
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4.2  |  Anda and Marajøltunnelen (Subarea B)

Subarea B samples are GO-14-12, GO-15-12, GO-13-12, GO-
01-11 (all from Anda) and GO-12-12 (Marajøltunnelen). The 
four samples from Anda yielded some of the oldest illite ages 
in our dataset and document illite growth in faults as early as 
Late Devonian (GO-01-11, possibly also GO-13-11) and late 
Carboniferous (GO-14-12 and GO-15-12) times (Figure 5b). 
All four faults were reactivated in the late Paleozoic-Mesozoic, 
i.e. in the middle Permian (GO-01-11 and GO-13-12), Late 
Triassic (GO-15-12) and Middle Jurassic (GO-14-12). The 
fault close to Marajøltunnelen (GO-12-12), moreover, yielded 
some of the youngest illite ages, indicating fault reactivation 
in the late Paleocene. Earlier activity along this fault is sug-
gested by the older ages of the coarse and medium grain size 
fractions but could not be reliably constrained.

4.3  |  Isetunnelen and Eikefjord (Subarea C)

Subarea C includes samples GO-08-12 and GO-07-12 
(Isetunnelen), and GO-06-12 (Eikefjord). All three faults 
were active in the Middle-Late Jurassic (~164–151  Ma; 
Figure 5c). An earlier, late Permian period of fault activity 
is documented by the coarse fraction of sample GO-08-12. 
Sample GO-07-12 also shows evidence of earlier (Triassic?) 
illite growth that could, however, not be precisely constrained.

4.4  |  Dalsfjord Fault: Atløy and Kylleren 
(Subarea D)

Samples GO-04-12 (Atløy) and GO-05-12 (Kylleren) sample 
fault gouge along the Dalsfjord Fault. Both gouge samples 
record Cretaceous fault activity (~117–91  Ma; Figure  5d). 
The older ages of the medium and coarse grain size frac-
tions, though mixed ages of uncertain significance, suggest 
Cretaceous reactivation of an older structure. Field evidence 
also points to a multiply reactivated fault, with several gen-
erations of ductile-brittle fault rocks cut by the youngest, 
gouge-bearing fault. GO-04-12 was sampled at the loca-
tion described by Eide et al. (1997), who obtained an age of 
~260–250 Ma for a green breccia/cataclasite, an age younger 
than 163 Ma for a red breccia/cataclasite and assumed an age 
younger than 96 Ma for the fault gouge at the same locality. 
The latter is confirmed by our Late Cretaceous age of 91 Ma.

4.5  |  Romarheimsdalen and Masfjorden 
(Subarea E)

Subarea E samples are GO-02-12 and GO-01-12 
(Romarheimsdalen), and GO-03-12 (Matre). All three faults 

preserve evidence of an earlier period of fault activity and a 
later reactivation. In the two faults from Romarheimsdalen, 
the older activity is suggested by the older ages of the coarser 
grain size fractions but could not be reliably constrained. The 
faults were reactivated in the Middle Jurassic (~170 Ma) and 
Late Cretaceous (~80 Ma), respectively (Figure 5e). For sam-
ple GO-03-12 from Matre, moreover, and early period of late 
Carboniferous (~304 Ma) fault activity is well preserved, and 
the age of reactivation can only vaguely be constrained to be 
Late Triassic or younger («211 Ma).

4.6  |  Lærdal-Gjende Fault (Subarea F)

Two samples, BG-129a and b, were collected from the 
Lærdal-Gjende Fault in Lærdal. The coarse and medium frac-
tions of BG-129a and the medium fraction of the sample BG-
129b indicate a latest Jurassic-earliest Cretaceous period of 
significant, fully brittle fault activity along the Lærdal-Gjende 
Fault. In addition, the fine fraction from BG-129b suggests 
the second period of fault reactivation in the early Paleogene 
(Figure 5f). This confirms late Jurassic-early Cretaceous fault 
activity previously ‘dated’ at the same outcrop by paleomag-
netic methods (Andersen et al., 1999). These results are also 
broadly similar to K-Ar illite results from the same locality 
presented by Tartaglia et al. (2020), who report a Jurassic age 
cluster and also a number of reactivation ages from ca. 120 
to 60 Ma.

4.7  |  General distribution of fault gouge 
ages and fault orientations

We now combine the new ages presented above with pub-
lished ages south of our study area, primarily those pre-
sented by Ksienzyk et al. (2016) but also some ages farther 
south presented by Scheiber and Viola (2018), Scheiber 
et  al.  (2019), Fossen et  al.  (2016) and Viola et  al.  (2016; 
Figure 1). Considering only ages that are interpreted to date 
or closely date faulting, we see a range in ages from Late 
Devonian to early Paleogene (Figure  6). This distribution 
shows clear Permian and Jurassic peaks that roughly coin-
cide with the onset of the two main rift phases in the northern 
North Sea rift, as discussed below.

There is no clear systematic variation in the ages with 
respect to geographic distribution (Figure 4). From our new 
data (Figure 5) we see young ages close to the coast (groups 
D and E) and far inland (group F). The largest spread in 
ages is found in Group B in the detachment zone east of the 
Devonian Hornelen basin (Figure  2). In general, our data 
suggest that faults formed and reactivated widely within the 
entire study area during the Late Devonian-Paleocene time 
period. The data presented by Ksienzyk et al. (2016) from the 
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Bergen area as well as those reported by Viola et al. (2016), 
Scheiber and Viola (2018) and Scheiber et  al.  (2019) from 
farther south are consistent with this impression.

When considering the ages with respect to fault orientation 
(Figure 7a), we see some correlation between age distribution 
and fault orientation for the 48 dated faults in W Norway. 
We show this by defining three groups of strike orientation; 
NW-NNW, N-NNE and NE-E. Keeping in mind that our cur-
rent dataset is limited, we note that the age distributions for 
these different orientation groups (Figure 7b-d) suggest that 
all groups contain relatively old (>300 Ma) ages that clearly 
predate the North Sea rift. All groups show a strong Jurassic 
(200–145 Ma) signal, whereas the Permian peak is best de-
veloped for NW-NNW trending faults. Interestingly, the 
NNW-trending Austefjord Fault (AF in Figure 1) that hosts 
Permian dikes west of Bergen (Løvlie & Mitchell, 1982) falls 
within the sector showing a strong Permian signature. This 
observation supports the general assumption that coast (and 

rift) parallel faults formed or reactivated during the Permo-
Triassic phase of rifting (Fossen, 1998).

5  |   DISCUSSION

5.1  |  Deep post-Caledonian fault gouge 
formation

Our oldest fault activity age is Late Devonian (374 Ma) and 
occurs in the NSDZ east of the Hornelen basin (sample GO-
01-11). This is located in the root zone of the Caledonian 
hinterland – a region that underwent rapid exhumation and 
cooling following the ca. 425–405 Ma Caledonian continental 
subduction. A muscovite 40Ar/39Ar plateau age of ca. 398 Ma 
from this locality (Young et al., 2011) probably dates Early 
Devonian cooling through 400–450°C (13–15  km crustal 
depth). K-feldspar 40Ar/39Ar data from this part of the study 

F I G U R E  6   Fault gouge grain size fraction ages, divided into three categories: (1) age of fault activity, no or only minor contamination. 
(2) Approximate age of fault activity – generally dates fault activity but affected by minor contamination with another age component. We still 
consider this age geologically meaningful, since it can provide a maximum or minimum age of fault activity. (3) Mixed age – different age 
components contribute, and the age has no geological significance. Mixed ages are not used for interpretations. The histogram and kernel density 
estimates (KDEs) were plotted with IsoplotR (Vermeesch, 2018) using a kernel bandwidth of 25 and are based on interpreted fault activity ages 
from Table S2. If several grain size fractions or samples from a given fault date the same period of fault activity, the mean age is included as the 
interpreted fault activity age for the respective fault. Violet KDE: this study; gray KDE + histogram: combined data from this study, Ksienzyk 
et al. (2016), Viola et al. (2016), Scheiber and Viola (2018) and Scheiber et al. (2019) 

Rift Phase 2Rift Phase 1
?
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area region suggest cooling through ~400°C between 390 
and 330 Ma and through 200°C (~6 km) around 310–230 Ma 
(Walsh et al., 2013). Zircon apatite ages of around 230 Ma 
(200–250°C) were reported by Templeton (2015) for the 
Hornelen area. Based on these constraints, the 374 Ma illite 
age must record early brittle deformation of these rocks as 
they passed through the plastic-brittle transition zone. These 
constraints imply that faulting occurred at 8–10  km depth, 
producing mechanically weak incohesive fault gouge deep 
in the strongest part of the crust. If widespread, such weak 
faults would significantly weaken the crust before rifting and 

be prone to reactivation during rift initiation. Other than the 
Late Devonian age presented here, early Carboniferous brit-
tle fault activity has so far been tentatively documented in 
one fault from the Bergen area (Ksienzyk et al., 2016) and 
the Goddo fault (Viola et  al.,  2016), and is convincingly 
constrained by multiple K-Ar dates from another fault from 
the Bømlo area (Scheiber et al., 2019). Though the number 
of faults with such an old signature is small in the presently 
available dataset from SW Norway, it is possible that simi-
lar evidence of early brittle faulting in other faults may have 
been erased by later tectono-diagenetic processes.

F I G U R E  7   (a) Radial plot of 
interpreted fault activity ages versus 
fault strikes (based on ages in Table S2). 
Coloured sectors mark the three 
subjectively defined orientation groups 
from which the three histograms in b-d 
were generated. The histogram and kernel 
density estimates (KDEs) were plotted with 
IsoplotR (Vermeesch, 2018) using a kernel 
bandwidth of 25. (b-d) The Permian ages are 
best represented in the group of NW-NNW 
trending faults (b), whereas the other groups 
show a stronger Jurassic signature. The data 
presented in this figure include previously 
published data, as colour-coded in (a). Data 
from Bergen: Ksienzyk et al. (2016); data 
from Bømlo: Viola et al. (2016), Scheiber 
and Viola (2018) and Scheiber et al. (2019)
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5.2  |  Rift-related faulting

The older of the two prominent age-peaks in our dataset ranges 
from late Carboniferous to Early Triassic, which is exactly 
the time span of rifting in the Oslo Rift (Larsen et al., 2008). 
The Oslo Rift is part of the Rotliegendes basin system 
in northern Europe and developed in response to the late 
Variscan orogeny during dextral slip on the Tornquist Zone 
(Figure 1; Heeremans & Faleide, 2004; Larsen et al., 2008). 
In the Oslo and southern North Sea rifts, the initiation of this 
event is marked by a magmatic phase at around 300 Ma, fol-
lowed by half-graben development and synrift sedimenta-
tion. Late Carboniferous-Permian activity appears to be more 
limited in the northern North Sea Rift, which along the SW 
Norwegian margin up to 61°N is dominated by Early Triassic 
fault-controlled sedimentation (e.g. Øygarden Fault System; 
Figure 1). Permian synrift deposits occur in mostly undrilled 
hanging-wall parts of major half-grabens but are not dated. 
Hence, exactly when the Permo-Triassic rift phase initiated is 
still somewhat enigmatic, as indicated by the dashed line and 
question mark at the bottom of Figure 6. What seems clear 
is that the peak of this rift phase offshore in terms of fault 
movements and basin growth occurred in the Early Triassic 
(Heeremans & Faleide, 2004).

North of 61°N, the crystalline basement of the Måløy 
Slope (Figure 1) is directly overlain by Jurassic and younger 
sediments (Figure 3; Færseth et al., 1995), whereas most of the 
Permo-Triassic strain is transferred westward to the Tampen 
area and the East Shetland Basin. With a prominent Permian 
onshore fault signature also north of 61°N, we would expect 
faults of this age also offshore, but only with offsets that are 
too small to be detected from even modern 3-D seismic data 
(Figure 3) and too small to create any Permo-Triassic half-
graben basin(s).

Independent onshore indications of Permian tectonism 
include a thick greenish cataclasite of the Lærdal-Gjende 
fault (Figure 1) which at locality BG-129 carries a mid-late 
Permian magnetic signature (Andersen et al., 1999). A sim-
ilar (~260  Ma) paleomagnetic age was obtained from lo-
cality GO-04-12 (Dalsfjord Fault Eide et al., 1997; Torsvik 
et  al.,  1992). Both faults were later reactivated in the late 
Jurassic-early Cretaceous (Andersen et  al.,  1999; Eide 
et al., 1997) and Cretaceous-early Paleogene (this study). A 
Permian age was also obtained by 40Ar/39Ar dating of po-
tassium feldspar altered by fault-related fluids in fractured 
basement gneisses west of Bergen (Fossen et al., 2016).

Rift-parallel Permian and Triassic dikes occur in the 
coastal areas of the studied rift margin (Færseth et al., 1976; 
Torsvik et  al.,  1997), consistent with E-W extension 
(Fossen, 1998). Dikes intruded at 260–250 and 230–220 Ma 
(Fossen & Dunlap,  1999), and are located along coast-
parallel fault zones of likely Permian age (Fossen, 1998). In 

summary, abundant evidence now exists for Permian tectonic 
activity onshore SW Norway, even north of 61°N where near-
shore Permian faulting appears to mainly be of subseismic 
(small-scale) character (Færseth et al., 1995).

Onshore, the Triassic period as a whole seems to have 
been rather quiet, whereas the Jurassic has a strong signa-
ture (Figure 6). In the North Sea, the second phase of rifting 
is Middle Jurassic to Early Cretaceous (ca. 170–140  Ma). 
However, there is also evidence of scattered Triassic-early 
Jurassic interrift fault activity (Deng et  al.,  2017; Ravnås 
et  al.,  2000), as reflected by the onshore age distribution 
reported here (Figure 6). Faulted Oxfordian sediments pre-
served in the Bjorøy tunnel near Bergen represent additional 
evidence of Late Jurassic to Early Cretaceous fault activity 
involving >100 m of offset (Fossen et al., 1997).

Besides the Lærdal-Gjende and Dalsfjord faults, the 
Bortnen Fault northeast of the Hornelen Basin (Figures 1 and 
2) represents a third major fault in the area that was dated. 
This fault represents one of the ENE-trending major faults 
in the northern part that affect the Devonian basins and the 
underlying units. Sample GO-12-12, from a NE-SW trending 
fault near and subparallel to the Bortnen Fault (Figures 1 and 
2) yielded the youngest fault activity age (57 Ma) reported 
from SW Norway to date.

The finding that around 70% of the available illite ages co-
incide in time with the period of North Sea rifting (Permian-
Early Cretaceous; Figure  6) demonstrates that the onshore 
basement was significantly influenced by rift-related fault-
ing. This conclusion is corroborated by the gradual increase 
in fault density westwards towards the main rift-bounding 
faults, over a distance of ~100 km (Figure 4).

5.3  |  Implications for rift evolution

The basement exposed onshore West Norway contains 
Devonian shear zones that affected the evolution of the 
northern North Sea rift (Fossen et  al.,  2016; Fazlikhani 
et  al.,  2017; Wiest et  al.,  2020). Their reactivation during 
rifting is consistent with the Permian-Early Cretaceous ages 
obtained from brittle faults developed along these shear 
zones (Lærdal-Gjende Fault, Bortnen Fault, Dalsfjord Fault; 
Figure 2). In addition, the results presented here show that 
the Lower Paleozoic and older onshore, and probably also 
offshore, basement was affected by post-Caledonian brittle 
deformation that weakened the brittle crust prior to rift ini-
tiation. Similarly, post-Caledonian brittle faults onshore and 
offshore Scotland and in the West Orkney Basin are wide-
spread and predominantly Permo-Triassic in age (Roberts 
& Holdsworth,  1999; Wilson et  al.,  2010), suggesting that 
early rift faults also formed far into the western North Sea 
rift shoulder.
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The onshore Permian and Jurassic fault activity peaks 
match or immediately predate the initial stages rather than 
the climaxes of the two offshore rift phases (Figure 6). As 
discussed above, the Permo-Triassic rift phase peaked in the 
Early Triassic in the main rift, although our data show that 
related onshore tectonism peaked already in the Permian and 
that it was distributed over a region that extends >100 km 
into the Norwegian mainland (future rift shoulder; Figure 8a). 
Only towards the end of the Permian or at the dawn of the 
Triassic did extension localise to define the North Sea rift 
proper, bounded by faults that accumulated kilometre-size 
early Triassic offsets and thick synrift half-graben depos-
its (Figures 1 and 8b; Færseth, 1996; Roberts et al., 1995). 
Similarly, the Jurassic onshore fault activity ages peak before 
the offshore late Jurassic rifting climax (Figure 6), indicating 
that also the Jurassic rift event started out much wider than 
the rift proper as a prelude to rifting per-se, again extend-
ing at least 100 km into the Norwegian rift shoulder. At this 
time a Permo-Triassic rift was already established with major 
bounding faults (the Øygarden Fault System; Figure  1), 
and it is not clear why the early Phase 2 extension did not 

immediately localise to the large Phase 1 rift faults. Perhaps 
it relates to the onshore Phase 1 faults having significantly 
weakened the shoulder basement, or that the lithosphere was 
thermally softened over a wide region as Phase 2 initiated.

The effect of embryonic rifting >100  km into the rift 
shoulder, i.e. outside of the main rift, has to our knowledge 
not been documented before. Strain localisation within al-
ready well-established rifts are well known, for example from 
the East African, Suez and Rio Grande rifts (Bosworth, 1995; 
Cowie et al., 2000, 2005; Minor et al., 2013) and (oblique) 
physical and numerical experiments (Agostini et  al.,  2009; 
Duclaux et  al.,  2020). Within the North Sea rift, Cowie 
et al. (2005) documented that extension further localised to 
the ~50 km wide Viking Graben during the last part of the 
second North Sea rift phase. Together with our documenta-
tion of brittle faulting >100 km into the rift shoulder at the 
early stages of both North Sea rift phases, the history and 
amount of strain localisation is remarkable. Our new data 
indicate that (a) the region affected by faulting during early-
stage rifting was far wider than previously assumed, probably 
several hundred kilometres if we make the likely assumption 

F I G U R E  8   Simplified illustration of the tectonic model presented in this work. (a) Initial rift stage with widely distributed small-scale faulting 
that includes a combination of reactivation of prerift structures and the formation of new faults. (b) Mature rift situation, where the rift with its 
large normal faults has developed within a restricted part of the initial region of extension. (c) Final localisation of strain to the central part of the 
rift (Viking Graben for the second North Sea rift phase). Yellow layer represents the interrift sequence deposited between the two North Sea rift 
phases. See caption to Figure 1 for abbreviations 

(a)

(b)

(c)
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that it also affected the North Sea rift itself, and (b) the nar-
rowing of the region of active extension and associated strain 
localisation was more pronounced than previously realised, 
eventually down to a 50 km wide central rift (Viking Graben; 
Figure 8c). We consider it likely that widespread early-stage 
rift faulting extending far into the rift shoulder may apply 
to many other rifts globally. In many cases, this can only be 
investigated by means of work-intensive fault dating utilising 
relatively modern methodology. Our work demonstrates how 
K-Ar dating can be a useful way of evaluating the impact of 
rifting on rift shoulders where stratigraphic constraints are 
lacking.
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