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The investigated area comprises the 300‒500 km-wide passive margin offshore Mid Norway as well as 
the 70‒40 km-wide margin northwest of the Lofoten‒Vesterålen archipelago. Following the Caledonian  
Orogeny, Greenland was close to Mid Norway and central-northern Norway. The orogeny climaxed with 
the Early Devonian continent collision with subduction of the Baltic craton beneath Laurentia, and a  
mountain range several kilometres high evolved. The mountain range remained a positive topo- 
graphic element throughout the Late Palaeozoic and Early Mesozoic. Non-marine Carboniferous sediments 
were deposited onshore East Greenland, but there is no evidence of sedimentation during this period  
offshore Mid Norway. Three significant rift episodes, i.e., Late Permian–Early Triassic, Middle‒Late Jurassic  
and Campanian‒Paleocene are evident, with intervening (c. 70 Ma) periods of overall tectonic  
quiescence. Permo‒Triassic sediments, 4000‒6000 m in thickness, were deposited in an eastern basin area  
juxtaposed against basement across large normal faults close to the Norwegian mainland. The topography 
created by the Late Permian‒Early Triassic rift episode became levelled during the Middle Triassic, and  
younger sediments were deposited over a relatively flat area represented by the present Trøndelag  
Platform and the Halten and Dønna terraces. Due to Jurassic extension there was a change to a setting where  
the Halten and Dønna terraces became separate structural entities, down-faulted and with a complex  
basin-floor topography. Until the climax stage of the Jurassic rift episode, the Caledonian mountain  
range might have occupied the area between the Halten Terrace and Liverpool Land, at the east coast of  
Greenland. The subaerially exposed land mass was eroded and acted as an important sediment  
source. Middle and Lower Jurassic, but also Triassic sediments entering into the basin from the west  
contain conglomerates and pebbly sandstones deposited under fluvial, deltaic and marginal marine  
conditions, and clinoforms are recorded along the basin margin on the western Halten Terrace. The large- 
scale paleogeography was a central basement high, which separated the basin onshore East Greenland 
and the basin area offshore Mid Norway. Due to erosion and accelerated Late Jurassic rifting the basement 
high ceased to exist as a source area, leaving the narrow Sklinna Ridge as an easternmost remnant in the  
footwall of the Klakk Fault Complex. This stage of development is regarded as the first indication of a large 
and continuous marine basin between Mid Norway and Greenland after the Caledonian Orogeny. 

E-mail corresponding author (Roald B. Færseth): roaldf@broadpark.no 
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Introduction
The investigated area covers the continental shelf offshore Norway, roughly between 62° and 69° N  
(Fig. 1). Being a prolific hydrocarbon province, the area has received a lot of attention after the first 
licences allocated on Haltenbanken in 1980 and the first major discovery the following year. The narrow 
Lofoten‒Vesterålen shelf, which represents the northeastern part of the investigated area, is not yet 
open to petroleum exploration and accordingly no commercial wells have been drilled.

Regarding petroleum geology, the shelf offshore Mid Norway represents two contrasting areas. To the 
east, the Halten and Dønna terraces (Fig. 1) soon became the focus of exploration, where most proven 
reserves are located. The Halten Terrace is hosting more than a dozen oil, condensate and gas fields, of 
which 7‒8 classify as giants producing from Jurassic sandstone reservoirs. In the area occupied by the 
Cretaceous Møre and Vøring basins, Jurassic sediments became deeply buried, and main targets are 
structural traps with Paleocene‒Campanian sandstones as potential reservoirs. However, at present the 
giant Ormen Lange gas/condensate field, found in 1997, is the only commercial discovery. This field, 
producing from Paleocene sandstone, is located in the Møre Basin above the Ormen Lange Dome (Fig. 1).

Based on plate reconstructions (e.g., Mosar et al., 2002; Torsvik & Cocks, 2005), Greenland was close to 
Mid Norway and central-northern Norway after the final Late Silurian‒Early Devonian Scandian phase of 
the Caledonian Orogeny (e.g., Roberts & Gee, 1985). Due to collision of the Baltic craton with Laurentia, 
a mountain range several kilometres high evolved (e.g., Andersen & Jamtveit, 1990).

Metamorphosed rocks of the mountain range became the substrate for Late Palaeozoic to Early Mesozoic 
deposits and acted as an important sediment source.

The post-Caledonian geological development reflects highly variable tectonic, paleogeographic and  
climatic conditions as well as sea-level changes. Broad overviews of the North Atlantic geological  
development from the Late Palaeozoic to the present have been published (Rønnevik & Navrestad, 
1976, 1977; Jørgensen & Navrestad, 1981; Bøen et al., 1984; Gage & Doré, 1986; Brekke & Riis, 1987;  
Larsen, 1987; Ziegler, 1988, 1989, 1990; Swiecicki et al., 1998; Roberts et al., 1999; Brekke, 2000;  
Stemmerik, 2000; Brekke et al., 2001). After these regional studies, published two to four decades ago, a large  
number of wells have been drilled in the area under consideration, seismic data have improved and  
numerous studies addressing various geological aspects have been published. As debated below,  
publications present conflicting paleogeographic models as well as differing views on the timing and 
mechanisms behind suggested structural events.

Over the years, long-offset seismic reflection profiles have been acquired over the Mid Norwegian shelf, 
with recorded depths of 10 and 12 seconds TWT, and profiles have been applied in attempts to unravel 
deep-seated features beneath the Møre and Vøring basins. A whole host of publications, referred to 
below, have addressed the development of deep structures, crustal stretching with local hyperextension, 
crustal architecture, underplating, mantle exhumation and magmatism. As the base Cretaceous may be 
as deep as 15‒17 km in some of the sub-basins (e.g., Osmundsen et al., 2016), problems arise with the 
interpretation of structures and lithologies at depth. However, deep-seated features beneath the Møre 
and Vøring basins are not a main topic of the present contribution.

This paper describes how major post-Caledonian structural elements evolved during major  
episodes of deformation, and how these structures have influenced the basin physiography, depositional  
environment and sediment distribution. Within the investigated area, the gross-scale structure  
changes significantly, from the wide shelf offshore Mid Norway to the narrow Lofoten‒Vesterålen margin.  
However, this study documents that the eastern part of the Norwegian Sea shares fundamental  
structural and sedimentological characteristics along strike.
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Figure 1. Principal structural elements of the Norwegian Sea. Slightly modified from Blystad et al., (1995).
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Geological framework
Although comprising numerous structural elements (Fig. 1), the study area encompasses five major  
structural provinces; the Møre Basin, Vøring Basin, Halten/Dønna terraces, Trøndelag Platform and the 
shelf offshore Lofoten‒Vesterålen. In the area, some 350 million years separate two important plate- 
tectonic events, namely the Caledonian Orogeny and the breakup of the North Atlantic Ocean. During 
the intervening period, late- to post-Caledonian extensional collapse in the Devonian (e.g., Fossen, 
1992; Braathen et al., 2000, 2002; Osmundsen & Andersen, 2001; Olesen et al., 2002) was succeeded by  
periods of rifting, which affected the North Atlantic region from the Carboniferous and culminated with 
crustal separation between Greenland and Eurasia at the Paleocene‒Eocene boundary (Bukovics et al., 
1984; Gabrielsen et al., 1984; Bukovics & Ziegler, 1985; Ziegler, 1988, 1989, 1990; Eldholm et al., 1989; 
Surlyk, 1990; Blystad et al., 1995; Swiecicki et al., 1998; Doré et al., 1999; Brekke, 2000; Brekke et al., 
2001; Færseth & Lien, 2002; Hartz et al., 2002; Ren et al., 2003; Gernigon et al., 2004; Hamann et al., 
2005; Faleide et al., 2008).

In the investigated area, three significant rift episodes are evident, characterised by large-magnitude 
basement-involved faulting and significant crustal thinning. The rift episodes in the Late Permian‒Early 
Triassic, Middle‒Late Jurassic and Campanian‒Paleocene are separated by c. 70 million year periods 
of overall tectonic quiescence. Episodes of crustal stretching resulted in the 300‒500 km-wide margins 
of the Møre and Vøring basins, respectively (Fig. 1). During the successive rift episodes, the locus of 
maximum extension migrated in a westerly direction towards the zone of the future continent breakup 
(e.g., Lundin & Doré, 1997; Doré et al., 1999; Osmundsen & Ebbing, 2008; Péron-Pinvidic et al., 2013). 
A similar, but eastward migration towards the zone of breakup has been described from onshore East 
Greenland (Voss & Jokat, 2009). 

A model of rifted margins (Péron-Pinvidic et al., 2013), was applied for the Mid-Norwegian shelf by  
Osmundsen & Péron-Pinvidic (2018). They divided the area into five domains of differing internal  
structure and morphology, i.e., the proximal, necking, distal, outer and oceanic domains, bounded by 
large-magnitude faults, which they defined as breakaway complexes. The eastern part of the proximal 
domain is located onshore Mid Norway, bounded to the east by the innermost boundary fault system as 
defined by Mosar et al., (2002) and Mosar, (2003), where the crust is 38‒40 km thick (e.g., Olesen et al., 
2002, 2010). In the offshore area, the proximal domain represents a deep, pre-Jurassic basin area with 
kilometres-thick Triassic and older infill beneath the Trøndelag Platform. 

Necking domains comprise the Slørebotn Sub-basin and Gossa High of the Møre margin and the Halten 
and Dønna terraces of the Vøring margin, respectively (Fig. 2). The Outer necking breakaway complex 
defines the boundary to the distal domain. Associated with this boundary, crustal thinning is very  
pronounced with a change of slope in the rising Moho. 

As the Vøring margin preserves a much broader outer domain than the one preserved in the Møre 
Basin (Fig. 1), it has been speculated that this is consistent with parts of the outer Møre margin that  
became separated from the Norwegian margin in the continent breakup process. As the result of tectonic  
separation, this margin fragment might be preserved in the Jan Mayen microplate (Péron-Pinvidic et al., 
2012; Péron-Pinvidic & Osmundsen, 2018).

Thick Cretaceous sediment successions define the Møre and Vøring basins (Fig. 2), and due to lack of well 
control, some controversy exists regarding the depth to the base Cretaceous beneath these basins. Apart 
from basement highs, apparently capped by Cretaceous sediments, the age and composition of rocks 
beneath the base Cretaceous remains speculative (e.g., Skogseid & Eldholm, 1989; Blystad et al., 1995; 
Swieciki et al., 1998; Doré et al., 1999; Brekke, 2000; Reemst & Cloetingh, 2000; Skogseid et al., 2000; 
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Osmundsen et al., 2002, 2016; Færseth & Lien, 2002). The northwestern part of the Møre and Vøring 
basins is dominated by extrusions of basaltic lavas (Fig. 1) and extensive sill intrusion into the Cretaceous 
sediments, associated with Tertiary breakup and sea-floor spreading, which hamper the interpretation 
of seismic data (e.g., Skogseid & Eldholm, 1989; Brekke et al., 1999; Roberts et al., 1999; Mjelde et al., 
2005, 2007; Gernigon et al., 2020; Zastrozhnov et al., 2020).

A total extension in the order of 200 % (β = 2) has been estimated as the cumulative effect of crustal 
stretching of the shelf offshore Mid Norway, prior to the continental breakup (Reemst & Cloething, 2000; 
Skogseid et al., 2000; Gómez et al., 2004; Torsvik & Cocks, 2005). Consequently, the crystalline crust is 
thinned to less than 10 km under substantial areas beneath the Møre and Vøring basins (e.g., Mjelde 
et al., 1997, 1998, 2009; Skilbrei et al., 2002; Faleide et al., 2008; Breivik et al., 2011; Osmundsen et al., 
2016; Osmundsen & Péron-Pinvidic, 2018). Raum et al. (2002) inferred crustal thinning to less than 3 km, 
and it has been suggested that the deepest parts of the Cretaceous Møre Basin may rest on exhumed 
mantle (Lundin & Doré, 1997; Osmundsen et al., 2016).
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Figure 2. Regional geoseismic profiles illustrate a number of structural elements of the Norwegian Sea. Location of 
profiles in Fig. 1. The dating of mapped Cretaceous reflectors in the Møre and Vøring basins was based on Norsk Hydros 
in house interpretation (Færseth & Lien, 2002). In the Vøring margin the Necking domain, as defined by Osmundsen & 
Péron-Pinvidic (2018), is represented by the Halten and Dønna terraces. Major fault zones, which bound the terraces 
(profiles B–B’ and C–C’) represent the Inner and Outer breakaway complexes, respectively. The main Møre margin fault, 
as part of the Møre–Trøndelag Fault Complex, represents the Inner breakaway complex (profile A–A’) and bounds the 
necking domain of the Møre margin to the southeast.
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A narrow continental shelf typifies the Lofoten‒Vesterålen margin segment (Fig. 1). The outer 
shelf, northwest of the Utrøst Ridge, represents the transition to the average 6‒7 km-thick, Eocene,  
oceanic crust (Eldholm et al., 1979; Mjelde et al., 1993). The Lofoten‒Vesterålen margin segment  
contrasts to adjacent margins in terms of crustal structure, breakup magmatism and sediment thickness  
(Fig. 3) (e.g., Mjelde et al., 1993; Eldholm & Grue, 1994; Blystad et al., 1995; Tsikalas et al., 2001, 2005;  
Steltenpohl et al., 2004; Bergh et al., 2007; Færseth, 2012; Hansen et al., 2012). The Lofoten‒Vesterålen  
archipelago, considered as the northwestern margin of the ancient Baltic craton (Olesen et al., 1997),  
exposes some of the oldest rocks recorded onshore Norway (Griffin et al. 1978). Along the east coast of  
Andøya (Fig. 1), a c. 750 m-thick succession of Middle‒Upper Jurassic and Lower Cretaceous sediments 
overlie Precambrian basement and outcrop in a localised and fault-bounded basin (Dalland, 1975, 1979, 
1981). This location contains the only Mesozoic sediments preserved onshore Norway.
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Figure 3. Geoseismic profile showing main structural elements of the Lofoten–Vesterålen area. Location of profile in  
Fig. 1. Thin Jurassic sediments, which overlie Precambrian basement, are a characteristic feature in most of the shelf 
area northwest of the archipelago. The expanded, pre-Cretaceous sedimentary succession beneath the Vestfjorden  
Basin may represent part of a Late Permian–Early Triassic rift basin.

Data and methodology
This paper is based on knowledge achieved through three decades of work within the Exploration  
Department and Research Centre at Norsk Hydro, followed by work as consultant for several oil  
companies. The large number of reports produced by the present author as well as participation in  
several in house projects, including concession rounds in the Norwegian Sea, gave access to a huge 
amount of data, including 2D and 3D seismic surveys and most wells drilled offshore Mid Norway.  
Sedimentological logging of cores from a large number of wells became available, and these data  
allowed the reconstruction of depositional environments in the eastern part of the Norwegian Sea, of 
which some results have been published (Gjelberg et al., 1987).

The work performed by the present author involved regional geology, with emphasis on structural  
development, but also a number of Norwegian Sea licences, where work has addressed the  
structural geology based on seismic as well as fault seal probability for potential traps, partly based on  
structural logging of cores performed by the author (Færseth et al., 2007). The author was a member 
of the committee that defined and described structural elements of the Norwegian Sea (Fig. 1) (Blystad 
et al., 1995), and a co-author in an earlier publication that described the main structural features in the 
same region (Gabrielsen et al., 1984).

Striking similarities between the eastern part of the investigated area and the conjugate Greenland  
margin are evident and, accordingly, East Greenland exhibits good field analogues for sediments  
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offshore Mid Norway. The large number of publications from onshore East Greenland became important 
in compiling this paper, especially regarding Late Palaeozoic and Triassic sedimentation as few wells in 
the Norwegian Sea have penetrated strata from these particular intervals.

Devonian‒Carboniferous structural development 
and sedimentation
Devonian tectonic movements led to the development of intramontane basins, preserved in  
depressions in the coastal area of western Norway (e.g., Steel et al., 1985; Norton, 1986; Andersen & 
Jamtveit, 1990; Fossen, 1992; Osmundsen & Andersen, 2001), and in N‒S-trending synforms onshore 
East Greenland (e.g., Surlyk, 1990; Hartz et al., 2002, 2006; Hamann et al., 2005; Parsons et al., 2017). 
Within the proximal domain onshore Mid Norway, the crustal thickness is reduced by about 10 km from 
a thickness of 38‒40 km at the innermost boundary fault system to the east and to the coastal area 
(Redfield & Osmundsen, 2013). Extensional structures mapped in the onshore area comprise major 
shear zones, predominately NNE‒SSW trending and dipping to the west. The structures are related to 
the Devonian orogenic collapse, some with up to tens of kilometres of displacement and almost all 
reveal top‒WNW transport (e.g., Braathen et al., 2000, 2002; Olesen et al., 2002, 2010; Osmundsen et 
al., 2005). The NE‒SW-trending and coast-parallel Møre‒Trøndelag Fault Complex (MTFC) (Fig. 1) shows 
evidence of significant left-lateral strike-slip displacement (e.g., Steel & Gloppen, 1980; Steel et al., 1985; 
Bering, 1992; Fossen, 1992; Osmundsen & Andersen, 2001). In central-northern Norway, the Nesna 
Shear Zone (Fig. 1) comprises a c. 1 km-thick zone with a penetrative, Early Devonian, top‒WSW, ductile 
fabric (Braathen et al., 2002; Eide et al., 2002; Osmundsen et al., 2003). 

Offshore extensions of Devonian extensional structures have been suggested, i.e., Høybakken and  
Kollstraumen detachments and Nesna Shear Zone (Mosar et al., 2002; Olesen et al., 2002; Osmundsen 
et al., 2002, 2003: Skilbrei et al., 2002). Breivik et al. (2011), however, stated that seismic data do not 
confirm the predicted offshore continuation of the detachments onto the shelf beneath the Trøndelag 
Platform.

Carboniferous development

The Wandel Sea Basin located onshore and offshore North Greenland together with the Barents Sea 
region formed a complex, rift-related system during the Carboniferous with the deposition of marine 
sediments (e.g., Gjelberg & Steel, 1983; Steel & Worsley, 1984; Berglund et al., 1986; Gabrielsen et al., 
1990; Stemmerik, 1995, 2000; Gudlaugsson et al., 1998). Onshore East Greenland, non-marine Early 
Carboniferous sediments were deposited in narrow, isolated half-grabens, north of the Scoresbysund 
(e.g., Surlyk, 1990; Stemmerik, 2000; Hartz et al., 2002, 2006). Regional uplift and erosion involving the 
East Greenland margin resulted in a major Mid Carboniferous hiatus. Sedimentary basins in the area  
remained non-marine during renewed Late Carboniferous sedimentation (Surlyk, 1990; Stemmerik, 
2000). Carboniferous strata exposed in the western parts of the Traill Ø and Geographical Society Ø 
areas have a minimum thickness of 3000 m (Vigran et al., 1999; Parsons et al., 2017).

Onshore central-northern Norway, unroofing and faults associated with the Nesna Shear Zone (Fig. 1)  
showing effects of Early Carboniferous deformation have been reported (Braathen et al., 2002; Eide et 
al., 2002). After the top‒WSW ductile motion on the Nesna Shear Zone had ceased by Mid Devonian 
time, the shear system was superceded by steeper Early Carboniferous (335‒346 Ma) faults that cut the 
earlier low-angle ductile shear zones (Eide et al., 2002).



8 of 60 9 of 60

R. B. Færseth                         Structural geology and basin development of the Norwegian Sea

Several workers have speculated that Carboniferous tectonic events affected the Norwegian Sea region 
with associated sedimentation (e.g., Ziegler, 1988, 1989, 1990; Blystad et al., 1995; Doré et al., 1997; 
Roberts et al., 1999; Brekke, 2000; Brekke et al., 2001; Osmundsen et al., 2002, 2003, 2016; Mjelde et 
al., 2007; Faleide et al., 2008). Brekke et al. (2001, fig. 5) inferred a large central area of a stable unrifted 
and emergent basement block between Norway and East Greenland, with Carboniferous rift basins on 
both sides, i.e., onshore East Greenland and as narrow rifts to the east, parallel to the Mid-Norwegian  
coastline. Later authors (e.g., Nøttvedt & Worsley, 2006) have adopted this paleogeographic model. 
Whereas Carboniferous rifting and sedimentation are documented onshore East Greenland, there are 
no data to support the assumption of Carboniferous rift basins in nearshore areas to the east. Where 
wells of a shallow drilling project are available along the Lofoten‒Vesterålen margin, Upper Palaeozoic  
sediments are absent, and thin Lower Triassic‒Middle Jurassic sediments overlie the Pre-Cambrian  
basement (Hansen et al., 1992). Commercial wells drilled in the Slørebotn Sub-basin and on the Gossa 
High confirm a similar development in the SE Møre Basin.

Stemmerik (2000, and references therein) presented paleogeographic maps, spanning the  
Carboniferous to Late Permian for the northern North Atlantic region. The maps were based on sediments 
described from onshore East and North Greenland, Svalbard, Bjørnøya and in the western Barents Sea. The  
paleogeographic maps indicate that Carboniferous sedimentation was limited to the northern part of 
the region, where Pangea, at this time, was fringed to the north by a huge shelf dissected by deeper- 
water basins. The area between Norway and East Greenland was interpreted as an emergent land mass, 
with non-marine Carboniferous sediments restricted to an area onshore East Greenland. Within the area  
occupied by the present Norwegian Sea, Carboniferous sediments were not deposited south of the  
Lofoten‒Vesterålen archipelago.

In the northern North Sea (Utsira High), the presence of Carboniferous sediments has been suggested 
by Brekke et al. (2001). Farther north and east of the Viking Graben, Carboniferous sediments are 
not encountered, neither in well 31/6-1 drilled to basement beneath the Horda Platform nor in wells 
along the eastern flank of the Sogn Graben (Fig. 1), and Triassic sediments onlap basement at both  
locations (e.g., Færseth et al., 1995a; Færseth 1996). Hence, in the area offshore West to Mid Norway 
and NW of the Lofoten‒Vesterålen archipelago there is no compelling evidence of major structures and  
sedimentation resulting from Carboniferous deformation.

Late Permian‒Early Triassic rifting, basin develop-
ment and sedimentation
A Mid-Late Permian initiation of a tectonic event is widely recognised in the northern North Atlantic and 
western Barents Sea, and a marine connection was established between the Barents Sea and the basin 
onshore East Greenland. Following the non-marine Devonian‒Carboniferous sedimentation, this was the 
first time since the Caledonian Orogeny that marine sediments were deposited onshore East Greenland 
(Stemmerik, 2000), similar to the basin area offshore Mid Norway.

Workers have suggested Permo‒Triassic rifting and sedimentation in most of the investigated area  
(Dalland, 1981; Larsen, 1987; Ziegler, 1988, 1989, 1990; Schmidt, 1992; Blystad et al., 1995; Swieciki et 
al., 1998; Ren et al., 1998; Doré et al., 1999; Gabrielsen et al., 1999; Brekke, 2000; Reemst & Cloetingh, 
2000; Brekke et al., 2001; Müller et al., 2005; Nystuen et al., 2006; Bergh et al., 2007; Faleide et al., 2008; 
Hansen et al., 2012; Osmundsen et al., 2016). However, major Permo‒Triassic rift basins are documented 
only in the eastern part of the study area, where deep basins bounded by faults with throws in the range 
6‒10 km at top basement level have been mapped (Fig. 4).
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The Froan Basin, as defined by Blystad et al. (1995), is essentially a set of half-grabens of alternating 
polarity along strike. Large normal faults bound the basin, to the southwest against basement of the 
Frøya High (Fig. 4A) and to the northeast as basin-bounding faults close to the Norwegian mainland 
(Fig. 4B). Another basin is located farther north, partly beneath the Cretaceous Helgeland Basin (Fig. 1). 
To the east, pre-Jurassic sediments are juxtaposed against basement across a major fault zone close to 
the mainland (Fig. 4C). The basin consists of sub-basins separated by a N‒S-trending basement ridge, 
and the depth to magnetic basement is between 8 and 10 km on both flanks of the basin (Olesen et al., 
2002; Breivik et al., 2011). According to Osmundsen & Péron-Pinvidic (2018), the crustal thickness was 
reduced to some 20‒25 km under the Trøndelag Platform and Halten and Dønna terraces, following the 
Permo‒Triassic extensional episode.

Rift basins beneath the Trøndelag Platform contain infill successions interpreted to result from Late 
Permian‒Early Triassic extension (Blystad et al., 1995; Brekke, 2000; Brekke et al., 2001; Bugge et al., 
2002; Osmundsen et al., 2002; Müller et al., 2005). The timing is consistent with rifting described from 
the coastal area of East Greenland (Surlyk, 1990; Stemmerik et al., 2000; Hartz et al., 2002; Wignal & 
Twitchett, 2002; Hamann et al., 2005), western Barents Sea (Berglund et al., 1986; Wood et al., 1989; 
Gabrielsen et al., 1990; Gudlaugsson et al., 1998) and northern North Sea (Leirvik et al., 1989; Steel &  
Ryseth, 1990; Steel, 1993; Færseth, 1996). Faults associated with rift basins pre-date a Late  
Ladinian‒Carnian evaporite interval offshore Mid Norway. Where basins have the shape of half-grabens,  
sediments thicken down-dip to reach thicknesses up to 2000‒3000 m. Müller et al. (2005) subdivided 
the syn-rift succession into a Late Permian initial rift stage, whereas Lower Triassic sediments were  
deposited during a rift climax stage (Fig. 5). 

Some authors have suggested that Late Permian‒Early Triassic faulting beneath the Trøndelag Platform 
represented a reactivation of Devonian extensional structures (e.g., Braathen et al., 2002; Osmundsen 
et al., 2002, 2005; Skilbrei & Olesen, 2005). However, the existence of Devonian extensional features in 
the offshore area as well as the nature of such reactivation remain controversial (Breivik et al., 2011).
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A minimum 3000 m-thick sediment succession is evident on the southern Halten Terrace, beneath Late 
Ladinian‒Carnian evaporites, and may contain Triassic Red and Grey beds as well as Permian sediments 
similar to those on the Trøndelag Platform. Beneath the salt, in the hanging wall of a NE‒SW-striking 
fault, an E‒SE-dipping seismic reflection offset by normal faults demonstrates tilted fault-blocks and  
associated syn-rift wedges (Fig. 6). In the immediate hanging wall of the master fault, the syn-rift wedge 
has a thickness exceeding 1000 m, interpreted to have resulted from the Late Permian‒Early Triassic rift 
episode.
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Beneath the Slørebotn Sub-basin (Fig. 1), Lower‒Middle Triassic sediments were penetrated and partly 
cored in well 6305/12–1 (Fig. 7). NE‒SW-striking normal faults in this area have been attributed to Early 
Triassic extension (Jongepier et al., 1996).

The Sklinna Ridge is a basement high that occupies the westernmost Halten Terrace, bounded to the 
west by the Jurassic Klakk Fault Complex (Fig. 1). The top of the ridge is 3‒10 km wide, and the ridge 
extends 140 km in a N‒S trend (Blystad et al., 1995). The ridge consists of three separated segments, i.e., 
two deeply eroded highs and an intervening saddle. The segments to the north and south show flatly 
eroded basement overlain by Cretaceous sediments. The eastern boundary of the Sklinna Ridge may  
represent E-dipping basement (Blystad et al., 1995), but along parts of its length it is bounded by  
E-dipping normal faults where the throw at basement level is up to 4 km. The fault activity was partly 
pre-Jurassic, and possibly a result of the Late Permian‒Early Triassic extension. As argued below, the 
present Sklinna Ridge is interpreted as the easternmost remnant of a basement land area that existed 
west of the Halten Terrace, prior to the Jurassic rift climax stage.
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Beneath the deep Cretaceous Vestfjorden Basin (Fig. 1), authors have inferred a post-Devonian to 
pre-Cretaceous age for a c. 5000 m-thick sequence of sediments above basement (Fig. 3) (Jørgensen 
& Navrestad, 1981; Bøen et al., 1984; Blystad et al., 1995; Mjelde et al., 1996). Faults beneath the  
Vestfjorden Basin project onto land, into the Vestfjorden‒Vanna Fault Complex (Forslund, 1988;  
Gabrielsen et al., 2002), and paleomagnetic studies indicate Permian activity associated with these faults 
(Olesen et al., 1997). Færseth (2012) interpreted the succession beneath the Vestfjorden Basin as the only 
indication of a potential, large-scale, Late Permian‒Early Triassic rift basin offshore Lofoten–Vesterålen. 
The author further suggested that this basin, together with the two rift basins beneath the Trøndelag 
Platform (Fig. 1), might have constituted an en échelon array of major rift basins in the near shore area, 
due to the NE‒SW basement grain where basins are located, which was oblique to the E‒W-oriented Late 
Permian‒Early Triassic stretching trend (Færseth et al., 1997; Doré et al., 1999; Mosar et al., 2002; Valle 
et al., 2002; Torsvik & Cooks, 2005). A similar en échelon development, controlled by the basement grain 
has been described onshore East Greenland (Rotevatn et al., 2018).

The Permo‒Triassic basin area offshore Mid Norway was flanked to the NW and SE by regional basement 
highs, governed by the prominent structural grain of the region (Færseth, 2012). The Lofoten‒Vesterålen 
archipelago, the Utrøst Ridge together with the inner shelf along this margin segment (Fig. 1), represent 
remnants of a regional NE‒SW-striking basement high. To the south, the Møre margin and the huge 
basement block (Gossa High) are remnants of a NE‒SW-trending basement high associated with the 
Møre‒Trøndelag Fault Complex (Fig. 1). This was a prominent and long-lived structural element both 
onshore and offshore Norway (Gabrielsen et al., 1984, 1999; Brekke & Riis, 1987; Bering, 1992; Graue, 
1992; Blystad et al., 1995; Redfield et al., 2005; Osmundsen et al., 2016). Onshore Norway, the width of 
the fault complex exceeds 50 km (Olsen et al., 2007). In the offshore area, the NE‒SW-trending Slørebotn 
Sub-basin as well as the Marulk and Magnus basins demonstrate the strong influence of the basement 
grain. Several ridges and highs also oriented NE‒SW, where basement apparently subcrops at Cretaceous 
level, are all associated with the offshore extension of the Møre‒Trøndelag Fault Complex (Fig. 1).

The two basement highs, characterised by eroded and peneplaned top basement prior to the Late  
Jurassic climax stage, contrast the dramatic basement topography in the basin area offshore Mid Norway 
(Olesen et al., 2002; Skilbrei et al., 2002; Skilbrei & Olesen, 2005). During the Late Permian‒Early Triassic 
rift episode, the two basement highs apparently acted as relay ramps, or high relief accommodation 
zones census Rosendahl (1987). The eastern margin of deep Late Permian‒Early Triassic rift basins was 
shifted progressively to the east across the basement highs; from the Øygarden Fault Complex along 
the west coast of Norway (Færseth et al., 1995a; Færseth, 1996), via major faults close to the present 
coastline of Mid Norway (Fig. 4B, C) and to the Senja Fracture Zone in the southwestern Barents Sea  
(Fig. 1, top right).

Late Permian syn-rift sedimentation 

Two commercial wells, drilled on the Nordland Ridge (Fig. 1), as early as 1983 and 1997, encountered 
sediments interpreted to be Late Permian in age. In well 6609/7–1, drilled up-flank on the ridge, 35 m 
of dolomite and dolomitic limestone rest directly on Precambrian metasandstone (Slagstad et al., 2011). 
In well 6608/8–1, a 250 m-thick succession of carbonates and shales was penetrated. Well 6307/1–1S, 
drilled in 2018, encountered carbonate rocks in the transition zone between the Frøya High and the 
Froan Basin. The carbonates of assumed Late Permian age overlie metasedimentary rocks of currently 
unknown age.

In addition to commercial wells, shallow stratigraphic drilling has proven 370 m of Upper Permian  
sediments, to demonstrate deep basins located close to the present Mid-Norwegian coastline (Bugge et 
al., 2002). In well 6611/9–U1, at the northeastern margin of the Late Permian‒Early Triassic basin area, 
the lower 170 m of the succession consists of reddish, well-sorted sandstone of shallow-marine origin, 
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followed by a 20 m-thick anhydrite unit, indicative of an arid climate. This unit is overlain by 80 m of a 
lower turbidite sand-shale succession. The uppermost 100 m of the drilled Upper Permian succession is 
characterised by mudstone interbedded with thin siltstones, representing distal thin-bedded turbidites 
and hemipelagic deposits, reflecting periods of anoxia. 

Müller et al. (2005) correlated Upper Permian sediments encountered offshore Mid Norway with the 
Foldvik Creek Group on East Greenland. The group consists of four formations; the Huldal, Karstryggen, 
Ravnefjell and Wegener Halvø formations (e.g., Surlyk et al., 1986; Surlyk, 1990; Christensen et al., 1993; 
Stemmerik et al., 1993, 2001; Hartz et al., 2006). Poorly sorted, immature, fluvial conglomerate and 
sandstone of the Huldal Formation are time equivalent with the shallow-marine sandstone succession 
in well 6611/9–U1. The Karstryggen Formation consists mainly of limestone with interbedded gypsum 
(hypersaline conditions), corresponding to the 20 m-thick anhydrite unit (Bugge et al., 2002; Müller et 
al., 2005). The Ravnefjeld Formation, similar to the lower turbidite and shale succession in the shallow 
well, consists of black bituminous mudstones (e.g., Surlyk et al. 1986, Christensen et al., 1993). The 
uppermost part of the Permian turbidite succession may represent an equivalent to the Schubert Dal 
Formation on East Greenland, interpreted as a submarine fan system (e.g. Stemmerik et al., 2001).

The Ravnefjeld Formation is interfingering and laterally equivalent to the Wegener Halvø Formation, 
which comprises carbonates deposited on structural highs or along basin margins. Carbonates may 
infill karstic surfaces (Stemmerik et al., 1993), and bioherms and reef buildups occur in places in the  
formation. The carbonates encountered in wells drilled on the Nordland Ridge and in well 6307/1–1S at 
the margin of the Frøya High may correspond to the Wegener Halvø Formation, deposited on structural 
highs along a western basin margin.

Based on seismic, Upper Permian sediments may compose a substantial part of the pre-Triassic  
succession beneath the Trøndelag Platform (Fig. 4). Scattered well data indicate that shallow- 
marine sandstone and deltaic systems, sourced from the Baltic Shield, dominated along the basin 
margin to the east, whereas carbonates were deposited above basement highs to the northwest and 
southwest. In most of the basin area however, Upper Permian deposits are interpreted as fine-grained,  
shallow-marine sediments (Fig. 5) (Müller et al., 2005). During the latest Permian, a relative sea-level 
rise took place and changed the depositional environment to deep-water conditions.

Early Triassic syn-rift sedimentation

Few commercial wells have encountered Lower Triassic sediments, and mainly on the Nordland  
Ridge (e.g., 6507/6–1). Lower Triassic sediments (c. 400 m) were sampled in shallow wells 6611/9–U1, 
U2 at the eastern margin of the Permo‒Triassic basin area (Bugge et al., 2002). The boundary between  
Permian and Lower Triassic sediments is probably conformable in the shallow wells, with an interval of  
amalgamated turbidites at the boundary. The wells demonstrate that along the eastern part of the  
basin, the lowermost Triassic is typically shale and mudstone with thin siltstone and sandstone beds,  
reflecting deposition on the basin floor or at the base-of-slope, dominated by turbidites. In most of the  
basin area, the lowermost Triassic is interpreted to be dominantly shales and mudstones (Müller et al.,  
2005). However, the lateral distribution of Lower Triassic syn-rift sediments is assumed to be complex 
due to the asymmetry of rift basins with variation from deep to shallow-marine environments over short 
distances.

Thick Upper-Middle Triassic successions, dominated by Red and Grey beds, have been drilled on the 
NE flank of the Frøya High, in wells 6407/10–3 and 4. The wells with TD at 2973 m and 3224 m were 
drilled to basement represented by fractured granite, which yielded an age of 437 Ma (Slagstad et al., 
2011), and metamorphic sandstone, respectively. The two wells demonstrate that Lower Triassic syn-rift  
sediments are absent at these locations.
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Beneath the Slørebotn Sub-basin, Triassic sediments that attain a stratigraphic thickness of minimum 
600 m were encountered in well 6305/12–1 (Fig. 7), and the succession was assigned an Early‒Middle  
Triassic age (Jongepier et al., 1996). The Triassic rocks consist of conglomerates, sandstones and mudstones, 
with a fining-upwards character, and sediments were deposited in an arid alluvial environment. The thick  
section of stacked conglomerates at the base contains cobble-size clasts, which indicate close proximity 
to a western source area. In well 6305/12-2 drilled on top of the Gossa High (Fig. 7), Bathonian sediments 
rest directly on basement represented by greenstone. The absence of Triassic rocks indicates that this 
area has been exposed and eroded, and is interpreted as part of the source area for coarse-grained  
Lower Triassic sediments encountered a short distance to the east.

The oldest sediments proven along the Lofoten‒Vesterålen margin occur in a 175 m-thick Early Triassic 
succession overlying Precambrian basement and deposited in a localised basin northwest of the Lofoten 
Ridge. In shallow well 6710/03–U–03, the cored succession is interpreted as erosional products from 
the exposed basement (Hansen et al., 1992). The succession is sand dominated, fining upwards, and  
represents immature alluvial-fan deposits (Hansen et al., 2012). Farther northeast, in the shelf area off 
Vesterålen and in the outcrop onshore Andøya (Fig. 1), Middle Jurassic sediments overlie basement, 
and in both areas thin conglomerates at the base were derived from the underlying basement (Dalland, 
1975, 1979; Hansen et al., 1992). The eroded and smooth top basement surface shows evidence of deep  
weathering (Sturt et al., 1979; Mørk et al., 2003). Hence, basement rocks were peneplaned and  
subaerially exposed for a long period before the area was flooded and sedimentation initiated in the 
Middle Jurassic. In East Greenland, the Wordie Creek and Pingo Dal formations represent the Early  
Triassic sedimentation, consisting of submarine-fan and alluvial-fan/axial flood-plain deposits,  
respectively. The formations signify deposition in a syn-rift setting with high sedimentation rates (Oftedal 
et al., 2005).

Permo‒Triassic rift basins between Norway and Greenland

Within the Norwegian Sea, regional-scale Late Permian‒Early Triassic rift basins have been mapped  
beneath the Trøndelag Platform (Fig. 4). There are indications of rifting of this generation also  
beneath the Vestfjorden Basin (Fig. 3), and the Halten Terrace (Fig. 6), whereas effects of Early Triassic fault  
activity are inferred beneath the Slørebotn Sub-basin (Jongepier et al., 1996). Onshore East Greenland, 
Late Permian‒Early Triassic extension resulted in basins bounded by major E to ESE-dipping faults (e.g., 
Surlyk, 1990; Hartz et al., 2002, 2006; Lundin & Doré, 2002; Hamann et al., 2005; Parsons et al., 2017). 

Whether Late Permian‒Early Triassic extension affected areas now buried beneath the Cretaceous Vøring 
and Møre basins cannot be categorically stated. However, interpretations at depth indicate relatively 
thin intervals between assumed top crystalline basement and the base Cretaceous over most of the area 
(Blystad et al., 1995; Skogseid et al., 2000; Raum et al., 2002; Skilbrei et al., 2002; Gómez et al., 2004; 
Breivik et al., 2011; Osmundsen et al., 2016; Zastrozhnov et al., 2020). Long-offset seismic-reflection 
data reveal that uncertainty remains regarding pre-Cretaceous lithologies, envisaged by the contrasting 
interpretations (e.g., Nirrengarten et al., 2014; Osmundsen et al., 2016; Osmundsen & Péron-Pinvidic, 
2018; Zastrozhnov et al., 2020). Accordingly, whether rocks at depth are composed of dense sediments, 
continental crystalline crust or altered mantle remain poorly constrained. 

Mosar et al. (2002) presented an evolutionary rift model for the Greenland‒Norway separation with the 
locus of Late Permian‒Early Triassic rifting at the eastern margin, i.e., beneath the Trøndelag Platform. 
Also, in the northern North Sea, beneath the Horda Platform, a Late Permian‒Early Triassic rift basin  
characterised by faults with throws up to 4‒5 km at top basement level occupy the eastern part of 
the 200 km-wide North Sea basin (Steel & Ryseth, 1990; Færseth et al., 1995a; Færseth, 1996). Hence,  
although comparable Permo‒Triassic sediments were deposited offshore Mid Norway and along the  
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conjugate Greenland margin (e.g., Müller et al., 2005), these two depositional areas did not represent 
the margins of an intra-continental, 200‒400 km-wide, Late Permian‒Early Triassic rift basin, a paleo- 
geographic model published by several authors (Dalland, 1981; Gage & Doré, 1986; Larsen, 1987;  
Ziegler, 1988, 1989, 1990; Swiecicki et al., 1998; Brekke et al., 2001; Seidler et al., 2004; Müller et al., 
2005; Nystuen et al., 2006).

Middle Triassic–early Middle Jurassic post-rift 
development
Middle Triassic‒early Middle Jurassic time is regarded as a period of overall tectonic  
quiescence, and the c. 70 million-year interval separated two major rifting episodes (Fig. 5). Sediments  
that accumulated in the basin area beneath the Trøndelag Platform and the Halten and Dønna terraces  
achieved a total thickness of 2500‒3000 m, whereas time-equivalent sediments are largely absent above  
basement highs surrounding the basin (Færseth, 2012). 

During this period, extensional tectonics have been suggested, but interpretations are generally subdued 
and based on local observations (e.g., Blystad et al., 1995; Fjellanger et al., 2005; Nøttvedt et al., 2008; 
Marsh et al., 2010; Ravnås et al., 2014; Ichaso et al., 2016; Osmundsen et al., 2016). Accordingly, there 
is no consistent timing and understanding of the regional implications of postulated tectonic events and 
compared with the three major rift episodes (Fig. 5) they appear as local and minor disturbances. 

Although the post-rift sedimentation took place during a tectonically quiet period, highly variable  
depositional conditions have been registered. Apart from external factors, such as variable climatic  
conditions and global sea-level changes, with periodical flooding of the basin, local factors  
influenced the basin physiography and depositional conditions. Middle Triassic sediments were deposited  
above a substrate characterised by a rough topography due to the preceding rift episode. Sediment  
loading and the continuous differential compaction of the deposited sediments, created accommodation  
space for additional sediments. Halokinetic movements of thick latest Middle‒Upper Triassic salt caused  
significant thickness variations of overlying sediments, especially on the Halten Terrace (Jackson &  
Hastings, 1984; Withjack et al., 1989; Pascoe et al., 1999; Corfield & Sharp, 2000; Corfield et al., 2001; 
Færseth & Lien, 2002; Richardson et al., 2005; Marsh et al., 2010; Wilson et al., 2013, 2015).

The boundary between Lower and Middle Triassic successions represents a change from marine  
sediments to coastal plain, flood-plain and lacustrine deposits. Middle Triassic (Anisian‒Ladinian)  
sediments exceed 1000 m in thickness in most of the basin. After deposition of this succession, the 
topography created by Late Permian‒Early Triassic rifting was levelled and younger sediments were 
deposited over a wide and relatively flat area. 

The few wells which have drilled Middle Triassic sediments, contain red mudstones interbedded with 
thin, commonly heterolithic, sandstone units. Well 6407/10–3, located on the northeastern flank 
of the Frøya High, penetrated 1131 m of Triassic sediments, where Middle Triassic Red Beds some 
200‒250 in thickness, overlie fractured granitic basement. Beneath the Slørebotn Sub-basin, the Triassic  
sedimentary succession in well 6305/12–1 is fining upwards, and siltstones and mudstones, which  
dominate in the upper part of the interval, are regarded as Middle Triassic Red Beds (Jongepier et al., 
1996).

Offshore Mid Norway, a change in depositional environment at the end of Middle Triassic is evident, 
and evaporites then became an important element of the stratigraphy. Significant climatic changes 
took place during the Triassic, reflecting the northward movement of the Laurentian and Baltic plates.



16 of 60 17 of 60

R. B. Færseth                         Structural geology and basin development of the Norwegian Sea

This implied that the area under consideration moved from a semi-arid climatic zone into a temperate 
zone close to the Triassic‒Jurassic transition, with the study area located between 40o and 50o N in the 
Latest Triassic (Torsvik et al., 2003; Torsvik & Cocks, 2005). Late Ladinian‒Carnian salt, deposited in a  
restricted basin, reflects the arid climatic conditions. The evaporite succession, penetrated by well 
6507/12-2 on the Trøndelag Platform, has a total thickness close to 900 m and consists of two salt intervals  
separated by a mud unit (Jacobsen & van Veen, 1984). On the NE Halten Terrace, two salt units with a total  
thickness of 800 m, separated by some 500 m of claystone/shale, were drilled in well 6507/12–2. Based 
on seismic (Fig. 6), salt is present and comparable in thickness with that on the Trøndelag Platform, over 
most of the terrace area, but becomes thinner to the north onto the Dønna Terrace (well 6507/6–1). 

The Kolledalen, Solfaldsdal and the Kap Seaforth members of the Gipsdalen Formation represent 
the Middle Triassic succession onshore East Greenland. The formation contains eolian, fluvial and  
lacustrine sediments (Clemmensen, 1980). Thick salt is not present, although sediments of the Kap Seaforth  
Member may reflect more or less the same climatic conditions. This member, Late Landinian in age, 
is characterised by gypsum-bearing sandstone and mudstone, deposited in a continental sabkha  
environment with interbedded eolian dunes (Clemmensen, 1978).

The uppermost Triassic (Norian‒Rhaetian), 600 to 800 m in thickness, is penetrated in wells drilled on 
the Trøndelag Platform and the Halten and Dønna terraces. The Norian succession consists mainly of red 
sandstone and shale. The sand ratio increases to the south and east and reflects a rhythmic alternation 
between fluvial channel and overbank deposits with fine-grained flood-plain and lacustrine deposits.

During the Norian, a change in the depositional system took place and Grey Beds, mainly of flood-plain 
and coastal plain origin, replaced the Red Beds, reflecting the onset of a significant climatic change. 
In well 6407/10–3 drilled on the Frøya High, Grey Beds are conglomeratic in a core representing the  
uppermost 23 m of the thick Triassic succession drilled in this well. The conglomerate probably  
represents braided stream deposits, deposited close to a western source area. The coarsening- 
upward trend within the Upper Triassic succession corresponds to a similar trend seen in East Greenland  
(Clemmensen, 1978).

Basement high in the Norwegian Sea as source for coarse-grained 
sediments

In publications from an early stage of exploration (e.g., Dalland, 1981; Gage & Doré, 1986; Larsen, 1987; 
Ziegler, 1988, 1989, 1990), but also in more recent contributions (e.g., Johannesen & Nøttvedt, 2006; 
Ravnås et al., 2014), authors have presented Jurassic paleogeographic maps which exhibit a c. 200 km- 
wide zone of intra-continental rifting. East Greenland and the shelf offshore Mid Norway formed the two 
opposing margins of the wide rift basin, and sediments were assumed to have been sourced from East 
Greenland and the Fennoscandia hinterlands, respectively.

As described below, abundant well data prove that the coarsest grained and most fluvially influenced 
Lower and early Middle Jurassic sediments were deposited along the western part of the Halten Terrace. 
Hence, based on sedimentological evidence, including heavy-mineral studies (Morton & Chenery, 2009; 
Morton et al., 2009), a land area existed west of the Halten Terrace. The large amount of coarse clastics, 
i.e., pebbly sandstone and conglomerate, entering into the basin from the west, suggests a considerable 
size for the land area. 

Several workers have recognised coarse-grained sediments on the Halten Terrace, for which they have 
invoked a westerly source. However, the origin, position and areal extent of suggested land areas are  
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poorly constrained. A local source area, represented by an elongate island or a belt of islands, has been 
suggested (e.g., Doré 1992; Quin et al., 2010), whereas Ravnås et al. (2014) regarded the Sklinna Ridge 
as the source for the coarse clastics. However, land areas with limited areal extent would have had small 
water catchments, unlikely to form large river deltas. Authors have also invoked larger source areas, by 
some termed the ‘Grip High’ (e.g., Ehrenberg et al., 1993; Johannesen & Nøttvedt, 2006; Messina et al., 
2014). 

Brekke et al. (2001) suggested a land mass from the Aalenian to Late Bathonian in the area now  
occupied by the Møre and Vøring basins, with the present deep Cretaceous basins as areas of uplift, 
subaerial exposure and erosion. This would imply that Lower and Middle Jurassic sediments are missing  
beneath the Cretaceous basins, an assumption at odds with depositional models presented by a number 
of authors. 

A huge land area exposed for erosion and bounding the Halten Terrace to the west is the configuration 
favoured in this study as it explains the dominance of coarse-clastic deposits on the terrace. Brekke et 
al. (2001) attributed Aalenian‒Late Bathonian uplift to thermal domes, a model also favoured by Doré 
(1992), Brekke et al. (1999) and Brekke (2000). However, the Caledonian Orogeny, which climaxed with 
the Early Devonian collision and the subduction of the Baltic craton underneath Laurentia, resulted in a 
mountain range several kilometres high (e.g., Andersen & Jamtveit, 1990). The metamorphosed rocks 
of the orogen onshore Norway and East Greenland remained important sources for sediments until the 
Cretaceous period. 

As an alternative model, it is suggested that the land mass that represented the source for proven  
coarse-clastic Mesozoic sediments comprised remnants of the Caledonide orogen. This basement high 
might have occupied the area between the Halten Terrace and Liverpool Land, at the east coast of 
Greenland. As a corollary, Jurassic as well as Permo‒Triassic sedimentation in the Norwegian Sea was 
restricted to a basin area bounded to the west by metamorphosed rocks of the Caledonian mountain 
range, a notion also supported by wells drilled in the SE Møre Basin, i.e., 6305/12–1, 6305/12–2 and 
6306/10–1. 

Bathonian coarse clastics encountered in the three wells were deposited in fluvial environments, 
with an exposed basement high to the northwest as the source area. The Bathonian Garn Formation  
unconformably overlies basement in wells 6306/10–1 and 6305/12–2, and Middle Triassic sediments in 
well 6305/12–1 (Fig. 7).

Well 6306/10–1 reached TD in a medium-grained diorite, which yielded an age of 447 Ma  
(Slagstad et al., 2011). According to these authors, the age and isotopic compositions overlap with major  
magmatic complexes in the Caledonian Upper and Uppermost Allochthons in the coastal area onshore  
Mid Norway. In well 6305/12–2, drilled on the crestal part of the Gossa High (Fig. 7), Bathonian  
sediments overlie basement represeted by greenstone. Early Palaeozoic greenstones are typical rocks of 
the West Norwegian Caledonides, preserved in structural depressions along the southwestern coast of 
Norway (e.g., Færseth et al., 1977; Færseth, 1982; Brekke & Solberg, 1987).

The coarse-grained Bathonian sediments encountered in well 6305/12–2 were deposited in an  
alluvial fan/flood-plain environment dominated by gravity flow processes (Jongepier et al., 1996).  
The sediments are of a more proximal character than in well 6305/12–1 drilled 10 km to the east.  
The lateral change indicates that Middle Jurassic sediments beneath the Slørebotn Sub-basin were  
sourced from a basement area represented by the present Gossa High, but possibly also including a  
northwest extension of this high. This assumption is supported by seismic profiles across the Møre Basin 
(e.g., Osmundsen et al., 2016), which indicate that the Gossa and Vigra highs (Fig. 1) might have formed 
a continuous basement high prior to the Kimmeridgian‒mid Volgian rift climax stage.
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As described above, Lower Triassic syn-rift sediments, drilled and partly cored in well 6305/12–1, have 
a thick section of stacked conglomerate at the base, which indicates proximity to a source area. The  
conglomerate contains cobble-size clasts of greenstone, i.e., similar to the substrate encountered  
beneath Bathonian sediments on the present crest of the Gossa High (Fig. 7). The coarse clastics were 
deposited in an alluvial environment, with an exposed basement high to the west as the catchment 
area. Based on these observations, the Gossa and Vigra highs are interpreted as a potentially continuous  
Triassic, as well as Jurassic, uplifted basement area, and most likely connected to the land mass that 
existed west of the Halten Terrace. 

Early‒Middle Jurassic post-rift sedimentation

Lower and early Middle Jurassic sediments in the eastern part of the study area show evidence of  
periods with deposition of shallow-marine, tidal-influenced sands. The strong tidal influence is regarded 
to reflect periods when the Mid-Norwegian shelf was traversed by shallow epicontinental seaways that 
connected the Tethys Ocean in the south to the high paleo-latitude Boreal Sea (e.g., Brekke et al., 2001; 
Allison & Wells, 2006; Messina et al., 2014; Korte et al., 2015). Assuming a basement high between the 
Halten Terrace and the basin onshore East Greenland, the seaway was situated to the east of, rather than 
along, a wide Jurassic rift-basin between East Greenland and the Norwegian mainland. Observations 
from the Jameson Land Basin on East Greenland, suggest a narrow branch of the Jurassic seaway to the 
west (Doré, 1992; Brekke et al., 2001; Surlyk, 2003; Quin et al., 2010). Within this basin, located west of 
the Liverpool Land peninsula, deposition of Early to Middle Jurassic, tide-dominated sand intervals have 
been described (e.g., Surlyk, 1991; Dam & Surlyk, 1992; Koppelhus & Dam, 2003; Surlyk, 2003). Surlyk 
(1990) presented evidence from Jameson Land of sediment influx from a land area located east of this 
narrow seaway.

The Jurassic post-rift succession is extensively drilled and cored east of the Møre and Vøring basins,  
where sediments of this generation achieved a total thickness approaching 1000 m. Sand-prone units 
of the Båt and Fangst groups (Fig. 5) were associated with major transgressions, which might be  
diachronous, becoming younger towards the western and eastern margins of the basin with  
indications of erosion (Gjelberg et al., 1987). Lower Jurassic, tide-dominated, sheet-sand complexes, i.e., 
the Tilje and Ile formations, represent the most important reservoirs on the Halten and Dønna terraces  
(e.g., Blystad & Søndenå, 2005; Østvedt et al., 2005).

The boundary between Upper Triassic sediments and the overlying, Early Jurassic Åre Formation is  
gradual, characterised by the occurrence of coal, thicker channel sandstone units and an increasing 
number of greyish-coloured mudstone beds (e.g., Gjelberg et al., 1987; Svela, 2001). A large number of 
wells drilled offshore Mid Norway have penetrated the 300‒500 m-thick, latest Rhaetian‒Sinemurian 
Åre Formation, or have TD within the formation. This is because fluvial sandstones of the formation are 
considered to be the lowermost potential reservoir units in the investigated area. The coal-bearing Åre 
Formation was deposited in extensive flood plains (Gjelberg et al., 1987; Dalland et al., 1988; Kjærefjord, 
1999; Svela, 2001), and the coal development is consistent with the well-established interpretation of a 
humid climate throughout the Early Jurassic. The thickest coal beds, situated in the lower part of the Åre 
Formation, have a good source potential for gas (Helgesen et al., 2000; Martinius et al., 2005; Messina 
et al., 2014). 

North of Lofoten, a 150 m-thick Rhaetian‒Pliensbachian succession of claystone and siltstone  
interbedded with coal and channel sandstone, cored by a shallow drilling programme (well 6710/03– 
U–01), is interpreted as the Åre Formation (Hansen et al., 1992). In East Greenland, the Kap  
Steward Group, exposed on Jameson Land, reaches thicknesses of more than 600 m (Surlyk, 2003), and  
represents an equivalent to the Åre Formation.



18 of 60 19 of 60

R. B. Færseth                         Structural geology and basin development of the Norwegian Sea  

At the end of the Sinemurian, a change in depositional environment is marked by a sudden  
transition from the relatively fine-grained upper part of the Åre Formation to a sandier unit with much 
thicker sandstone beds, representing the lower part of the Pliensbachian Tilje Formation (Dalland et al., 
1988). The Tilje Formation consists of heterolithic deposits, representing a wide range of depositional  
environments from fluvial channels to offshore facies. Several publications have described the  
development of the Tilje Formation as well as reservoir properties, which remain relatively good at  
burials deeper than 4500 m (e.g., Gjelberg et al., 1987; Ehrenberg, 1993; Dreyer, 1992; Brekke et al., 
1999; Martinius et al., 2001, 2005; Storvoll et al., 2002; Blystad & Søndenå, 2005; Klefstad et al., 2005; 
Østvedt et al., 2005; Ravnås et al., 2014; Ichaso et al., 2016). The Fennoscandian hinterland to the east 
was a sediment source area, although deltaic facies with mouth-bar complexes and the large amount of 
relatively coarse-grained sediments entering into the basin from the west (e.g., Gjelberg et al., 1987) are 
also evidence of the land area to the west. The Tilje Formation has thicknesses varying from less than 
100 m to close to 300 m, as in well 6406/2–1 on the western Halten Terrace. The thickness variations, 
especially on the Halten Terrace, are partly due to halokinetic movements of the underlying salt.

In East Greenland, the marine transgression at the end of the Sinemurian marks the boundary between 
the lacustrine environment of the underlying Kap Stewart Group and a marine environment represented 
by the Neill Klinter Group (Surlyk, 1990; Dam & Surlyk, 1992). The lower part of the Neill Klinter Group 
is time equivalent to the Tilje Formation, and the group is well exposed on Jameson Land (Surlyk, 2003).

A major transgression took place at the end of the Pliensbachian, and most of the basin offshore Mid 
Norway was rapidly flooded (e.g., Ravnås et al., 2014). The Toarcian sediments immediately above the 
transgressive surface are mainly bioturbated mudstone and shale, but with a more silty and sandy  
development towards the western margin of the basin. Dalland et al. (1988) defined the  
predominantly fine-grained succession as the Ror Formation, whereas sandstones within the formation 
 were defined as the Tofte Formation, which are usually located in the lower and middle parts of the  
succession (Fig. 5). The Ror Formation varies in thicness from a few metres to more than 160 m, whereas the  
Tofte Formation is more than 200 m thick on the western Halten Terrace, as in well 6406/2–7, where it 
appears very blocky (Ravnås et al., 2014). 

The Tofte Formation is present as thin sandstones in the central part of the basin, whereas  
coarse-grained sediments were deposited on the western Halten Terrace (Gjelberg et al., 1987;  
Dalland et al., 1988; Johannesen & Nøttvedt, 2006; Ravnås et al., 2014), locally consisting of pebbly  
sandstone and granules, e.g., well 6506/12–1. In this well, large foresets represent deltaic/shoreline  
clinoforms (Gjelberg et al., 1987). Clinoforms are also described in the time-equivalent Harris Fjeld 
Member of the Ostreaelv Formation on East Greenland (Surlyk, 2003). 

The late Toarcian to Aalenian Ile Formation represents tidally influenced shallow-water conditions, and 
the rapid progradation of coarse clastic sediments led to a gradual infilling of the basin. The depositional 
environment of the Ile Formation was very similar to that of the Tilje Formation (Gjelberg et al., 1987, 
Johannesen & Nøttvedt, 2006). Although areally extensive, the thickness of the formation is generally 
less than 80 m. The lower part of the formation reflects deposition in a lower to upper shoreface, but 
may also show tidal-channel and sub-tidal bar complexes. Thick, massive or slightly coarsening-upwards 
sandstone units are common, particularly in the western and central Halten Terrace, e.g., the upper 
part of the formation in well 6506/12–1, probably representing delta-front and mouth-bar complexes,  
sourced from the land area to the west (e.g., Ravnås et al., 2014). The uppermost part of the Ile  
Formation is fining up in some wells on the Halten Terrace, e.g. wells 6506/12-3, 6407/1–2 and 3, with 
a heterolithic development and strong wave influence, representing bay and inner-shelf deposits.  
The top of the Ile Formation is expressed as a marked transgressive surface, which can be correlated all 
over the Halten/Dønna terraces and the Trøndelag Platform, and defines the transition to the overlying 
Not Formation.
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The Trefjord Bjerg Member in East Greenland represents a time equivalent to the Ile Formation, and 
consists of widely distributed shoreface sand and tidal-channel deposits (Koppelhus & Dam, 2003;  
Koppelhus & Hansen, 2003; Surlyk, 2003). 

The Aalenian‒Early Bajocian Not Formation consists mainly of shale and mudstone with thin siltstone 
stringers in the central part of the basin. In the type well (6507/11–3) and the reference well (6407/ 
1–3), both drilled on the Halten Terrace, the thickness of the formation is 14.5 m and 37 m, respectively 
(Dalland et al., 1988). The Not Formation reflects a sudden transition to brackish water (very low salinity) 
offshore conditions. The regional distribution of this low-salinity facies, present in East Greenland, on the 
Mid-Norwegian shelf and possibly in the northern North Sea (Rannoch Formation), suggests a large basin 
area dominated by freshwater or brackish water conditions with reduced circulation. This development 
might be related to a period with barriers towards the Boreal Ocean to the north and/or to the Tethys 
Sea in the south. The salinity increases gradually upwards in the Not Formation, to become open marine 
in the upper part, which indicates a change in the basin configuration.

The Not Formation corresponds to the Aalenian‒Early Bajocian Sortehat Formation in East Greenland 
(Koppelhus & Hansen, 2003; Surlyk, 2003). The formation has a pronounced maximum flooding surface 
at the base, similar to the Not Formation, and consists mainly of black offshore mudstones, subordinate 
siltstones and very fine-grained sandstones. Similar to the Not Formation, the lower part of the Sortehat 
Formation represents very low salinity, but also in this formation, the salinity increases upwards to fully 
open marine conditions in the upper part. 

The Early Bajocian started with an overall relative sea-level fall and a continuous sand body, i.e., the 
lower part of the Garn Formation, developed within the basin offshore Mid Norway. The top of the Garn 
Formation is strongly diachronous, with a gradually younger and more coarse-grained development to 
the west and east compared with deposition in the axial part of the basin. As argued below, the Jurassic 
rift episode was initiated in the Bajocian, i.e., during deposition of the Garn Formation. As a corollary, 
the lower part of the Garn Formation represents the final stage of the c. 70 million-year long period  
characterised by tectonic quiescence, whereas the upper part represents syn-rift sediments deposited 
during an initial stage of the Jurassic rifting episode (Fig. 5).

An overall relative sea-level rise started in the Mid Bajocian and continued throughout the  
Bathonian. The Garn Formation comprises a complex depositional system (Gjelberg et al., 1987, Dalland et 
al., 1988; Johannesen & Nøttvedt, 2006; Messina et al., 2014; Ravnås et al., 2014). During the transgression,  
several progradational units were stacked on top of each other, commonly with upper shoreface/ 
mouth-bar sediments amalgamated, and little or no fine-grained sediments are preserved between each 
cycle system. The Garn Formation, representing a potential reservoir, is widely distributed in the eastern 
part of the study area, although the thickness varies considerably. The thickness is usually less than 
100 m, but thicknesses of 110 m in the Tyrihans Field (block 6407/1) and 120 m in well 6506/11–3 are  
recorded in the western Halten Terrace. 

Messina et al. (2014) performed a comprehensive study of the Garn Formation based on geophysical 
data and sedimentological logging of c. 700 m of cores from six wells drilled in the Kristin Field. This field 
occupies the crestal part of an easterly tilted Jurassic fault-block, located in the western Halten Terrace. 
The authors stated that the Garn Formation was deposited in an actively subsiding, incipient graben  
within the narrow Jurassic seaway that existed at this time. The occurrence of conglomerates at the 
western extremity of the field (well 6506/11–3) supports the notion of a westerly sediment source area, 
which they termed the ‘Grip High’. The Trøndelag Platform was a part of the seaway, but represented an 
area which at this time received little sand from the Norwegian shoreline (e.g., Doré, 1992; Brekke et al., 
2001; Johannesen & Nøttvedt, 2006).
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Deposition of the Garn Formation shows episodes of rapid progradation, which took place during  
periods of relative sea-level standstill or fall. These episodes are mainly dominated by shoreline and 
delta-front (mouth-bar) progradation, with local incursions of fluvial deposits (Gjelberg et al., 1987).  
Clinoforms recorded in the Garn Formation may represent prograding delta-front units along the  
western basin margin. The thickness of the steep foresets recorded is less than 10 m. Clinoforms are also 
well developed within time-equivalent sediments in East Greenland, in both the Pelion and the Charcot 
Bugt formations, which represent prograding deltaic deposits (Larsen et al., 2003).

In East Greenland, a major change in basin configuration took place in mid-Bajocian time, as a response 
to the onset the Jurassic rifting episode (Surlyk, 2003). The rifting resulted in a major unconformity  
between the Neill Klinter Group and the overlying Varde Kløft Group. During the late Middle  
Jurassic, a major transgression took place and sediments started to onlap the unconformity. The  
basal onlapping succession, defined as the Pelion Formation (Engkilde & Surlyk, 1993; Surlyk, 2003),  
is sand-dominated and exhibits similarities to the Garn Formation, with respect to both depositional  
environment and facies. 

During deposition of the Garn Formation, coarse-clastic supply from the west was still active. However, 
during and following deposition of this formation, the land area west of the Halten Terrace became  
insignificant as a westerly source area. This is regarded as a result of deep erosion, but mainly that 
this land mass was transformed into a hanging wall position, west of the Klakk Fault Complex and  
associated with the Jurassic rift climax stage. As the land area to the west ceased to exist, leaving the 
narrow Sklinna Ridge as an easternmost remnant, virtually no input of coarse material from the west is  
encountered in Late Bathonian and younger sediments on the western Halten Terrace (Fig. 5). This stage of  
development, in this study, is interpreted as the first indication of the development of a large and  
continuous marine basin between Mid Norway and Greenland after the Caledonian Orogeny.

Jurassic rift episode
Jurassic extension affected the North Atlantic region, and at the end of the Jurassic, deep  
intra-continental rift basins existed from the Rockall Trough to the SW Barents Sea, with a separate 
branch into the North Sea (Ziegler, 1988; Lundin & Doré, 1997; Roberts et al., 1999). Structural elements 
that evolved during the Jurassic rifting episode dominate the present-day structural configuration of 
the Norwegian Sea. The region subject to main Jurassic deformation, represents a c. 200 km-wide zone, 
bounded to the east-southeast by the narrow Møre basement platform, Frøya High, Trøndelag Platform, 
Nordland Ridge and the Lofoten‒Vesterålen archipelago (Fig. 1). 

Tilted fault-blocks on the Halten and Dønna terraces and along the Møre and Lofoten‒Vesterålen  
margins represent the most obvious expression of the Jurassic extension, and accordingly these areas 
provide the best data to constrain the duration of the rift episode. Jurassic rifting commenced in the 
Middle Jurassic (Blystad et al., 1995), and in later studies the base of the Jurassic syn-rift sequence was 
mapped as an intra-Bajocian reflector on the Halten Terrace (e.g., Corfield & Sharp, 2000; Corfield et 
al., 2001; Messina et al., 2014). A Middle Jurassic rift initiation is consistent with observations from 
the northern North Sea (Færseth et al., 1995b; Færseth & Ravnås, 1998) and the coastal area of East  
Greenland (e.g., Hartz et al., 2002; Surlyk, 2003; Hamann et al., 2005). Following an initial, Late  
Bajocian‒Early Oxfordian rift stage characterised by modest fault-block rotation, the Late Oxfordian‒ 
Volgian represents the rift climax stage (Fig. 5) that created maximum topographic relief and water 
depths in half-grabens.

Beneath the Cretaceous Møre and Vøring basins, fault activity extended into the Early Cretaceous on 
a suite of large-displacement Jurassic faults that have been imaged in long-¬offset seismic reflection 
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data (e.g., Osmundsen et al. 2016; Osmundsen & Péron-Pinvidic, 2018). As discussed below, authors 
disagree on whether Jurassic‒Early Cretaceous faulting should be viewed as one continuous event or 
separated into distinct Late Jurassic and Early Cretaceous events (Lundin & Doré, 1997; Doré et al., 1999;  
Osmundsen et al., 2002, 2016; Faleide et al., 2008; Osmundsen & Péron-Pinvidic, 2018; Zastroshov et 
al., 2018).

East of the deep Cretaceous basins, syn-rift wedges are Jurassic in age and there is no convincing  
evidence of extended fault activity into the Early Cretaceous (Færseth & Lien, 2002; Færseth, 2012). 
Well 6205/3–1R, drilled in the Slørebotn Sub-basin, penetrated and partly cored Lower Cretaceous‒ 
Upper Jurassic sediments in the hanging wall of a major NE‒SW-striking fault zone along the Møre margin  
(Fig. 7). The well provides excellent data for the reconstruction of the fault-block rotation. Combining 
seismic interpretation and dip magnitude from the dipmeter log and core measurements, Jongepier 
et al. (1996) concluded that tilting of the fault-block was gentle during a Bajocian‒Oxfordian initial rift  
stage. During the Kimmeridgian‒mid Volgian, rotation accelerated to give the maximum dip at the base 
of the syn-rift succession of c. 50° in the immediate hanging wall, due to the listric geometry of the fault 
zone. Lower Cretaceous sediments were deposited as downlapping sag-basin strata, followed by the  
overstepping and burial of the Gossa High in the Late Cretaceous.

For decades, authors have emphasised the importance of the base Cretaceous unconformity in the North 
Sea as well as the Mid-Norwegian shelf (e.g., Blystad et al., 1995: Brekke, 2000; Swiecicki et al., 1998; 
Osmundsen et al., 2016; Osmundsen & Péron-Pinvidic, 2018). The unconformity has been considered 
as the transition from Jurassic rifting to a thermal subsidence stage and regarded as one of the most  
prominent sequence boundaries that apparently represents a hiatus of tens of millions of years. On 
seismic, Cretaceous sediments onlap Jurassic structural highs following a rise in the regional sea level.  
Up flank structural highs, the stratigraphic development that represents the Jurassic‒Cretaceous  
transition might become complex with several hiatuses, as demonstrated in wells 6305/12–2 and 
6306/10–1 drilled in the Slørebotn Sub-basin. Accordingly, the so-called base Cretaceous unconformity is  
not necessarily a single unconformity, as considered by most authors, but rather several coalescing 
unconformities (Færseth et al., 1995b; Kyrkjebø et al., 2004).

Estimates of stretching factors have indicated that most of the extension in the distal area results from 
the Jurassic rifting episode, with an equal amount of crustal stretching beneath the Møre and Vøring 
basins. The amount of extension has been estimated based on fault heaves at top basement level and 
on bulk crustal thinning, respectively (e.g., Reemst & Cloething, 2000; Skogseid et al., 2000; Gómez et 
al., 2004). Whereas the footwall cutoffs of large-magnitude faults are mapped with some confidence, 
it is difficult to identify the top-of-basement in the hanging wall of the faults. In some cases, the top of  
(seismic) basement in the hanging wall can be transported to a position tens of kilometres  
outboard of the breakaway (e.g., Manatschal, 2004; Osmundsen et al., 2016). Even though  the horizontal  
displacement value of such faults is difficult to quantify, the amount of heave at top basement level for 
major faults is estimated to be in the range 15‒40 km (e.g., Gómez et al. 2004; Osmundsen & Péron- 
Pinvidic, 2018).

In distal parts of the investigated area, the relief at the base Cretaceous reflects underlying  
structures resulting from Jurassic extension, although modified by post-Eocene compression (Fig. 2).  
Beneath the Vøring Basin, Jurassic structures occur as N–S to NE–SW-trending rift basins and intervening  
highs, bounded by master faults (e.g., Blystad et al., 1995; Skogseid et al., 2000; Færseth & Lien, 2002;  
Gómez et al., 2004). Zones characterised by maximum thinning of continental crust are located beneath 
the Rås and Træna basins and the Hel Graben (Fig. 1), where Cretaceous sediments apparently overlie 
basement (e.g., Breivik et al., 2011; Osmundsen et al., 2016). Also beneath the Møre Basin, the base  
Cretaceous outlines an irregular topography interpreted to represent major Jurassic fault-blocks at  
depth, with NE–SW as the principal trend for the structures (Graue, 1992; Blystad et al., 1995; Jongepier  
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et al., 1996; Skilbrei et al., 2002; Gómez et al., 2004). Large, deep-seated structures such as the Grip and  
Vigra highs (Fig. 1), having basement as the assumed crestal part of the tilted fault-blocks (Skilbrei et al.,  
2002; Osmundsen et al., 2016), are capped by Upper Cretaceous sediments (Fig. 2A). Osmundsen et al. 
(2016) interpreted a minimum displacement in the order of 20–25 km on the fault zone that bounds the  
Vigra High in the northwest, with the deepest part of the Møre Basin and the thinnest continental crust  
located northwest of this high. 

Associated with the Jurassic rift episode, the locus of rifting shifted from the N–S-oriented Sogn  
Graben in the northeasternmost North Sea and approximately 100 km to the east, to the  
oppositely tilted and N–S-trending Rås Basin in the Norwegian Sea (Fig. 1). The right-stepping shift 
of rifting took place across the paleo-basement high that represented the offshore extension of the  
Møre–Trøndelag Fault Complex. The Rås Basin dveloped in the hanging wall of the Jurassic Klakk Fault 
 Complex. This fault complex, trending N–S, extends along strike for some 350 km, having a throw down-to- 
the-west that in places exceeds 6 km at Mesozoic levels. Following Osmundsen & Péron-Pinvidic (2018), 
the Klakk Fault Complex and the Ytreholmen Fault Zone define the outer necking breakaway complex, 
which separates the necking and distal domains in the SE Vøring Basin (Fig. 2). The Rås Basin became an 
area with thinning of the crust to 5 km or less and an elevated Moho (Skogseid et al., 2000; Osmundsen 
et al., 2002; Kjelstad et al., 2003; Gómez et al., 2004; Breivik et al., 2011; Osmundsen et al., 2016). 

The regional NE–SW-trending and peneplaned basement highs that existed northwest and southeast of 
the deep basin area offshore Mid Norway (Færseth, 2012) became fragmented during the Jurassic rifting 
episode with the development of large and strongly rotated fault-blocks. Along the Lofoten–Vesterålen 
margin, fault-blocks bounded by basement-involved faults with throws of 3–5 km at top basement level 
represent the typical expression of Jurassic rifting (e.g., Blystad et al., 1995; Tsikalas et al., 2001; Bergh 
et al., 2007; Færseth, 2012; Hansen et al., 2012). Along the Møre margin, the most obvious expression of 
the Jurassic rifting is seen as fault-blocks beneath the Slørebotn Sub-basin (Fig. 7). However, remnants of 
the pre-existing basement high are preserved as several NE–SW-trending fault-blocks, such as the Manet 
Ridge, Selje, Gnausen, Giske and Ona highs (Fig. 1), which are all associated with the offshore extension 
of the Møre–Trøndelag Fault Complex. 

The Slørebotn Sub-basin and Gossa High are separated from the narrow Møre platform by a large 
fault zone (Fig. 2A). This area represents the transition between moderately thinned basement crust 
in the footwall and a crust between 3 and 11 km thick below the hanging wall cutoff to the west  
(Osmundsen et al., 2016). The large-magnitude fault zone beneath the Slørebotn Sub-basin, with an  
intra-basement detachment to the west, defines a strongly rotated Jurassic fault-block c. 70 km wide  
(Fig. 7). The maximum vertical offset across this fault zone is 6–7 km at top basement level and the  
heave is 30–40 km. This near-shore fault-block, with a good data coverage, appears comparable to  
Jurassic fault-blocks interpreted beneath the Møre and Vøring basins, regarding size, fault geometry and 
the amount of heave. 

During the Jurassic rift episode, the Halten Terrace evolved as a c. 70 km-wide and easterly tilted  
structural entity along the eastern margin of the Vøring Basin. The structural development was governed 
by the Klakk, Vingleia and Bremstein fault complexes (Fig. 8), which were fundamental border faults in 
the Jurassic rift system. Jurassic extension resulted in a significant change in basin physiography, from 
a basin area with a relatively flat basin floor, encompassing the Trøndelag Platform and the Halten/
Dønna terraces, to a setting where the terraces evolved into separate structural entities, down-faulted 
with a basin-floor topography characterised by internal horsts, grabens and half-grabens (Figs. 8, 9). The 
boundary between the Halten and Dønna terraces is subtle, but according to Blystad et al. (1995) it is 
placed at 65o25’N.
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The fault complexes bounding the Halten Terrace to the east, west and southeast, and large N–S-striking 
faults that outline major structures on the terrace, represent first- and second-order Jurassic faults. 
In addition, swarms of smaller normal faults, but above seismic resolution, are evident. Such faults, 
variably affected by underlying salt (e.g., Færseth & Lien, 2002; Marsh et al., 2010), exhibit variations in 
strike direction, and cross-cutting relationships demonstrate that the faults represent different stages of 
development. 

Late Ladinian–Carnian salt was deposited on the Trøndelag Platform, as well as on the Halten and  
Dønna terraces. In contrast to the Trøndelag Platform, salt became very influential on the Halten Terrace,  
regarding local thickness distribution and morphology of overlying sediments. Accentuated Jurassic  
rifting west of the platform evidently triggered the salt mobility. Several authors have described  
structures at Jurassic–Cretaceous levels as evidence of the strong influence of the underlying salt, but  
also as sub- and supra-salt structures decoupled by the salt interval (Jackson & Hastings, 1984;  
Withjack et al., 1989; Pascoe et al., 1999; Corfield et al., 2001; Færseth & Lien, 2002; Dooley et al., 2003; 
Richardson et al., 2005; Marsh et al., 2010; Wilson et al., 2013, 2015; Coleman et al., 2017).

The Gimsan Basin located in the SE Halten Terrace, in the hanging wall of the Bremstein Fault Complex 
(Fig. 8), is a large and elliptically shaped depression at base Cretaceous level (Blystad et al., 1995) that 
reflects major salt withdrawal. In the northwestern part of the Halten Terrace, several structures are 
related to salt movement. The eastern boundary fault of the narrow Grinda Graben has a relatively  
shallow NW-dipping detachment in the underlying salt, whereas oppositely dipping faults along the 
western boundary are generally joining up with the detachment. Færseth & Lien (2002, figs. 10, 11),  
suggested latest Jurassic–Early Cretaceous W–SW translation of salt, and as a result, some faults  
above the salt demonstrate prolonged activity into the Early Cretaceous. The translation resulted in initial  
rafting and the development of a horst and graben topography, which is a characteristic style of  
deformation in the northwestern part of the terrace. Also, Marsh et al. (2010) interpreted continued 
deformation along faults in the northwestern part of the Halten Terrace, after the end of the Jurassic rift 
climax, and related these faults to salt movement and/or gravity sliding.

The N–S-striking Bremstein Fault Complex forms a relatively wide transition zone between the  
Halten Terrace and the Trøndelag Platform and is composed of horsts, grabens and rotated fault-blocks.  
The Ellingråsa Graben and Høgbraken Horst (Fig. 8) were described as internal (lower order)  
structural elements of the Bremsteinen Fault Complex (Blystad et al., 1995). Beneath the Triassic evaporite  
sequence, a basement-involved and west-dipping normal fault, planar in its upper part, represented a 
master fault along most of the length of the complex, although the amount of throw diminishes to the 
north (Elliott et al., 2012). Salt acted as a detachment between this fault at depth and faults above the 
salt (Færseth & Lien, 2002; Wilson et al., 2013, Coleman et al., 2017). The lateral flow of salt across the 
fault zone resulted in an asymmetric flexure with normal as well as reverse faults above the salt, and 
faults show evidence of Late Jurassic as well as Early Cretaceous activity (Fig. 10). 
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The Vingleia Fault Complex is the boundary between the Frøya High and the Halten Terrace (Fig. 8). The 
fault complex is a NE–SW-trending structural element, but internal faults strike NE–SW, ENE–WSW and 
WNW–ESE. To the southwest, faults terminate in the area where they intersect the overall N–S grain 
of the Klakk Fault Complex. To the northeast, faults of the Vingleia Fault Complex continue east of the 
Bremstein Fault Complex (Blystad et al., 1995). Elliott et al. (2015) described faults of the Vingleia Fault 
Complex as planar along large parts of its length, whereas a ramp-flat-ramp geometry becomes evident 
to the northeast. This fault geometry and the associated anticlines and synclines in the hanging wall  
(Fig. 9), have been known for decades, and published in earlier studies (e.g., Osmundsen et al., 
2002; Ehrlich & Gabrielsen, 2004). According to Osmundsen et al. (2016), a low-angle detachment  
representing this fault complex may continue to the west, underneath the southern part of the terrace.

The Njord fault-block in the SE Halten Terrace is associated with the ramp-flat-ramp geometry in the 
hanging wall of a NE-trending segment of the Vingleia Fault Complex, where the Njord Field occupies 
the crestal part of the fault-block (Figs. 8, 9). Seismic mapping reveals WSW–ENE, NE–SW and N–S as 
dominant fault orientations at Jurassic levels within the Njord fault-block. On the western flank of the 
fault-block, several N–S-striking normal faults, as part of the Kya Fault Zone (Fig. 8), merge at depth to 
define a listric fan (Fig. 9). Structural logging of cores from a number of wells drilled on the structure 
demonstrates a complex fault pattern and an extremely high frequency of sub-seismic faults, from cm 
scale up to 40 m of throw. The core data demonstrate that the largest sub-seismic Jurassic faults occur 
as up to 10 m wide zones, with fault displacement partitioned onto several slip surfaces (Færseth et al., 
2007, fig. 4). Such logging provides valuable information on faults at various scales, regarding their width, 
architecture, type of fault rock and how faults influence fluid flow within reservoirs. 

Jurassic rifting offshore and onshore Lofoten–Vesterålen 

Due to Jurassic extension, there was a change from the flat-topped basement high encompassing the 
Lofoten–Vesterålen archipelago and the shelf area to the northwest, to a topography characterised 
by a series of rotated fault-blocks (e.g., Blystad et al., 1995; Tsikalas et al., 2001; Bergh et al., 2007;  
Færseth, 2012; Hansen et al., 2012). Major Jurassic faults strike consistently NNE–SSW (Fig. 11), parallel to 
a main lineament trend onshore Lofoten–Vesterålen (Gabrielsen et al., 2002; Bergh et al., 2007) and with  
narrow fjords and sounds with this orientation, likely to have hosted Jurassic normal faults. The outcrop 
on Andøya, which contains Mesozoic sediments, forms the western flank of a Jurassic rift basin located 
beneath Andfjorden east of Andøya (Dalland, 1981). 

During Middle Jurassic rift initiation, coeval with a relative sea-level rise, the eroded and peneplaned 
Precambrian basement was transgressed. The present Lofoten–Vesterålen archipelago was partly  
submerged during the initial rift stage, with deposition of Middle Jurassic syn-rift sediments in the  
deepest parts of the rift topography. The sampling of shallow-marine Bathonian–Middle Callovian  
sandstone in Vesterålsfjorden, NW of Hadseløy (Smelror et al., 2001), supports this notion. Beneath the 
Cretaceous Ribban Basin (Fig. 11) major Jurassic fault-blocks, typically 15–25 km wide, are bounded by 
basement-involved faults. The faults have throws in the range 3–3.5 km, but locally reaching a maxi-
mum of 5 km (Vesterdjupet Fault Zone). The listric geometry of the faults reflects the strong influence of  
basement heterogeneities, likely to represent Caledonian thrusts and/or Devonian low-angle shear  
zones. The style of deformation, characterised by significant rotation of fault-blocks and the large  
heave across major normal faults (Fig. 12), demonstrate that faults along this margin accommodated  
significant Jurassic extension. Beneath the southwestern part of the Ribban Basin, the fault-blocks are 
tilted consistently ESE (Fig. 11) and the tilt at Jurassic level is 10–15° (Fig. 12A). To the northeast, there is 
a change and fault-blocks are tilted 16–25° WNW (Fig. 12B). According to Færseth (2012), the change in 
dip of the faults and tilt of fault-blocks took place across a regional E–W-oriented basement lineament at 
68°30’ N (Fig. 11), and the structure resulting from the change of dip across the basement lineament was 
termed a low-relief accommodation zone (Fig. 12B).
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Jurassic syn-rift sedimentation

The period defined as the initial rift stage encompasses the upper part of the Fangst Group (upper 
Garn Formation) and the lower part of the Viking Group (lower Melke Formation) (Fig. 5). The Garn  
Formation was deposited when the basin topography was still modest, and the formation that constitutes  
a potential reservoir is widely distributed in the eastern part of the Norwegian Sea, although usually 
less than 100 m in thickness. Bajocian–Bathonian sedimentation on the Halten Terrace occurred within 
a seaway, bounded to the west by the basement high. Due to initial Jurassic extension and faulting, 
the seaway comprised a series of incipient, shallow and N–S-trending grabens and half-grabens in the  
terrace area (Corfield et al., 2001; Bell et al., 2014; Messina et al., 2014).

The top of the Garn Formation is strongly diachronous, with a gradually younger and more  
coarse-grained development to the west and east compared to deposition in the axial part of the  
basin. At the southeastern basin margin (block 6206/2), Jurassic sediments encountered in shallow  
boreholes, adjacent to the Møre coastline, consist of conglomerates and sandstones, interpreted as  
alluvial-fan deposits (Smelror et al., 1994), and was assigned a Bathonian age by Jongepier et al. 
(1996). Along the western margin of the basin, conglomeratic facies are described as part of the Garn  
Formation on the western Halten Terrace (e.g., Gjelberg et al., 1987, Messina et al., 2014; Ravnås et al., 
2014). To the southwest, Bathonian sediments with a thickness that varies from 150 m to more than 350 
m have been encountered beneath the Slørebotn Sub-basin. The succession is composed of alternating  
sandstones, siltstones, claystones and subordinate conglomerates, and reflects an alluvial-fan/ 
flood-plain environment (Jongepier et al., 1996).

The coarse-clastic Bathonian sediments deposited along basin margins are partially time equivalent with 
offshore mudstones, interpreted as the lower part of the Melke Formation. Whereas the lower Melke 
Formation was deposited mainly in the central part of the basin, the upper part of the formation has a 
much wider areal distribution. The deposition of the Melke Formation shale succession was associated 
with the relative sea-level rise during the Bathonian (Dalland et al., 1988). 

Middle–Upper Jurassic sediments with total thicknesses of 370 and 375 m are documented in shallow 
wells off Vesterålen (Hansen et al., 1992) and in the outcrop onshore Andøya (Dalland, 1975, 1979),  
respectively. The basal part is Bajocian–middle Callovian sandstones and mudstones, 120 and 125 m 
thick at the locations, deposited during an initial rift stage (Færseth, 2012; Hansen et al., 2012). The 
Bajocian–Callovian sediments, which onlap the Proterozoic basement west of Vesterålen (well 6814/ 
04–U–01), confirm deposition of shallow-marine sandstones corresponding to the Garn Formation.  
On Andøya, a succession of fluvial, lacustrine and shallow-marine deposits of Bajocian–Bathonian  
(possibly up to Oxfordian) age, was described as the Ramså Formation (Dalland, 1975). Sediments in this 
area onlap deeply weathered basement rocks and the thin conglomerate at the base consists almost 
entirely of weathered basement showing the local provenance. The upper part of the Ramså Formation 
may correspond to a late margin onlap situation for the Garn Formation.

Deposition of the upper part of the Melke Formation and the overlying Spekk Formation took  
place during the late Oxfordian–Volgian rift climax stage. The upper part of the Melke Formation shows  
considerable variations in thickness on the Halten Terrace due to increasing structural relief. Due to 
the dramatic change in basin configuration during the rift climax stage, anaerobic bottom conditions  
prevailed all over the eastern part of the Norwegian Sea, leading to deposition of the bituminous Spekk 
Formation, which is the main source for proven hydrocarbons offshore Mid Norway. The formation is 
separated stratigraphically from the Melke Formation by a major hiatus or a condensed interval, where  
a part of the Kimmeridgian succession is missing (Fig. 5).
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Syn-rift uplifts as source areas for coarse-clastic sediments

Elevated areas offshore Mid Norway, such as the Sklinna and Nordland ridges, Frøya High and the  
footwall of the Bremstein and Vingleia fault complexes (Figs. 1, 8), were eroded during and following the 
Late Jurassic rift climax stage, leaving basement at relatively shallow levels and in places sub-cropping 
Cretaceous to Tertiary units. The deep erosion attests to Late Jurassic uplift in the order of 1–2 km in the 
footwall of large basement-involved faults bounding these highs (Roberts & Yielding, 1991). The Rødøy 
High on the Nordland Ridge (Fig. 1) was subjected to deep erosion with removal of a thick Upper-Middle 
Triassic succession (Blystad et al., 1995), and might have acted as a major sediment source area after 
the uplift. A rough calculation indicates that some 3000 km3 of sediments were eroded above this high, 
of which c. 600 km3 were coarse clastics. However, the only coarser erosional products encountered 
are three-four tongues of late Bajocian–mid Bathonian, strongly bioturbated and muddy sandstones 
along the northeastern part of the ridge, together with Cretaceous sandstones, periodically deposited 
on the Dønna Terrace (Fjellanger et al., 2005; Lien, 2005; Fugelli & Olsen, 2007). Most likely, erosional  
products from the Nordland Ridge were transported into the deep Vestfjorden and Træna basins (Fig. 1).  
Relatively thick but immature Lower Cretaceous coarse clastics encountered in well 6610/3–1R, drilled 
on the northern slope of the Nordland Ridge, are consistent with this assumption. Other wells drilled on 
the northwestern flank of the ridge (e.g., 6608/8–2, 6609/5–1) have also encountered Lower Cretaceous 
coarse-clastic deposits.

Due to Late Jurassic uplift in the footwall of the Vingleia and Bremstein fault complexes (Fig. 8),  
erosional products derived from both older sediments and basement rocks are evident. Coarse- 
clastics were transported and redeposited either on the footwall high itself, or shed across fault 
scarps to be redeposited in the hanging wall of the large faults. Thick sandstone and conglomerate  
complexes in the Melke Formation have been drilled northwest of the Frøya High, in the hanging wall of the  
Vingleia Fault Complex. The coarse clastic sediments occur as braid plain deltaic deposits on the SE Halten  
Terrace (well 6406/12–1S), and as a c. 400 m-thick Oxfordian succession representing deep-marine  
debrites and turbidites in well 6406/12–2. In well 6407/10–1, a very spectacular coarsening-upwards  
succession of Oxfordian age consists of poorly sorted sandstone with floating pebbles, representing a  
rapidly prograding fan delta. 

The Kimmeridgian–Volgian sandstone, Rogn Formation, was deposited on the Frøya High, but also  
farther to the northeast, where it represents the reservoir of the giant Draugen Field (Fig. 8). Wells  
drilled in hanging walls of the Vingleia and Bremstein fault complexes have encountered sand intervals 
of this generation (6407/10–1, 6406/12–1S) to prove that some erosional products were shed across 
fault scarps and redeposited on the Halten Terrace. Wells which have penetrated the Rogn Formation 
in the footwalls exhibit a large variation in thickness, but 49 m is recorded in the type well 6407/9–1 
(Dalland et al., 1988). The Rogn Formation is one of the best reservoirs on the Mid-Norwegian shelf 
with permeability up to several Darcys. In footwall areas, the formation represents elongated shallow 
marine bar systems, which developed into a submarine spit bar to the northeast. To the south, this bar 
system was connected to a braid delta system derived from the Frøya High. However, most of the sand  
probably originated from a major embayment to the southeast, transported northward by tidally induced  
longshore currents and redeposited as submarine bar complexes in the Draugen Field area (Gjelberg 
et al., 1987; Johannesen & Nøttvedt, 2006). Above the southern margin of the Permo–Triassic Froan 
Basin, two shallow stratigraphic cores (6307/07–U–02 & 03) encountered c. 80 metres of Kimmeridgian– 
Volgian sandstones within the Spekk Formation, interpreted as the Rogn Formation. 

In East Greenland, in the Jameson Land Basin, the Oxfordian–Volgian Hareelv Formation is overlain 
by a Volgian, prograding, tidal-influenced, deltaic and shelf succession, named the Raukelv Formation  
(Surlyk & Clemmensen, 1983; Surlyk, 1990, 2003), which corresponds to some of the Rogn sands on the 
Frøya High. Surlyk (2003) described remobilised Late Jurassic sandstone bodies of the Hareelv Formation.  
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Similar remobilised Late Jurassic sand is not common on the Mid-Norwegian shelf but does occur in the 
shallow wells 6307/7-U-02 & 03, where massive sands with flow lamination and associated injectites on 
top are present.

Cretaceous development and influence of the  
inherited Jurassic rift architecture
Whether the crestal parts of major tilted fault-blocks in the Norwegian Sea were close to sea level or  
represented large footwall islands at the termination of the Jurassic rifting episode is not well  
constrained, but water depths of thousands of metres are inferred to have existed in the deepest sub- 
basins on hanging walls (Nelson & Lamy, 1987; Young, 1992; Prosser, 1993; Rattey & Hayward, 1993; 
Ravnås & Steel, 1998; Færseth & Lien, 2002; Bell et al., 2014). As major Jurassic fault-blocks were mostly 
located far from hinterland source areas, thin mud-dominated Upper Jurassic sediments accumulated 
in sediment-starved sub-basins (Nøttvedt et al., 1995; Ravnås & Steel, 1998). Hence, Jurassic syn-rift 
successions represented only a minor constituent of the total sediment infill of the deep-water basins, 
and significant tectonic relief and water depths existed at the Jurassic–Cretaceous transition (Færseth & 
Lien, 2002).

The thickness of the Cretaceous succession increases abruptly west of the Trøndelag Platform, reaching a 
maximum in the Møre and Vøring basins (Fig. 2). However, large Jurassic fault-blocks beneath the basins 
remained significant morphological features, as Upper Cretaceous sediments apparently cap basement 
in the crestal parts of the tilted fault-blocks. Due to lack of well control, some controversy exists regarding 
the thickness of Cretaceous sediments in the distal area. Based on the interpretation illustrated in the 
geoseismic profiles (Fig. 2), Cretaceous sediments reached thicknesses (after compaction) of some 7–9 
km. However, authors have suggested that Cretaceous sediments in the deepest sub-basins of the Møre 
and Vøring basins might have achieved thicknesses approaching 12–15 km (e.g., Faleide et al., 2008; 
Osmundsen et al., 2016; Zastrozhnov et al., 2020).

After some 60–65 million years of sedimentation, the topographic relief became levelled causing  
depocentres of the Late Jurassic–Early Cretaceous to merge into wider depocentres (Fig. 2). Upper  
Cretaceous sediments onlap older strata along the eastern margin of the Vøring Basin as a result of the 
westerly tilt on the Mid Norwegian continental shelf due to post-rift thermal subsidence and sediment 
loading (Færseth & Lien, 2002).

Along the Lofoten–Vesterålen margin, the pronounced tilting (15–25°) of 15–25 km-wide Jurassic  
fault-blocks resulted in water depths of more than 2000 m. Also in this area, Jurassic syn-rift  
sediments represent only a minor constituent of the total sediment infill (Fig. 12). It was not until the Late  
Cretaceous that the Jurassic rift topography in this area was levelled, causing the different depocentres, 
initially represented by NNE–SSW-oriented half-grabens (Fig. 11), to merge into a wider and NE–SW- 
trending depocentre, i.e., the Cretaceous Ribban Basin (Færseth, 2012).

Early Cretaceous sedimentation in the near-shore area

During the Early Cretaceous, mud deposition is assumed to have dominated in deep-water basins 
to the west (Færseth & Lien, 2002; Lien, 2005). In contrast, the Trøndelag Platform was a relatively  
shallow-water, low-topography shelf area, with the Nordland Ridge as an exposed and potential sediment 
source area and the Cretaceous Helgeland Basin (Blystad et al., 1995) as a topographic low (Fig. 1). During 
the relative sea-level rise in the late Berriasian and through the Valanginian–Hauterivian, sediments  
representing the Lyr Formation (Dalland et al., 1988) were deposited.
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The large number of wells drilled in the eastern basin area demonstrate the variation in thickness and 
composition of the Lyr Formation. Most wells reveal a thickness less than 50 m, and as the formation 
covers a considerable time span (Fig. 5), the rate of sedimentation was extremely low. The Lyr Formation 
is locally absent on the Trøndelag Platform, and above some highs on the basin floor the whole of the 
Lower Cretaceous (Cromer Knoll Group) is missing. In wells on the southeastern margin of the Nordland 
Ridge, towards the Dønna Terrace and on the eastern Halten Terrace, the thickness of the Lyr Formation 
exceeds 200 m (Fig. 2C). In the Helgeland Basin (Fig. 4C), thicknesses up to 500 m are proven, as in wells 
6510/2-1 and 6610/7-1, and sediments were most likely sourced from the Norwegian mainland. 

The Lyr Formation exhibits sediments and depositional environments that range from shallow-marine 
carbonate and sandstone to deep-marine mudstone and marl. As sediments derived from local source 
areas did not enter far into the basin, it resulted in an underfilled state with condensed intervals and 
carbonate deposition (Dalland et al., 1988; Lien, 2005). Sand-rich sediments were trapped in localised 
basins, such as the Helgeland Basin and the Slørebotn Sub-basin (Larsen et al., 2001; Möller et al., 2004; 
Lien, 2005; Martinsen et al., 2005). 

Shallow drillcores west of the Lofoten Ridge (wells 6710/03–U–01, 6711/04–U–01) have penetrated  
Lower Cretaceous sediments less than 100 m in thickness, whereas a 20 m-thick interval was  
encountered offshore Vesterålen (well 6814/04–U–02) (Hansen et al., 1992). The thickness of Lower  
Cretaceous sediments increases rapidly to the southwest into the Træna and Vestfjorden basins, where 
thicknesses might have exceeded 2000 m in both basins (Figs. 2C, 3). Onshore Andøya, a Beriasian– 
Valanginian shallow-marine and sand-prone unit c. 40 m in thickness was associated with a major  
transgression (Dalland, 1979) and represents an equivalent to the Lyr Formation. 

Cretaceous basin development in the Norwegian Sea

Over the years, authors have suggested Cretaceous tectonic events in the Norwegian Sea, primarily 
involving extension, but also compression, salt tectonics and strike-slip movements (Gowers & Lunde, 
1984; Price & Rattey, 1984; Caselli, 1987; Ziegler, 1988; Grønlie & Torsvik, 1989; Blystad et al., 1995; 
Bjørnseth et al., 1997; Lundin & Doré, 1997; Brekke et al., 1999, 2001; Doré et al., 1999; Gabrielsen et 
al., 1999; Pascoe et al., 1999; Roberts et al., 1999: Brekke, 2000; Skogseid et al., 2000; Bugge et al., 2002; 
Osmundsen et al., 2002, 2016; Fjellanger et al., 2005; Faleide et al., 2008). Due to a lack of precision 
regarding timing, the large number of events invoked spans most of the Cretaceous period.

Færseth & Lien (2002) presented a summary and discussion of published and contrasting tectonic 
events. However, also in more recent publications there is still no consensus about timing, the amount 
of extension and the regional importance of suggested Cretaceous tectonic events (e.g., Osmundsen et 
al., 2016; Theissen-Krah et al., 2017; Osmundsen & Péron-Pinvidic, 2018; Zastroshnov et al., 2018, 2020; 
Tsikalas et al., 2019). 

Doré et al. (1999) claimed that Cretaceous deformation in the Norwegian Sea resulted from two  
extensional events, the first in the Early Cretaceous (Neocomian) and the second in the Middle  
Cretaceous. Due to northeastward propagation of Cretaceous crustal stretching, a continuous chain 
of deep basins from the Rockall Trough to the SW Barents Sea was supposed to overprint older  
basins. Osmundsen et al. (2002) inferred Early Cretaceous extension and fault activity in the  
Norwegian Sea, which were at a maximum within the Møre and Vøring basins. Zastroshnov et al. (2020) 
claim that the Early Cretaceous to Paleocene evolution of these basins is associated with episodic phases of  
extensional events separated by intermediate cooling phases and that the two basins have different 
structural and sedimentary evolution.



32 of 60 33 of 60

R. B. Færseth                         Structural geology and basin development of the Norwegian Sea

Published interpretations of deep-seismic profiles indicate that the Møre and Vøring basins are hosting 
large-magnitude Jurassic normal faults with sub-horizontal detachments, and authors have suggested 
Early Cretaceous extensional reactivation on faults of Jurassic origin (e.g., Osmundsen et al., 2016;  
Theissen-Krah et al., 2017; Osmundsen & Péron-Pinvidic, 2018; Zastroshnov et al., 2018, 2020). Due 
to Jurassic crustal stretching, lithologies were subject to displacements of tens of kilometres, from the 
footwall cutoff to their inferred position in the hanging wall. Hence, attempts to quantify subsequent  
Cretaceous horizontal displacement (heave), associated with such faults, become highly speculative and 
accordingly the amount of Early Cretaceous extension is poorly constrained.

There has also been some controversy over whether this evolution should be viewed as one  
continuous event, or separated into distinct Late Jurassic and Early Cretaceous events (Lundin & Doré, 
1997; Doré et al., 1999; Faleide et al., 2008; Osmundsen et al., 2016; Zastroshnov et al., 2018, 2020). 
Observations of the Volgian Spekk Formation, unconformably overlying older sediments above the Gossa 
High (well 6305/12–2) and Frøya High (well 6407/10–3), demonstrate that the Jurassic rift episode ended  
intra-Volgian, and accordingly was separated from postulated Cretaceous tectonic activity. Some authors 
have suggested that Early Cretaceous fault activity became younger towards the northwest (Osmundsen 
et al., 2002, 2016; Osmundsen & Péron-Pinvidic, 2018). A prolonged fault activity in the distal domain,  
compared to the proximal domain, has been attributed to a change from a stretching mode to a thinning 
mode of deformation, respectively (Theissen-Krah et al., 2017; Zastroshnov et al., 2018).

Based on suggested effects of Cretaceous rifting in the Møre and Vøring basins, the structural  
development of these deep basins appears different from adjoining areas, both to the west and to the 
east. Onshore East Greenland, Cretaceous siliciclastic marine sediments overlie the degraded Jurassic 
rift topography. Faults and unconformities mapped within the Early Cretaceous succession led workers 
to suggest several extensional events (e.g., Surlyk et al., 1981; Kelly et al., 1998; Larsen et al., 2001; 
Parsons, 2017). Whitham et al. (1999) claimed that Early Cretaceous extensional events were not well 
constrained, and according to these authors the total extension associated with Early Cretaceous normal 
faulting is very modest, estimated to be 3 percent. Surlyk & Noe-Nygaard (2001) stated that postulated 
extensional events are generally related to deposition of breccias and conglomerates, and some of these 
deposits represent downslope sliding and slumping along discrete detachment planes, i.e., they result 
from gravity collapse and were not associated with rift-related faulting.

In the eastern part of the Norwegian Sea, workers have regarded thickness variations across  
normal faults, wedge-shaped sedimentary bodies, onlap surfaces and the observation of the base  
Cretaceous reflection being offset by large faults, as evidence of Early Cretaceous extension. The large 
number of sub-basins northwest of the Lofoten–Vesterålen archipelago, which exhibit wedge-shaped Early  
Cretaceous geometries (Fig. 12), are regarded as syn-rift deposits (e.g., Mokhtari & Pegrum, 1992; Løseth 
& Tveten, 1996; Lundin & Dóre, 1997; Doré et al., 1999; Smelror et al., 2001; Tsikalas et al., 2001; Wilson 
et al., 2006; Bergh et al., 2007; Hansen et al., 2012). In comparison, thick wedge-shaped Cretaceous  
successions in the northern North Sea have for decades been regarded as post-rift deposits and the infill 
of deep-water basins following the Jurassic rift episode (e.g., Badley et al., 1988; Færseth et al., 1995b; 
Gabrielsen et al., 2001; Kyrkjebø et al., 2004; Morisbak Jarsve et al., 2014). Færseth (2012) interpreted 
the wedge shape of Lower Cretaceous successions along the Lofoten–Vesterålen margin segment as post-
rift infill of tilted Jurassic fault-blocks. Onlap surfaces against fault-scarps, later deformed by compaction, 
which is common in the area, show the progressive sedimentary infill of the deep-water sub-basins. 

Based on a study of the southern Lofoten margin, Tsikalas et al., (2019) introduced three main rift phases 
from Mid Cretaceous to Paleocene. Henstra et al. (2016, and references therein), based on a study in 
the same area, stated that Valanginian–Aptian deposits onlap onto the base Cretaceous unconformity 
in a time-transgressive manner. Accordingly, their depositional environment was interpreted to be  
sediment-starved, with the passive infill of seafloor depressions inherited from the Late Jurassic rift  
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climax stage. As these basins had not been filled in, they continued to subside during the Early  
Cretaceous in response to compaction of Jurassic deposits and thermal subsidence, i.e., in a fashion 
similar to the model proposed by Færseth & Lien (2002). 

These authors argued that the Cretaceous sedimentation in the Norwegian Sea, until the onset of  
Campanian rifting, represented a post-rift thermal subsidence stage, and emphasised the importance 
of the pre-existing Jurassic rift architecture, with significant tectonic relief and water depths following 
the rifting episode. Variations in sedimentation rate, the types of sediment deposited and thickness  
distributions were interpreted to reflect variations in sea level during infilling of the Jurassic rift topography, 
as well as responses to post-rift thermal subsidence, sediment loading and differential compaction during  
burial. The onlap of Cretaceous horizons along pre-existing fault scarps, later deformed by compaction,  
demonstrate the progressive post-rift sedimentary infill of deep-water basins (Fig. 13). Due to the  
continuous compaction of Late Jurassic–Early Cretaceous mud-dominated sediments on the hanging 
wall, Jurassic fault planes continued to grow and propagate up through the overlying sediments, which 
caused upturn of reflectors and compaction-induced faulting (Fig. 13). This type of ‘drape-slip’ faulting 
(Bertram & Milton, 1989) is not an indication of extension, but is commonly associated with the thermal 
subsidence stage. 

Multiphase rift systems, in which tectonic episodes alternate with extended periods of tectonic  
quiescence and subsidence on a regional scale, can be expected to host a wide range of depositional 
environments over time as relationships between sediment supply, sea level and subsidence repeatedly 
shift (e.g., Ravnås et al., 2000; Færseth & Lien, 2002; Withjack et al., 2002). Authors have demonstrated 
that ignoring the importance of the remnant rift topography can lead to overestimation of the duration 
of active faulting (e.g., Bertram & Milton, 1989; Prosser, 1993; Færseth et al., 1995b; Doglioni et al., 
1998; Færseth & Lien, 2002). 
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Figure 13. Seismic section showing Cretaceous sedimentation on the Halten Terrace, which infilled the  
pre-existing Late Jurassic rift topography in the hanging wall of the Bremstein Fault Complex (BFC). Due to loading and  
compaction, mud-dominated sediments were dragged up the fault scarp and subsequently onlapped by younger deposits.  
The topography created by Jurassic extension and faulting was levelled during the Late Coniacian, i.e., some 60 million 
years after Jurassic faulting had ceased.
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Campanian–Paleocene rift episode
Effects of this rifting episode are most apparent in the northwestern part of the Vøring Basin,  
where rifting was terminated by the crustal separation between Greenland and Eurasia at the Paleocene– 
Eocene boundary (e.g., Skogseid & Eldholm, 1989; Roberts et al., 1999). In contrast to the Møre and 
Vøring basins, the breakup along the Lofoten–Vesterålen margin occurred on the southeast flank of the 
wide Late Cretaceous basin between Norway and Greenland (Fig. 1). 

An Early Campanian rift initiation at around 82–80 Ma offshore Mid Norway (Færseth & Lien, 2002; 
Ren et al., 2003) is consistent with observations along the Lofoten–Vesterålen margin (e.g., Tsikalas et 
al., 2001). Færseth & Lien (2002) and Ren et al. (2003) divided the rifting episode into an initial and a 
rift climax stage (Fig. 5). The Campanian initial rift stage, characterized by large-scale normal faulting  
(Fig. 14), controlled sediment thickness variations in the NW Vøring Basin (Blystad et al., 1995; 
Swiecicki et al., 1998; Skogseid et al., 2000; Gómez et al., 2004; Lien, 2005). The rift climax stage  
(Maastrichtian–Paleocene) was associated with continued extension, extensive volcanic activity,  
regional uplift and subsequent erosion (Kelly et al., 1998; Brekke et al., 1999; Gjelberg et al., 2001;  
Larsen et al., 2001; Gernigon et al., 2020; Zastrozhnov et al., 2020). A decrease in magma volume along 
the Lofoten–Vesterålen margin is evident (Eldholm & Grue, 1994; Tsikalas et al., 2001).

Since the study by Talwani & Eldholm (1972), the large-scale geodynamic processes and nature of the 
breakup in the Norwegian–Greenland Sea have been extensively debated (e.g., Talwani & Eldholm, 
1977; Eldholm et al., 1989; Skogseid & Eldholm, 1989; Skogseid et al., 1992, 2000; Blystad et al., 1995;  
Bjørnseth et al., 1997; Lundin & Doré, 1997; Ren et al., 1998, 2003; Swiecicki et al., 1988; Berndt et 
al., 2001; Lundin & Doré, 2002, 2011; Mjelde et al., 2001, 2005, 2007; Gernigon et al., 2003, 2004, 
2015, 2020; Manatschal et al., 2004; Osmundsen & Ebbing, 2008; Péron-Pinvidic et al., 2012, 2013;  
Nirrengarten et al., 2014; Osmundsen et al., 2016; Péron-Pinvidic & Osmundsen, 2016, 2018;  
Theissen-Krah et al., 2017; Osmundsen & Péron-Pinvidic, 2018; Zastrozhnov et al., 2018, 2020).

Gernigon et al. (2015) suggested that the magmatic breakup in the Norwegian–Greenland Sea was 
diachronous and initiated as isolated and segmented sea-floor spreading centres in the Early Eocene, 
an assumption supported by Péron-Pinvidic & Osmundsen (2018). The final line of lithospheric breakup 
may have been controlled by highly oblique extension (Gernigon et al., 2020). Volcanic features in the 
outermost margin have been variably interpreted as intrusions, underplating, lava flows and hyaloclastic 
deltas (e.g., Blystad et al., 1995; Berndt et al., 2001; Gernigon et al., 2004; Theissen-Krah et al., 2017). 
Significant uplift and erosion to the northwest have been attributed to the breakup processes and/or the 
impact of the Iceland plume (e.g., Skogseid et al., 1992; Ren et al., 1998; Mjelde et al., 2007).
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The outer Vøring Basin is a complex system of faulted ridges, located between a deep Cretaceous  
basin to the southeast and the Vøring Marginal High to the northwest, which delimits the ocean– 
continent transition (Fig. 1). Based on long-offset seismic reflection data, a number of very large faults  
have been interpreted at depth and defined as an outer breakaway complex (Osmundsen et al., 2016;  
Péron-Pinvidic & Osmundsen, 2016).

The outer ridge system of the Vøring margin was defined as the Gjallar Ridge (Fig. 1) (Blystad et al., 
1995), which consists of NE-SW-trending, deeply eroded and rotated fault-blocks (Figs. 2B, 14).  
Osmundsen & Péron-Pinvidic (2018) interpreted ridges and highs, inboard of the line of breakup, to be  
associated with the outer breakaway complex. The growth of the Gjallar Ridge, has been regarded as the  
most pronounced Late Cretaceous structural development offshore Mid Norway (e.g., Blystad et al., 
1995; Bjørnseth et al., 1997; Ren et al., 1998; Swiecicki et al., 1998; Brekke et al., 2001; Osmundsen 
et al., 2016). The northwestern flank of the ridge is partly masked by Tertiary lava flows, and along the 
top of the ridge sediments were eroded, leaving a prominent unconformity at the base of the Tertiary  
succession. Major Late Cretaceous–Paleocene, NW-dipping normal faults, evident at the top of the ridge 
(Figs. 2B, 14), flatten down-dip at 6 seconds TWT (e.g., Ren et al., 1998; Gómez et al., 2004). 

Along the southeastern flank of the Gjallar Ridge, pre-Tertiary sediments thicken and dip  
gently into the Vigrid Syncline (Fig. 2B). The southeastward descent of this stratigraphy indicates a deep  
location of the base Cretaceous in the deepest parts of the structure (Osmundsen et al., 2016). Within the  
Cretaceous succession, workers have identified a regional onlap unconformity, assumed to be  
associated with growth of the Gjallar Ridge (e.g., Blystad et al., 1995; Swiecicki et al., 1998; Doré et al., 
1999; Brekke et al., 2001; Færseth & Lien, 2002). Well 6603/5-1, drilled on the SW Gjallar Ridge, has TD 
at 5454 m in the Cretaceous Lange Formation, and revealed an intra-Aptian age for the unconformity. 
Accordingly, there is evidence of uplift that predated the Campanian–Paleocene rift episode, although 
final uplift and erosion of the ridge were associated with this rifting episode. 

The Fles Fault Complex, which subdivides the Vøring Basin (Fig. 1), is assumed to have played an  
important role in the Cretaceous development, and several phases of movement have been  
attributed to this fault complex (e.g., Blystad et al., 1995; Bjørnseth et al., 1997; Lundin & Doré, 1997; 
Doré et al., 1999; Brekke, 2000; Fjellanger et al., 2005; Osmundsen et al., 2016; Osmundsen & Péron- 
Pinvidic, 2018). The Fles Fault Complex, as well as some other major normal faults in the Møre and Vøring  
basins, were subject to post-Eocene reverse reactivation, and accordingly the timing and amount of fault 
displacement are not well constrained. However, as major faults affecting Cretaceous sediments exhibit 
comparable amounts of offset from top Cretaceous and downwards (Fig. 2B, C), the main activity as  
normal faults most likely results from the Campanian–Paleocene rift episode (e.g., Brekke, 2000;  
Færseth & Lien, 2002). A study by Fjellanger et al. (2005) supports this notion, as it shows onlap of the 
Maastrichtian Springar Formation in the easterly tilted footwall of the Fles Fault Complex.

Pronounced effects of post-Jurassic faulting are evident in the northeastern part of the investigated 
area. Beneath the Ribban Basin (Fig. 11), Jurassic rift architecture became modified by later fault activity, 
seen as rejuvenation of dip-slip movements within fault zones initiated during Jurassic rifting, but also 
as faults that transect large Jurassic fault-blocks to create smaller compartments (Færseth, 2012). The  
precise timing of fault activity is not well constrained due to deep erosion and the overall absence of 
Upper Cretaceous–Tertiary sediments. However, as this margin segment was close to the continent  
separation, significant faulting activity prior to breakup, similar to the Vøring margin, is anticipated.  
Hence, the latest fault activity in the area is inferred to result from the Campanian–Paleocene rifting  
episode (Mokhtari & Pegrum, 1992; Blystad et al., 1995; Løseth & Tveten, 1996; Doré et al., 1999;  
Tsikalas et al., 2001; Bergh et al., 2007; Færseth, 2012; Hansen et al., 2012). 
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The faults northwest of the Lofoten–Vesterålen archipelago, regarded to have resulted from the  
Campanian–Paleocene rift episode, strike NE–SW to E–W. Fault zones of this generation bound the  
Cretaceous Ribban Basin, and are clearly oblique to the NNE–SSW-striking Jurassic faults (Fig. 11).  
Færseth (2012) suggested that the characteristic zigzag pattern of fault zones along strike is due to  
large NNE–SSW-oriented Jurassic faults that became linked by ENE–WSW to E–W-striking fault  
segments during Campanian–Paleocene extension, to result in the overall NE–SW orientation.  
Accordingly, prominent basement lineament trends, oriented NNE–SSW and ENE–WSW to E–W, which 
are evident both offshore and onshore Lofoten–Vesterålen (Gabrielsen & Ramberg, 1979; Olesen et al., 
1997, 2002; Gabrielsen et al., 2002; Bergh et al., 2007), were utilised during the Jurassic and Campanian– 
Paleocene rift episodes, respectively. A NE–SW to ENE–WSW orientation for Campanian–Paleocene faults 
is consistent with the change from E–W to the NW-directed absolute plate movement at around 85 Ma 
(Torsvik et al., 2001; Mosar et al., 2002; Torsvik & Cocks, 2005). 

Campanian–Paleocene syn-rift sedimentation

During the rifting episode, there was a change from the Late Cretaceous basin-wide sedimentation 
in the Vøring Basin, to deposition in progressively more localised and fault-controlled basin lows (Fig. 
2B, C). Over the last decades, deep-marine sandstones deposited in the Norwegian Sea, associated 
with the rifting episode, have become important in exploration as well as reservoir production (e.g.,  
Vergara et al., 2001; Fjellanger et al., 2005; Lien, 2005). The giant Ormen Lange Field, located in the SE 
Møre Basin and producing from Paleocene sandstones (e.g., Gjelberg et al. 2001; Möller et al., 2004), as 
well as smaller discoveries (e.g., Nyk; Kittelsen et al., 1999; Fjellanger et al., 2005), contain good-quality  
reservoir sandstones. Several wells, however, have failed to reveal the predicted reservoir (Lien, 2005).

Upper Cretaceous–Paleocene sandstones deposited in the Vøring Basin were sourced mainly from 
East Greenland (Fjellanger et al., 2005; Lien, 2005; Morton et al., 2005; Parsons et al., 2017). Coarse 
clastics were focused by NW–SE-trending lineaments and transported across the narrow shelf into the  
Vøring Basin, where they were deposited as sand-rich, deep-marine fans in a thick (>1000 m) succession 
(Whitham et al., 1999; Vergara et al., 2001; Fjellanger et al., 2005; Lien, 2005). The Lower Campanian  
sequence varies dramatically in thickness, from a more than 800 m-thick sandstone on the Nyk High (Fig. 1)  
(Kittelsen et al., 1999: Fjellanger et al., 2005), to a c. 200 m-thick mudstone succession in the SE Vøring 
and Møre basins, and less than 200 m on the Halten Terrace (Færseth & Lien, 2002) (Fig. 2B, C). 

During the rift climax stage, the Norwegian mainland became a source for sandstones, i.e. the Tang  
Formation (Fig. 5). Deposits of this generation are represented by the c. 700 m-thick, sand-rich,  
Vestfjorden fan (Fonneland et al., 2004; Lien, 2005), and the up to 100 m-thick Ormen Lange fan in the 
SE Møre Basin (Brekke et al., 1999; Martinsen et al., 1999, 2005; Gjelberg et al., 2001; Möller et al., 2004; 
Lien, 2005). On the Lofoten margin, an inter-basinal turbidity system formed in response to uplift of the 
Utrøst Ridge during the Paleocene (Henstra et al., 2016). These workers suggested that the SW-directed 
turbidity system of this margin might have continued into the Vøring margin, where a series of S- to 
SW-directed turbidite systems delivered sand to the Någrind Syncline and Træna Basin (Fig. 1) during the 
rifting episode (Vergara et al., 2001)

Tertiary post-rift development 
The Eocene oceanic drift stage marks the termination of the sediment source area to the northwest 
and the Norwegian mainland as the remaining source. The Eocene succession is dominantly mud, and 
the thickness increases westward towards the spreading axis (e.g., Lien, 2005). A Late Neogene uplift 
of the inner shelf and the adjacent landmass, with erosion by glacial processes, induced the westward  
progradation of a huge Pliocene–Pleistocene wedge (e.g., Stuevold et al., 1992). 
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Sub-basins of the Vøring Basin, such as the Træna Basin, Hel Graben and the Någrind and Vigrid  
synclines (Fig. 1), became inverted due to post-Eocene compression (Fig. 2B, C). Tectonic inversion of 
basins with thick sediment successions is a common process affecting previously extended continental 
margins (e.g., Cooper et al., 1989). Compression and inversion resulted in a shift in depositional axes and 
new depocentres formed. 

Huge domes and elongated arches, which formed after the continental breakup, are characteristic  
features in the Norwegian Sea (Fig. 1) (Blystad et al., 1995). The uplifts, which are located in the  
previously thinned continental crust, occur as solitary structures (Fig. 1). Some of the structures are  
associated with major fault complexes (Fig. 2), and reverse reactivation along some of the faults is  
evident (e.g., Fles Fault Complex), pointing to an element of compression and shortening. However,  
there is no consensus about timing of the formation of late uplifts in the Norwegian Sea, and several  
mechanisms to explain the uplifts have been proposed (Bukovics & Ziegler, 1985; Stuevold et al., 1992; 
Blystad et al., 1995; Doré & Lundin, 1996; Henriksen & Vorren, 1996; Vågnes et al., 1998; Brekke, 2000; 
Fejerskov et al., 2000; Mogensen et al., 2000; Pacal & Gabrielsen, 2001; Lundin & Doré, 2002; Kjeldstad 
et al., 2003; Henriksen et al., 2005; Imber et al., 2005). 

In a comprehensive study based on uplifts in the Vøring Basin, Gómez & Vergés (2005) concluded that 
growth of the structures is best explained by a combination of tectonic compression and sediment  
loading. The contribution from each of these mechanisms as well as the timing of growth, however, is 
quite variable between the observed structures. In general, compression has initiated the structures 
to produce a significant part of the dome amplification from Early Oligocene to Miocene. A later and  
shorter period of growth (2.6 to 1.0 Ma) occurred because of differential compaction, related to  
deposition and loading of Late Pliocene–Early Pleistocene prograding wedges (e.g., Stuevold et al., 1992; 
Kjeldstad et al., 2003).

Despite their large areal extent and considerable amount of uplift (Figs. 1, 2), the total shortening is 
very modest. The structure representing the trap for the giant Ormen Lange Field in the Møre Basin 
is a N–S-oriented dome 50 km in length (Fig. 1), with Paleocene sandstone as reservoir. The dome has 
its maximum relief near top-Paleocene and intra-Eocene levels (Möller et al., 2004). The structure is  
approximately 20 km wide with an amplitude of 450 m at these levels. As the average dip of the limbs 
is about 2.5 degrees, the structure represents a gentle fold and the total shortening is in the order of 
0.5 percent.

A NE–SW-elongated uplift with a maximum width of 70 km, northwest of the Lofoten–Vesterålen  
archipelago (Fig. 1), previously mapped as a Cretaceous high (Blystad et al., 1995), was interpreted by 
Færseth (2012) as a post-Eocene compressional feature. Due to a general absence of Tertiary sediments, 
the precise timing of growth cannot be accurately determined. However, in the outer shelf northwest 
of the Utrøst Ridge, Mokhtari & Pegrum (1992) identified a dome-shaped uplift where sediments  
interpreted to be Oligocene–Miocene in age onlapped the flanks of the structure during growth.  
A regional sub-crop map, covering the outer shelf (Sigmond, 1992), also demonstrates  
post-Eocene uplift and erosion in this area. These observations support the notion that tectonic  
compression affected the Lofoten–Vesterålen margin, and further suggest that dome amplification in this  
area was contemporaneous with tectonically induced growth of domes and arches in the Vøring Basin, 
with the main growth taking place in the Oligocene–Miocene.
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Conclusions 
Greenland was close to Mid Norway and central-northern Norway after the Caledonian Orogeny.  
The orogeny climaxed with the Early Devonian continent-continent collision and subduction of the Baltic 
craton beneath Laurentia. A mountain range several kilometres high evolved and remained a positive 
topographic element throughout the Late Palaeozoic and Early Mesozoic. Non-marine Carboniferous  
sediments were deposited onshore East Greenland, but there is no evidence of sedimentation during this 
period in the study area.

In the Norwegian Sea, three major rifting episodes characterised by large-scale basement-involved  
faulting and crustal thinning are evident. The rift episodes in the Late Permian–Early Triassic,  
Middle–Late Jurassic and Campanian–Paleocene, were separated by long (c. 70 million year) periods of 
overall tectonic quiescence.

Until the climax stage of the Jurassic rift episode, rocks of the Caledonian mountain range might have 
occupied the area between the Halten Terrace and Liverpool Land at the east coast of Greenland. A huge 
land mass, exposed for erosion, explains the dominance of coarse clastics on the Halten Terrace and  
beneath the SE Møre Basin. Middle–Lower Jurassic and Triassic sediments entering into the basin from 
the west contain conglomerates and pebbly sandstones deposited under fluvial, deltaic and marginal 
marine conditions, and deltaic clinoforms are recorded along the basin margin on the western Halten 
Terrace. 

The large-scale paleogeography, prior to the climax stage of the Jurassic rifting episode, was  
dominated by a central basement high, bordered by the basin onshore East Greenland and the basin area  
offshore Mid Norway. Offshore Mid Norway, Late Permian–Early Triassic extension was evident, and  
Permo–Triassic sediments reached thicknesses of 4000–6000 m, juxtaposed against basement across  
large normal faults close to the Norwegian mainland. Time-equivalent sediments are largely absent  
above basement highs surrounding the basin area. 

During deposition of Middle Triassic post-rift sediments, the topography created by Late Permian–Early 
Triassic extension became levelled and younger sediments were deposited over a relatively flat area, 
represented by the present Trøndelag Platform and the Halten and Dønna terraces. Due to Jurassic  
extension, there was a change from this wide basin area to a setting where the Halten and Dønna  
terraces became separate structural entities, down-faulted and with a complex basin-floor topography.

Coarse-clastic supply from the west was still active during deposition of the Late Bajocian–Bathonian 
Garn Formation. However, following deposition of this formation and due to erosion and accelerated 
Late Jurassic rifting, the land mass became insignificant as a source. As the basement high ceased to exist 
as a source area, leaving the narrow Sklinna Ridge as an easternmost remnant in the footwall of the Klakk 
Fault Complex, no input of coarse material from the west is encountered. This stage of development is 
regarded as the first indication of a large and continuous marine basin between Mid Norway and East 
Greenland after the Caledonian Orogeny.

Structural elements that evolved during the Jurassic rifting episode dominate the basin configuration 
of the Norwegian Sea, and crustal stretching was at a maximum beneath the Møre and Vøring basins. 
Tectonic relief with deep-water sub-basins existed at the Jurassic–Cretaceous transition, and the Jurassic 
structural relief was levelled some 60–65 million years after the rifting had ceased. In distal parts of the 
Norwegian Sea, the crust was thinned to less than 10 km over substantial areas, and beneath some of the 
sub-basins the base Cretaceous may be as deep as 15–17 km and apparently overlie basement.
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Effects of the Campanian–Paleocene rift episode are most apparent in the northwestern part of the  
Vøring Basin, where rifting was terminated by the crustal separation between Greenland and Eurasia 
at the Paleocene–Eocene boundary. Large domes and elongated arches formed after the continental  
breakup, located in the previously thinned continental crust of the Vøring and Møre basins, but 
also along the narrow Lofoten–Vesterålen margin. Growth of the structures resulted from tectonic  
compression that initiated the structures and produced a significant part of the dome amplification 
from Early Oligocene to Miocene. A later and shorter period of growth occurred due to differential  
compaction related to the deposition and loading of Late Pliocene–Early Pleistocene prograding wedges.
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