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A new generation of long-offset 2D seismic reflection lines, 2D-cubed seismic volumes, extensive 3D
seismic surveys, high-resolution potential field data, and exploration wells has resulted in improved
geological mapping of the Mid–Norwegian continental margin. Over the past decade, we have
conducted an integrated seismic-gravity-magnetic interpretation of the entire volcanic rifted margin.
This work has resulted in the reassessment and identification of several structural and magmatic elements.
The elements have been classified and assembled in a regional and digital geological map compilation
that documents both 1) the pre-breakup and 2) the syn-to post-breakup outlines of the volcanic rifted
margin. The 1:1,000,000 digital compilation includes layers with structural elements defined at the Base
Cretaceous, Base Paleogene and Mid–Miocene levels, as well as major detachment faults. The main
sets of faults identified in the sedimentary basins were active during the Late Jurassic–Early Cretaceous
and Late Cretaceous¬–Paleocene rifting episodes before the earliest Eocene continental breakup. In the
Oceanic Province, magnetic anomaly chrons and oceanic fracture zones have been revised based on
up-to-date aeromagnetic data. The syn-to post-breakup elements feature late Paleocene–early Eocene
volcanic facies units, which were mapped using seismic volcanostratigraphy and igneous seismic
geomorphology. We have further mapped the distribution of igneous sills and associated
hydrothermal vent complexes, compressional domes, arches, slides and glacial depocentres. The project
datasets include layers in standard GIS formats (e.g., shapefiles) as well as a ready-to-use QGIS project that
includes embedded files, dedicated colour codes and standards. This open-source compilation is intended
for exploration and academic purposes. The 1.0 version of this compilation will be periodically updated and
revised depending on the availability of new data and scientific results.
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Upper Palaeozoic undifferentiated
Lower Palaeozoic

Figure 1. Regional tectonic map of the Norwegian–Greenland Sea and locations of the main Palaeozoic to Cenozoic rift
zones and sedimentary basins including the Mid–Norwegian continental margin (modified after Gernigon et al., 2020).
Onshore geology modified after Bouysse (2014). Rift zones across Iceland after Einarsson (2008). AR – Ægir Ridge;
BS – Barents Sea; FSB – Faroe–Shetland Basin; JMFZ – Jan Mayen Fracture Zone; JMMC – Jan Mayen
Microplate Complex; KR – Kolbeinsey Ridge; MB – Møre Basin, MR – Mohns Ridge; NS – North Sea; RR – Reykjanes Ridge;
TP – Trøndelag Platform; VB – Vøring Basin; VS – Vøring Spur. Numbers 1,2,3 refer to the Inner, Central and Outer
provinces further discussed in the paper.
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Introduction
The need for a proper and coherent nomenclature map and outline for the main structural elements
of the Mid–Norwegian continental margin (MNCM) (Fig. 1) was first emphasised by Gabrielsen et al.
(1984). Around that time, the first published structural maps of the Norwegian Shelf well depicted
the main structures of the MNCM (Bøen et al., 1984; Gabrielsen et al., 1984). In 1988, the Norwegian
Petroleum Directorate (NPD) was appointed by the Norwegian Petroleum Society to establish a
regional and structural map of the MNCM. In 1995, this work was published in the NPD-Bulletin
Number 8 (Blystad et al., 1995) and became the official nomenclature map of the MNCM. Since then,
the map of Blystad et al. (1995) has served as a standard, widely recognised map, and is still used today
in industry and academia to introduce and present the main regional framework of the MNCM.
Compiled more than 25 years ago, Blystad’s map was poorly constrained in the outer part of the
MNCM, due to limited, deep-marine, offshore seismic coverage, imaging issues and a lack of borehole
calibrations. Since then, additional regional seismic surveys (e.g., VBT and GMNR) have allowed
better imaging of the deep Møre and Vøring basins. In the 1990s, additional 2D and 3D seismic surveys
(Figs. 2 & 3) and exploration drilling (Fig. 4), drilled in deep waters (Bjørnseth et al., 1997; Walker et

Periods of acquistion
<1975
1977 - 1983
1983 - 1986
1986 - 1988
1988 - 1991
1991 - 1996
1996 - 2003
2003 - 2009
2009 - 2013
2015 - 2020
Maritime boundaries

Figure 2. 2D seismic database including the datasets from the NPD Diskos database (https://www.npd.no/en/diskos/
public-portal/) and unreleased data from the proprietary TGS databank.
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Periods of acquisition
<1992
1992 - 1997
1997 - 2002
2002 - 2005
2005 - 2008
2008 - 2010
2010 - 2012
2012 - 2013
2013 - 2014
2014 - 2020
J-Cube compilation
Maritime boundaries

Figure 3. 3D seismic database from the NPD Diskos database (https://www.npd.no/en/diskos/public-portal/) and the
proprietary TGS databank.

al., 1997; Ren et al., 1998), improved our geological understanding of the MNCM. Then, from 2004
to 2011, a new generation of regional seismic lines (e.g., MNR surveys) represented a major shift in
regional mapping and imaging of the deepest basins (Abdelmalak et al., 2017; Theissen-Krah et al.,
2017; Zastrozhnov et al., 2018, 2020).
Improved processing of the modern seismic data combined with potential field data also revealed that
the outer part of the MNR features a complex volcanic system near the Continent–Ocean Transition
(Fig. 1). It led to the definition and establishment of a dedicated seismic volcanostratigraphy and
associated nomenclature which was progressively refined over the last 20 years (Planke et al., 2000,
2017; Berndt et al., 2001a, b; Abdelmalak et al., 2016a, 2016b). Over the last 15 years, the Geological
Survey of Norway (NGU) also remapped a large part of the MNCM and the Norwegian–Greenland Sea
with high-resolution aeromagnetic data (Olesen et al., 2004, 2007, 2010; Gernigon et al., 2009, 2012,
2015, 2019). Since the first map of Blystad et al. (1995), many exploration wells (Fig. 4) have been drilled
in several parts of the continental shelf. They provide refined stratigraphic calibration especially in the
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Exploration wells, drilling periods
1966 - 1985
1985 - 1992
1992 - 1997
1997 - 2001
2001 - 2004

2004 - 2008
2008 - 2011
2011 - 2015
2015 - 2018

DSPD Site
ODP Site
IODP Expedition 396 (2021)
Maritime boundaries

Bathymetry (m)

Figure 4. Well database: The underlying bathymetric map refers to the 15 arc-second GEBCO 2020 grid (GEBCO
Bathymetric Compilation Group 2019).

outer Møre and Vøring basins (e.g., NPD Factpages, Norlex, Gradstein et al., 2010; Zastrozhnov et al.,
2020). This tremendous amount of geological and geophysical data, combined with processing and
imaging improvements, help to refine and understand better the tectonomagmatic framework of the
MNCM.
In this paper, we present a comprehensive compilation of the main structural and magmatic elements
of the MNCM. During the compilation project, the main tasks were: 1) to collect data and reliable
information of the best known and newly defined structures into a database; 2) to develop a
tentative classification of the main structural and magmatic elements of the MNCM and 3) to design an
attractive set of maps based on the collected data. After a short description of the regional setting and
geological background of the study area, we present the mapping strategy and describe the various
volcanic and structural elements of the MNCM. This digital compilation is freely accessible in the
Electronic supplement 1.

5 of 74

A digital compilation of structural and magmatic elements of the Mid-Norwegian continental margin

L. Gernigon et. al

The Mid–Norwegian continental margin: retrospective and geological setting
Early scientific and exploration results
The MNCM (Fig. 1) is one of the most studied volcanic rifted margins (Eldholm et al., 1989; Planke &
Alvestad, 1999; Skogseid et al., 2000; Menzies et al., 2002). The first regional outline of the MNCM
was partly established after the first magnetic and gravity data acquisition in the 1960s–70s (Grønlie &
Ramberg, 1970; Talwani & Eldholm, 1972; Åm, 1975) as well as pioneer seismic acquisition (Drivenes
et al., 1984; Hinz et al., 1987; Zehnder et al., 1990; Planke et al., 1991; Olafsson et al., 1992). Earlier
geophysical studies also reported the presence of seaward-dipping reflector sequences (SDRs) imaged
along the Continent–Ocean Transition of the Norwegian–Greenland Sea (Fig. 1) (Rønnevik et al., 1975;
Rønnevik & Navrestad, 1977; Talwani et al., 1978; Mutter, 1984; Hinz et al., 1987; Skogseid & Eldholm,
1987, 1988, 1989). Following completion of the Deep Sea Drilling Project Leg 38 (Talwani et al., 1976)
and the later Oceanic Drilling Program Leg 104 on the Vøring Marginal High (Fig. 4), the first tectonic
models for volcanic margin formation and magmatic breakup became established (Mutter, 1984;
Skogseid & Eldholm, 1987; Eldholm et al., 1989). The SDRs seismic wedges (up to 5–10 km thick) and the
presence of high-velocity lower crustal bodies (HVLC) with VP (P-wave velocity)>7.0 km/s are perhaps
the most explicit seismic features which have commonly been used to classify the MNCM as a volcanic
‘rifted’ margin (Hinz, 1981; Mutter et al., 1984; Planke et al., 2000; Skogseid et al., 2000). After early
major oil discoveries in the North Sea (Rønnevik et al., 1983), extensive exploration of the
adjacent MNCM sedimentary basins started in the 80s. The first exploration licences of the MNCM were
allocated in the Haltenbanken and Trænabanken areas in 1979–1980. In the 90s, exploration activity
rapidly expanded into new deep offshore areas, including the Møre–Vøring basins and the Lofoten
Margin (Bøen et al., 1984; Bukovics & Ziegler, 1985). Since then, growing geophysical investigations and
continuous exploration drilling have significantly improved our structural, stratigraphic and magmatic
knowledge of the MNCM.

Geological and geodynamic setting
The MNCM represents a polyphase rift system (Fig. 1) which developed after the collapse of the
Caledonides, until breakup in the early Eocene (Doré et al., 1999; Skogseid et al., 2000; Faleide et al.,
2008; Gaina et al., 2009; Fossen, 2010; Tsikalas et al., 2012; Gernigon et al., 2020; Osmundsen et al.,
2021).
Often recognised as a classic example of the Wilson Cycle, the regional coincidence between the rift
and the Caledonian axis suggests that crustal- to lithospheric-scale inheritance influenced the structural
evolution of the MNCM (e.g., Krabbendam, 2001; Schiffer et al., 2020). The early stage of rifting
between Norway and Greenland during the late Palaeozoic–early Mesozoic was locally influenced
by the pre-existing Precambrian and Caledonian structural grain (Steel et al., 1985; Doré et al., 1997;
Roberts et al., 1999). The first intra-continental basins, recognised onshore (Fig. 1), developed during
the Late Devonian post–orogenic stage of the nascent rift system (Siedlecka, 1975; Norton, 1986;
Séranne, 1992; Braathen et al., 2002; Olesen et al., 2002; Fossen, 2010; Osmundsen et al., 2021).
Subsequent rift episodes in the Northeast Atlantic took place in the mid–Carboniferous (Roberts et al.,
1999), but this Palaeozoic event remains poorly constrained and documented in the MNCM. However,
undifferentiated Palaeozoic basins (Devonian – Carboniferous?) have been identified in the deepest part
of the Trøndelag Platform (Reemst & Cloetingh, 2000; Zastrozhnov et al., 2018; Péron-Pinvidic et al.,
2020) (Fig. 1). Here, the top of the basement reaches locally a depth of about 10 km (Breivik et al., 2011;
Maystrenko et al., 2018).
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A Permo–Triassic extension phase is well recognised in the inner part of the MNCM (Reemst &
Cloething, 2000; Gomez et al., 2004; Müller et al., 2005; Bergh et al., 2007; Štolfová & Shannon, 2009;
Færseth, 2012, 2020; Zastrozhnov et al., 2018). The subsequent Middle–Late Triassic and earliest Jurassic
periods seem to have been intervals of relative quiescence until the onset of faulting during episodic Early
Jurassic (Pliensbaschian–Toarcian) and subsequent Middle Jurassic (Bathonian–Callovian) stretching
events (Blystad et al., 1995; Martinius et al., 2001; Ravnås et al., 2014). The Middle Triassic to
Early Jurassic period also witnessed a sudden paleogeographic change from marine to coastal and
lacustral deposition (Brekke et al., 2001; Müller et al., 2005). A marine transgression linked to the
establishment of a marine seaway between Norway and Greenland occurred in the latest
Plienbachian–early Toarcian. In the Aalenian (Middle Jurassic), several deltas propagated into the
seaway (Dalland et al., 1988; Brekke, 2000; Brekke et al., 2001).
The Late Jurassic – Early Cretaceous period marked a profound kinematic and tectonic change in the
North Atlantic with the progressive establishment of stable seafloor spreading in the central Atlantic
(Sibuet & Tucholke, 2012; Nirrengarten et al., 2018). This period also coincides with the onset of a major
extension and crustal thinning phase in the Northeast Atlantic including the MNCM (Lundin & Doré,
2011; Stoker et al., 2017). This rifting episode favoured the regional development of large and thick
(up to 10 km) Cretaceous sag basins (partly syn-rift) in the MNCM (i.e., the Møre and Vøring basins)
(Fig. 1). No consensus has been reached on how much the regional extension continued into the
Early Cretaceous at the MNCM (e.g., Blystad et al., 1995; Lundin & Doré, 1997; Doré et al., 1999;
Brekke, 2000; Færseth & Lien, 2002; Osmundsen & Ebbing, 2008; Tsikalas et al., 2012; Péron-Pinvidic &
Osmundssen, 2016; Zastrozhnov et al., 2018, 2020; Færseth, 2020). The crustal thinning episode
(including a tectonic sagging and flexural phase) likely reached a climax in the Late Jurassic–earliest
Cretaceous but probably decelerated or relocated around mid–Cretaceous time (mid–late Albian?)
(Theissen-Krah et al., 2017; Zastrozhnov et al., 2018, 2020). This Late Jurassic–Early Cretaceous rift
episode also appears to be shifted from the old Permo–Triassic rift system which is preserved in the
inner part of the MNCM (Fig. 1) (Reemst & Cloetingh, 2000; Færseth, 2012; Osmundsen et al., 2021).
Before the onset of breakup, a distinct Late Cretaceous – Paleocene rifting event affected the entire
Northeast Atlantic margin segments (Doré et al., 1999; Faleide et al., 2008; Stoker et al., 2016; Parsons
et al., 2017). This phase of renewed extension is well documented in the outer parts of the Vøring and
Lofoten–Vesterålen margin segments (Fig.1) (Tsikalas et al., 2001, 2019; Gernigon et al., 2003, 2004;
Ren et al., 2003; Abdelmalak et al., 2017; Zastrozhnov et al., 2018, 2020; Henstra et al., 2019; Færseth,
2020). Subsequently, the onset of breakup between Baltica and Greenland resulted in the formation of
conjugate volcanic margins during the late Paleocene–early Eocene (Eldholm et al., 1989; Skogseid et
al., 2000; Gernigon et al., 2015, 2020). The significance of the breakup volcanism is well documented
both by geological outcrops and offshore geophysical data from the Lofoten–Vesterålen margin and the
Vøring Marginal High up to the Faroe Platform (Fig. 1) (Berndt et al., 2001a; Breivik et al., 2006; Passey
& Jolley, 2008; Mjelde et al., 2009; Abdelmalak et al., 2016a, b; Millett et al., 2017; Jolley et al., 2021;
Planke et al., 2021). In the outer part of the MNCM (Fig. 1), significant magmatism is demonstrated by
thick volcanic SDRs. At crustal scale, high velocities in the lower crust (HVLC, V�>7.0 km/s) have been
interpreted in part as magmatic underplating or lower crustal intrusions (White et al., 2008; Mjelde et
al., 2009). The origin of significant breakup (and post-breakup) magmatism could have involved not only
intrinsic (i.e., rift-related) but also extrinsic geodynamic processes (i.e., mantle plume or alternative
sub-lithospheric processes) (White, 1992; Foulger & Anderson, 2005; Meyer et al., 2007; Simon et al.,
2009).
After continental breakup, seafloor spreading in the Norwegian–Greenland Sea initiated along the
Mohns and Aegir ridges, offset by the nascent East Jan Mayen Fracture Zone (Fig. 1), the last of which
acted as a prominent oceanic transform zone until the extinction of the Ægir Ridge and the final
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dislocation of the Jan Mayen Microplate Complex (Fig. 1) in the late Oligocene (e.g., Skogseid &
Eldholm, 1988; Gaina et al., 2009; Péron-Pinvidic et al., 2012; Gernigon et al., 2015, 2020; Schiffer et al.,
2019).
The post-breakup evolution of the MNCM is mostly characterised by a period of thermal cooling
and regional subsidence (Hjelstuen et al., 1999; Brekke, 2000; Faleide et al., 2008). Post-breakup
compressive stresses were also generated by ridge push, spreading reorganisation, far-field orogenic
stress (Vågnes et al., 1998; Brekke, 2000; Lundin & Doré, 2002), mantle drag (Mosar et al., 2002) or
gravitational stresses from the Iceland insular margin (Doré et al., 2008). Several episodic Cenozoic
compressional events expressed by inversion structures (domes/arches, reverse faults, etc.) have been
identified on the MNCM (Doré et al., 2008). The final development of the MNCM is closely linked to
northern hemisphere glaciation events, when large Plio–Pleistocene clinothems (e.g., the Molo and
Naust formations) propagated across the continental shelf (Jansen & Sjøholm, 1991; Henriksen et
al., 2005; Ottesen et al., 2005; Rise et al., 2005; Eidvin et al., 2007; Løseth et al., 2017). Late tectonic
activities also include the collapse of large slides and minor neotectonic activity due to ridge push or still
ongoing isostatic glacial rebound of Scandinavia (Solheim et al., 2005; Færseth & Sætersmoen, 2008;
Keiding et al., 2018; Janutyte et al., 2017).

Project data
Seismic database
In this contribution, a large database including released 2D (Fig. 2) and 3D seismic data has been
interpreted (Fig. 3). Compared to the data available when Blystad et al. (1995) established the first
MNCM nomenclature map, several additional millions of km (5,800,000 km) of 2D seismic data have
been acquired in the MNCM (Fig. 2). Besides, several 3D seismic surveys (Fig. 3) have been conducted
in many parts of the MNCM. The first 3D seismic data in the MNCM (Fig. 3) was acquired between 1985
and 1990 on the Halten Terrace. The first 3D acquisitions in the central and outer parts of the MNCM
only started after 1995 together with the first exploration wells in the Møre and Vøring basins (Figs. 3
& 4). Since then, most of the outer structures have been covered (or partly covered) by additional 3D
seismic data except for large parts of the Lofoten–Vesterålen margin segment, not open to exploration
now. Finally, the first 3D seismic data in the volcanic areas are recent and mostly concern the outer Møre
and Vøring basins and the Vøring Marginal High (Fig. 3) (Planke et al., 2017).
The study also relies on unreleased, high-quality, seismic reflection data covering a large part of the
MNCM (e.g., the CFI-MNR04 to CFI-MNR11 surveys, late reprocessing of the original MNR surveys) and
recent 3D seismic surveys acquired by TGS in the outer part of the MNCM. The line spacing of the final
2D seismic datasets considered in this project (Fig. 2) ranges from 0.2 km to 2 km which was enough to
tie the different seismic units confidently. The seismic database also includes a large regional 3D seismic
volume, called J-Cube MN (Fig. 3), compiled, and interpolated from a dense grid of 2D and 3D seismic
data on the MNCM (Whiteside et al., 2013). All these seismic data have been interpreted alongside
released and revised biostratigraphy (e.g., Gradstein et al., 2010; Radmacher et al., 2015; Zastrozhnov
et al., 2018, 2020).
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Well database
Since the beginning of the licensing activity in the MNCM in the 1980s, c. 971 boreholes have been
drilled including 365 appraisal and wildcat exploration wells (NPD Factpages 2021). Before 1980, the
only wells available in the outer part of the MNCM remained the scientific boreholes from DSDP Leg
38 (sites 338, 339, 340, 341 and 342) (Talwani et al., 1976) (Fig. 4). The first exploration well 6507/12–1
in the MNCM was drilled in the eastern part of the Halten Terrace in 1980 (Bleie et al., 1982) (Fig. 4).
The previous work of Blystad et al. (1995) was carried out before the opening and main exploration
phase in the deep water areas of the MNCM. Between 1980 and 1990, most of the exploration wells
were concentrated on the Halten Terrace and adjacent Trøndelag Platform (Fig. 4). The first well in
the central Vøring Basin was drilled in 1987, 6607/5–1. After 1995, extensive petroleum exploration
and drilling campaigns became active in the Møre and Vøring basins. This led to gas discoveries within
the Nyk High (well 6707/10–1, Kittilsen et al., 1999; Aasta Hansteen field) and Ormen Lange areas
(6305/5–1; Möller et al., 2004) (Fig. 4). Nonetheless, only a few exploration wells have been drilled in
this vast exploration area (>155,000 km2). The key exploration wells to constrain the stratigraphy of the
outer MNCM were located on the Nyk High (6707/10–U–1; 6707/10–2 S; 6706/12–1: Aasta Hansteen
field; 6707/10–2 A: Luva discovery); 6706/11–2: Gymir discovery; 6707/12–2: Snefrid discovery; 6706/
12–3: Roald Rygg and 6707/10–3 S: Ivory discovery); North Gjallar Ridge (6704/12–1) and South Gjallar
Ridge (6603/5–1 S: Dalsnuten) (Fig. 4). As potential traps for shallower Upper Cretaceous to Paleocene
sandy reservoirs, shallow domes and Late Cretaceous – Cenozoic structures have also been commonly
targeted notably at the Vema Dome (6706/10–U–1, 6706/11–1, 6706/11–2); the Någrind Syncline
(6607/2–U–1, 6607/7–U–4, 6607/2–U–3); the Naglfar Dome (6706/6–1: Hvitveis discovery; 6706/
6–2: Marisko prospect); the Træna Basin (6710/10–1); the Vigrid Syncline (6603/12–1, 6604/10–1: Gro
discovery, 6605/1–1, 6705/10–1: Asterix discovery); the Helland-Hansen Arch (6605/8–1, 6605/8–2,
6505/10–1); the Fles Fault Complex (6504/5–U–1); the Havsule Dome (6404/11–1); the southern
Modgunn Arch (6403/6–1); the Isak Dome (6403/10–U–1); the Ellida Dome (6405/7–1: Ellida discovery)
and the outer Møre Basin (6302/6–1: Tulipan discovery). See https://www.npd.no/en/facts/ for details.

Potential field data
Potential field data have been integrated within the seismic database to constrain the continental and
oceanic basin configuration below the thick sedimentary succession. It also helped to identify poorly
imaged deep-seated structural highs expected below basalt as well as sill intrusions.

Magnetic data
The aeromagnetic dataset of the continental shelf (Olesen et al., 2007; Nasuti & Olesen, 2017),
including the recent JAS-05, NB-07 and JAS-12 surveys, was compiled and used to assess the
structure and age of the MNCM and adjacent oceanic basins (e.g., Gernigon et al., 2009, 2012, 2015,
2020) (Fig. 5). In the Norwegian–Greenland Sea, the resulting magnetic line spacing of 5–6 km for the
cross-lines and 20 km for the tie-lines provides sufficient resolution for a proper levelling. It allows
an accurate analysis of the seafloor spreading magnetic anomalies chrons and oceanic fracture
zones. Magnetic data combined with seismic data were also valuable in identifying the outline and
determining the magnetic polarities (and relative ages) of the different volcanostratigraphic facies.
Additional aero-magnetic surveys acquired during the NGU Continent Onshore Offshore Project
have also been relevant in mapping the structures on the onshore-offshore transition of the MNCM
(e.g., Olesen et al., 2019; Gernigon & Haase, 2019).

9 of 74

A digital compilation of structural and magmatic elements of the Mid-Norwegian continental margin

L. Gernigon et. al

Magnetic total field (nT)

Maritime boundaries

Figure 5. Magnetic total field compilation of the Mid–Norwegian continental margin and surrounding regions.
After Olesen et al. (2010) and Gernigon et al. (2012, 2015).

Gravity data
The regional gravity map shown in this paper (Fig. 6) is based on the global gravity compilation of
Sandwell et al. (2014) (version 28.1; https://topex.ucsd.edu/marine_topo/). The interpretation also
relies on local or semi-regional shiptrack gravity compilations from TGS (e.g., Abdelmalak et al., 2017;
Zastrozhnov et al., 2018, 2020) and NGU (Skilbrei et al., 2000; Olesen et al., 2010).
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Free air gravity (mGal)

Maritime boundaries

Figure 6. Free air gravity after the Global Marine Gravity Compilation (version 28.1) of Sandwell et al. (2014).

Mapping, templates and classification
Structural and magmatic classification (basin template)
Classification is arguably one of the most central and generic of all conceptual and mapping exercises.
Without classification, definition and ordering, there could be no data analysis, scientific reasoning,
and advanced conceptualisation. In our dedicated structural and volcanic classification of the MNCM
and specific template (Fig. 7 & Table 1), an element refers to a single and local 2D polygonal entity.
Each entity is characterised by a specific morphology, a structural type, an age of formation and a
level of reference (Table 2). The structural classification also considers linear structural irregularities
including faults, oceanic fracture zones, submarine slides and lineaments. Additional line features
(Table 3) consider other geological contacts or boundaries (e.g., basement subcrop, sill extent) or
magnetic anomaly chrons. Local hydrothermal vent complexes are defined by point features in the
database (see Electronic supplement 1).
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Map composite 1
(pre-breakup)

Map composite 2

(Syn-to post-breakup)

15 km

BP
Structural+volcanic elements
Structural irregularities
Line features
Point features

Subprovince
Province

Segments, corridor

Basin template

0 km

BC

Crustal template

0 km

Tectonic domain

Moho

30 km

Figure 7. Basin and tectonic templates of the Mid–Norwegian
continental margin. BC – Base Cretaceous horizon; BP – Base
Paleogene horizon. The main map composites, provinces and
subprovinces are strictly defined at basin level (0–15 km). The
tectonic domains illustrate the rifted margin architecture at
bigger crustal-scale level (0 to >35 km depth).

Table 1. Basin classification of the Mid–Norwegian continental margin with regard to polygonal, linear and point entities.

Order

I

II

II

II

Size
(km2/km)

Description/definition

Classification

105

A rifted margin province includes several basin-scale subprovinces and several
contiguous related elements. The provinces include several structural elements rifted margin
regrouped in several regions showing common geological or geomorphic attributes province
or similar tectonic regimes. A province is geometrically defined and limited at basin
depth level (0–15 km deep).

103–104

The rifted margin provinces can be subdivided along strike into several discrete or
transform segments or local corridors (e.g., the Jan Mayen Corridor). The 100–300
km-long margin segments represent regional components and (NNE–SSW) lateral rifted margin
tectonic subdivisions of the MNCM provinces and associated domains separated by segment
lineaments and associated oceanic fracture zones. A corridor defines a specific
and large regional margin segment characterised by an oblique component of
deformation or a large transfer zone in between other margin segments.

103–104

102–103

A structural or magmatic subprovince defines a distinct and spatial region of the rifted
margin showing similar structural, tectonic and magmatic characteristics. rifted margin
The subprovinces include and regroup several structural and volcano- subprovince
stratigraphic elements. The rifted margin domains in this study of the MNCM are
geometrically defined at basin depth level (0–15 km deep) (e.g., at Base Cretaceous
or Base Paleogene reference levels).
An element represents a local structural feature (e.g., platform, subbasin, dome,
fault) or a specific volcanostratigrahic unit (e.g., Lava Deltas; Landward Flows; Inner rifted margin
SDRs). It can be defined at a specific depth (e.g., shallow or deep). The morphology element
of an element could be positive (high) or negative (basin). An element can show a
specific structural type (ridge, raft, subbasin, graben). An element can refer to an
age of development (e.g., Cretaceous High)
Structural irregularities (e.g., detachment, faults, lineaments) represent local rifted margin
planar or linear features causes by plate tectonic forces and local deformation. They structural
represent fractures or discontinuities in the volume of rocks (basement or irregularity
sediments) across which there has been significant displacement.

IV

10–102

II– IV

105–102

A linear element refers to other contacts or geological boundaries which rifted margin
separate one rock or region from another. Magnetic anomaly chrons identified in
the Oceanic Province are also represented by linear elements.
line feature

IV

1–10

A point element represents the position of small (<10 km) hydrothermal vents.

rifted margin
point feature
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Table 2. Classification of the main structural and volcanostratigraphic elements.

Oceanic crust

Oceanic Province

Embryonic crust

COT/COB

Deep Cretaceous high
Deep Cretaceous graben
Deep terrace or slope
Cretaceous sag basin
Shallow Cretaceous basin in platform
Mini-basin in terrace
Shallow terraces and intra-basinal elevation
Pre-Jurassic basin in platform
Mini-basin in platform
Platform

Outer SDRs
Outer High
Inner SDRs
Lava Flows (undiff.)
Landward Flows
Lava Deltas
Escarpment
Inner Flows
Shallow sills/flows
Igneous Centre

Shallow Mesozoic basin (nearshore)
Devonian basin (onshore offshore)
Cenozoic inversion (domes and arches)

Volcanostratigraphic polygonal elements

Structural polygonal elements

Shallow Cretaceous high

Norwegian Mainland/Province

Table 3. List of the main structural irregularities and other linear features.

Lineament
Neogene fault and Quaternary slides
Late Cretaceous – Early Paleocene normal fault
Late Jurassic – Early Cretaceous normal fault
Major faults and detachments
Shear zones (onshore)
Oceanic Fracture Zone
Magnetic anomaly chrons
Inner limit of the breakup-related volcanic rocks
Outer limit of the breakup-related volcanic rocks
Sill extent
Base Cretaceous subcrop
Basement subcrop

Element and structure names
To facilitate the description of the map elements, formal and new (‘informal’) names proposed
in the literature have been compiled in the database (see Electronic supplements 1, 2, 3 and 4).
For consistency and labelling homogeneity and to conform to English grammar rules for naming
specific places, all the names displayed in the text and maps have been deliberately capitalised.
However, a distinction between the formal (NPD) names of previously defined structures and the new
elements is indicated in the project database (see also Electronic supplement 2 for a complete
description). In our paper, the new names of the structural and volcanostratigraphic elements,
together with the specific provinces, subprovinces and tectonic domains described later, are highlighted using italic fonts. They are clearly set apart from the previous formal (NPD) names of Blystad
et al. (1995) and the few additional offshore names already acknowledged in the Genino reference
database (https://www.ngu.no/en/topic/datasets).
13 of 74

A digital compilation of structural and magmatic elements of the Mid-Norwegian continental margin

L. Gernigon et. al

Regional (and temporal) levels of reference
The representative outlines of the pre-breakup structural elements mostly rely on the Base Cretaceous
and the Base Paleogene horizons which were mapped using the extensive seismic database (Figs. 8
& 9). Both seismic horizons represent bundles of composite surfaces rather than single erosional or
onlap surfaces. These horizons have the advantage of being almost continuous and mappable along the
entire MNCM.
The Base Cretaceous horizon (BC) (Fig. 8) was considered as the principal and deepest (and older)
reference base layer to delineate the main structural elements of the polyrifted rift system. Even if the
tectonic meaning of the BC remains disputed (Færseth & Lien, 2002; Zastrozhnov et al., 2020), this
horizon underlines the first-order basin architecture of the MNCM (Fig. 8). The BC is a clear onlap surface
on the terraces and deep-seated structural highs which are situated in the deep parts of the volcanic
rifted margin (Brekke, 2000; Zastrozhnov et al., 2020). The CFI-MNR survey allowed revision and
mapping of the BC down to 10 s twt. Improved subbasalt imaging and recent 3D seismic volumes
have enabled extension of the BC mapping farther towards the breakup axis (e.g., Millett et al., 2020;
Zastrozhnov et al., 2020).

Base Cretaceous (ms twt)

Maritime boundaries

Figure 8. Base Cretaceous isochron map (after Zastrozhnov et al., 2020).
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Base Paleogene (ms twt)

Maritime boundaries

Figure 9. Base Paleogene isochron map (after Zastrozhnov et al., 2020).

The Base Paleogene horizon (BP) (Fig. 9) represents another regional-scale surface. The mapped
horizon represents local erosional surfaces along the inner and outer flanks of the Møre and Vøring
basins (Brekke, 2000; Gjelberg et al., 2005; Zastrozhnov et al., 2020). The geometry of the BP was
used to outline the shallow Cretaceous highs. Different Cenozoic horizons including the near Top Tare
Formation (Intra Early Eocene) and the Mid–Miocene horizon (near Top Brygge Formation) have been
used to delineate the volcanostratigraphic units and the main compressive structures of the MNCM,
respectively. The thickness map of the Naust and Molo formations has also been included in the
compilation (Electronic supplements 1 and 4) to illustrate the late Cenozoic glacial depocentres and
uplift events along the MNCM.
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Structural elements and map composites
Positive morphological elements
As a positive structural element (Figs. 7 & 10, Table 2), the term ‘high’ designates high topographic
structures independently of their lithology (basement, sediment, volcanic), level (shallow or deep) or
geological age (e.g., Nystuen, 1989). Elongated highs of unspecified origin can be termed ridges. In the
database attached to this paper (Electronic supplement 1), highs and ridges have been further assigned
into different structural types including crustal rafts, horsts, tilted blocks, crestal blocks, extensional
riders or local mounds depending on their geometries or the nature of their boundaries (e.g., highangle faults, low-angle detachment faults or no-fault contacts). A spur represents a specific positive geomorphological element and characterises wedge-shaped highs or platform edge features (Brekke &
Symonds, 2011).
Platforms and plateaus (Fig. 10) represent larger positive or intermediate areas that may include local
highs and subbasins (Nystuen, 1989; Jackson, 2005). Regardless of crustal type, the term plateau is
used to refer to high-relief geomorphological features, without discriminating between those formed by
tectonic or volcanic processes (Brekke & Symonds, 2011). They are commonly located in the proximal
part of rifted margins; they represent relatively stable and flat basin regions (Gabrielsen, 1986; Kyrkjebø
et al., 2004). Like plateaus, a platform can include several elements and may show different types of
structures, including internal platform highs and basins, extra-marginal basins and marginal platform
highs.
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Figure 10. 3D structural and magmatic representation of the Mid–Norwegian continental margin and related crustal architecture. This schematic
cartoon illustrates the main structural and volcanostratigraphic elements and indicates the outlines of the main provinces, subprovinces and tectonic
domains. Abbreviations: COB – Continent–Ocean Boundary; CL – Coupling Line; HVLC – High Velocity Lower Crust; MC – Middle Crust; LC – Lower Crust;
PNL – Proximal Necking Line; MNL – Magmatic Necking Line; SP – Subprovince; TB – Taper Break; UC – Upper Crust.
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When dealing with rifted margins, the term marginal plateau refers to high-standing basin regions
in the outer parts of rifted margins (Lister et al., 1986) (Fig. 10). A marginal plateau is an elevated
basement region bounded by either oceanic crust or inland rift systems (Lister et al., 1986). Compared to
thicker and greater elongated continental ribbons, marginal plateaus are thought to represent thinner
buoyant crustal blocks controlled by pairs of major detachment systems (synthetic or antithetic) during
continental extension (Lister et al., 1986). The term marginal plateau considered in this paper also
differs from the definitions of marginal high. Marginal highs are features strictly related to the
present-day elevated seabed morphology (Fig. 4) (Blystad et al., 1995; Brekke & Symonds, 2011).
Terraces represent transitional structural levels observed between platforms, marginal plateaus and
adjacent deep basins (Fig. 10). They define downfaulted blocks that most often slope gently
towards their outer edges where they are bounded by footwall crests (Gabrielsen, 1986). On the
inner side, terraces are bounded by major border faults located at the edges (or footwalls) of adjacent
platforms. Terraces are commonly associated with marked strike variation in structural geometry due to
vertical and lateral fault propagation and fault-tip folding (Pascoe et al., 1999; Corfield & Sharp, 2000;
Richardson et al., 2005). Unlike Blystad et al. (1995), our classification differentiates shallow terraces
from deep terraces (Fig. 10, Table 2). Shallow terraces are usually imaged above 4.5 s (twt) and are
bordered by major fault complexes. At the BC reference level (Fig. 8), the ‘deep terraces’ are in deeper
structural positions (deeper than 4.5 s – twt). Smoother and gradual up-to-down monocline transitions
from plateaus or platforms towards adjacent depressions have been classified as slope elements when
the morphological and structural characteristics of terraces are not fully satisfied.
As part of the syn- and post-breakup map elements (Table 2), domes and arches also represent
positive geomorphological features. The term arch often refers to longer elongated compressional
features (Nystuen, 1989). Domes are convex geological structures showing circular to elliptical outlines.

Negative morphological elements
As a negative structural element, sedimentary basin or subbasin are terms indiscriminately used to
describe sites with broad, thick accumulations of sediments or volcanic rocks.
A subbasin refers to local depressions of strata identified in various provinces and structural
domains. Every sedimentary subbasin, regardless of how clearly it is bounded, represents a singular
structural element which is less than 50 km wide. Subbasins could be controlled by steep normal faults
and could be subclassified as graben or half-graben type. Commonly associated with crustal boudinage
and significant thinning of the underlying continental crust, some deep subbasins have been
subclassified as high-crustal βc sag-type subbasins. If the sag-type subbasins are asymmetric and
controlled by clear low-angle detachment faults, they have been described as supradetachment basins
(Friedman & Burban, 1995).
Our description also refers to nourished mega-sag basins (Fig. 10), when the sites display wide
(>150 km) and thick (up to 10 km) accumulations of sediments. The mega-sag basins are characterised
by single or repeated sag cycles developed during the complex and sequential history of the margin.
The Møre and Vøring basins represent such regional mega-sag basins. The mega-sag basins encompass
early syn-rift supradetachment or sag-type subbasins and large late syn-rift undeformed/warped
depocentres (Fig. 10).
Where local grabens or half-grabens are less than 5 km thick, they have been categorised as mini-basins
in the maps and associated database (Table 2). They are generally characterised by local reactivation of
deep crustal faults or salt-related structures.
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Map composites and regional organisation
The structural and magmatic elements have been arranged in two principal map composites to illustrate
the pre-breakup (Fig. 11) and the syn-to post-breakup (Fig. 12) configuration of the MNCM (see also
larger A0 versions in Electronic supplements 3 & 4). The various structural and volcanic elements have
been organised and grouped in different provinces (Fig. 13) and semi-regional subprovinces (Fig. 14).

Major fault
Basement subcrop
Base Cretaceous subcrop
Major shear zone (onshore)
Shear zone - normal dip-slip (onshore)
Major shear zone (inferred onshore)
L. Cretaceous - Paleocene normal fault
L. Jurassic - E. Cretaceous normal fault
L. Jurassic - E. Cretaceous fault - uncertain
Inner limit of the breakup-related volcanics
Outer limit of the breakup-related volcanics
Maritime boundaries

B
CO

Onshore Province
Devonian basin
Shallow Mesozoic basin (nearshore)
Platform
Mini-basin on platform
Pre-Jurassic basin on platform
Shallow Cretaceous basin on platform
Shallow terraces and intra-basinal elevation
Mini-basin on terrace
Deep terrace or slope
Deep Cretaceous graben
Cretaceous sag basin
Deep Cretaceous high
Shallow Cretaceous high
Intruded continental crust
Unclarified oceanic/continental crust
Oceanic crust

Figure 11. Pre-breakup map composite. The map-sheet illustrates the pre-breakup (pre–early Eocene) structural
elements such as platform, shallow and deep terraces, and various Mesozoic subbasins and structural highs defined at
both the Base Cretaceous (BC) and the Base Paleogene (BP) surface levels. The extent of the volcanic units highlights
areas with less confident seismic interpretation due to sub-basaltic imaging issues. The Continent–Ocean Transition
and expected boundary (COB) rely on the most recent compilation of magnetic surveys. Maritime boundaries (EZZ vers
1.) after the Flanders Maritime Institute (2019). Abbreviations (onshore): ATB – Asenøy–Tristeinen Basin; BF – Baeverdalen Fault; BjØ – Bjugn–Ørlandet Basin; FRBSZ – Folda–Rørvik–Brønnøysund Shear Zone; HD – Høybakken Detachment;
KD – Kollstraumen Detachment; HSF – Hitra–Snåsa Fault; NSDZ – Nordjord–Sogn Detachment Zone; NSZ – Nesna
Shear Zone; RD – Røragen Detachment; TFZ – Tjellefonna Fault Zone; VF – Verran Fault. See also A0 version of the map,
Electronic supplement 3.
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Shallow Sills/Flows
Inner Flows
Escarpment
Lava Deltas
Landward Flows
Lava Flows
Inner SDRs
Outer High
Outer SDRs
Igneous Centre
Cenozoic inversions
Neogene slide
Maritime boundaries

Neogene slide (outline)
Inner limit of the breakup-related volcanics
Outer limit of the breakup-related volcanics
Sill extent
Oceanic magnetic chron
Oceanic fracture zone
Vent (crater)
Vent (dome)
Vent (eye)

Figure 12. Syn-/post-breakup map composite. The syn-to post-breakup elements include several Paleogene volcanic
facies units mapped and defined using the concepts of seismic volcanostratigraphy and igneous seismic
geomorphology. We have further mapped the distribution of igneous sills and associated hydrothermal vent
complexes, compressional domes, arches, slides and glacial depocentres. The contour map in the background indicates
the thickness of the Quaternary Naust Formation (in ms TWT). The magnetic anomaly chrons interpretation relies on
the most recent NGU magnetic surveys compilation. Maritime boundaries (EZZ vers. 1) after the Flanders Maritime
Institute (2019). See also A0 version of the map, Electronic supplement 4.

A subprovince defines a semi-regional and coherent group of polygonal elements sharing
structural or volcanic characteristics (Fig. 7; Table 2). A province groups together several subprovinces
and defines larger structural and volcanic regions defined at basin level (Table 1). Each basin’s provinces
and subprovinces also show along-strike variation categorised as rifted margin segments (i.e., the Møre,
Vøring and the Lofoten–Vesterålen margin segments) or oblique corridors (i.e., the Jan Mayen Corridor)
(Table 1). The different segments, corridor, provinces, subprovinces and map composites could share
similar elements or structural irregularities (Fig. 7).
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Onshore Province
Inner Province
Central Province
Outer Province
Oceanic Province
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Figure 13. Outline of the main structural and magmatic provinces of the Mid–Norwegian continental margin.

• The pre-breakup composite map (Fig. 11) features several structural elements: 1) Devonian basin
(onshore-nearshore), 2) Shallow Mesozoic basin (extra-marginal graben – nearshore), 3) Platform 4)
Mini-basin on the platform, 5) Pre–Jurassic basin on the platform, 6) Shallow Cretaceous basin on the
platform, 7) Shallow terrace and intra-basinal elevation, 8) Mini-basin or graben on the terrace, 9) Deep
terrace or slope, 10) Deep Cretaceous graben (moderate crustal stretching), 11) Cretaceous sag basin
(major crustal thinning), 12) Deep Cretaceous high/ridge/raft, 12) Shallow Cretaceous high/ridge and
13) intruded continental crust at the edge of the Oceanic Province.
• The syn and post-breakup composite map (Fig. 12) illustrates several domes and arches mapped
within the Cenozoic. In addition, we considered the major slides and slump structures of the MNCM.
The terms slides and slumps have been interpreted in the previous literature as features produced by
various mass gravitational processes (Hampton et al., 1996; Færseth & Sætersmoen, 2008). The outlines
of the major Quaternary slides (Storegga Slide Complex, Sklinnadjupet, Trænadjupet and Nyk slides)
have been previously compiled by Keiding et al. (2018).
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Onshore Province
Platform Subprovince
Lofoten Platform Subprovince
Shallow Terraces Subprovince
Lofoten Inner Rift Subprovince
North Sea Inner Rift Subprovince
Deep Terraces/Slopes Subprovince
Møre Inner Rift/Slope Subprovince
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Western Subprovince
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Continent-Ocean Transition
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Figure 14. Outline of the main structural subprovinces of the Mid–Norwegian continental margin.

Volcanic elements, sills and hydrothermal vent complexes
Volcanic elements and volcanostratigraphy
The syn- and post-breakup digital map composite (Fig. 12) comprises a revised and updated
version of the volcanic elements identified in the Outer Province. The volcanic elements represent the
various Paleocene–Eocene volcanic facies units interpreted near Top Paleocene or Top Basalt level.
The different element/facies (Table 4) refer to the concepts of seismic volcanostratigraphy and igneous
seismic geomorphology (Berndt et al., 2001a; Planke et al., 2000; Abdelmalak et al., 2016a, 2016b;
Planke et al., 2017).
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Table 4. Summary and description of the main volcanic elements and seismic characteristics of the associated seismic units/facies after Planke et al.
(2000), Berndt et al. (2001a) and Abdelmalak et al. (2016a).

Seismic facies
unit/volcanic
elements
Shape

Reflection characteristics
Boundaries

Internal

Volcanic facies

Depositional
environment

Inner Flows

Sheet

Top: high-amplitude,
disrupted, rough being
onlapped or concordant
Base: negative
polarity often obscured

Chaotic sheet-like
bodies of very
disrupted or
hummocky reflections

Massive and fragmented
flows, volcanoclastics and
hyaloclastics

Shallow marine
deposited in broad
basins

Shallow
Sills/Flows

Sheet

Top: high-amplitude,
disrupted, rough being

Chaotic sheet-like
bodies of very
disrupted reflections

Massive and fragmented
flows or shallow
bulldozing volcanics
injected within
unconsolidated sediment

Shallow marine

Lava Deltas

Bank

Top: high-amplitude or
Progradational
reflection truncation
reflection configuration
Base: reflection
truncation or termination

Massive and fragmented
Coastal
basalts and volcanoclastics

Landward
Flows

Sheet

Top: high-amplitude,
smooth being onlapped
or concordant Base. low
amplitude, disrupted

Flood basalts

Subaerial or shallow
marine flood basalts
deposited on plains
or in broad basins

Inner SDRs

Wedge Top: intermediate to
high-amplitude, smooth
with pseudo-escarpment
Base: seldom defined

Divergent arcuate or
Flood basalts
sometimes a
divergent-planar pattern

Subaerial flood
basalts deposited in
subsiding structures

Outer High

Mound Top: high-amplitude
disrupted and rough
Base: not visible

Chaotic

Hyaloclastic flows and
volcanoclastics

Shallow marine
environment

Outer SDRs

Wedge Top: intermediate to
high-amplitude, smooth
with pseudo-escarpment
Base: seldom defined

Divergent arcuate
internal reflectors,
lower amplitude than
the Inner SDRs

Flood basalts mixed with
pillow basalts, sediments
and sills

Deep marine
depositional
environment

Lava Flows

Sheet

Chaotic

Flood basalts

Subaerial to shallow
submarine
depositional
environment

Top: high-amplitude
with pseudo-escarpment
Base: not visible

Parallel to
subparallel.
High-amplitude
disrupted

• The Inner Flows mark the proximal limit of the breakup-related volcanism (Table 4, Fig. 12).
The remanent properties of the Inner Flows explain the strong amplitude contrast with the lowamplitude and weak magnetic signature of the adjacent sedimentary basins (Fig. 5) (e.g., Berndt et
al., 2001a). In the seismic data, the Inner Flows form sheet-like bodies with very disrupted, chaotic,
or hummocky reflections. Their top reflections are characterised by high-amplitude and often disrupted
events and their bases are usually difficult to identify. The Inner Flows unit is usually up to 50–60 km wide
and is typically several hundred metres thick (Planke et al., 2000). The thin Inner Flows would represent
an aggradational bottom set consisting of volcaniclastic sediments mixed with pillowed and massive
subaerial lava flows (Berndt et al., 2001a; Planke et al., 2000). The Inner Flows are generally associated
with Shallow Sills/Flows locally merged and associated with the Inner Flows in previous studies.
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• The Shallow Sills/Flows unit has similar characteristics as the adjacent Inner Flows, but in some
places includes shallow sills (Table 4, Fig. 12). The Shallow Sills/Flows unit is located within the Paleocene
sequence and, in general, occurs below the average level of the adjacent Inner Flows mapped at
Top Paleocene level. In terms of geology, the Shallow Sills/Flows units may represent (1) massive and
fragmented volcanic rocks emplaced before the formation of the Inner Flows, or (2) shallow, bulldozing
volcanic units injected within unconsolidated sediments (Abdelmalak et al., 2016b).
• The Lava Deltas partly built the prominent morphological escarpments of the Vøring and Møre
marginal highs (Table 4, Fig. 12). Defined at Top Basalt level, Lava Deltas are characterised by
progradational seismic sequences (Abdelmalak et al., 2016b, 2019). The upper boundaries are
determined by the change in reflection geometry from fairly flat-lying to disrupted events on top
of the facies unit as well as toplap and truncation. The base of the Lava Deltas is interpreted as the
surface connecting the lower terminations of the prograding reflections. This surface is often difficult to
identify. Modern analogues showing the growth of Lava Deltas, their collapse and hydrovolcanic
explosions can be observed at the present-day coastline of Hawaii (Mattox & Mangan, 1997;
Abdelmalak et al., 2016b).
• The Landward Flows develop in the distal prolongation of the Lava Deltas (Table 4, Fig. 12).
In general, the Landward Flows are associated with low-magnetic signatures (Fig. 5). This unit/element
displays parallel to subparallel high-amplitude reflections. The top most surface of the Landward Flows is
usually characterised by distinct strong and relatively flat and smooth reflections that may locally
include minor faults (Planke et al., 2000). The basal boundary may be identified as a soft negative polarity
reflection on high-quality seismic reflection data. The Landward Flows overlap the so-called Lower Series,
interpreted as the first andesitic basaltic flows emplaced on top of shallow sediments (Abdelmalak et
al., 2016a).
• The Inner SDRs are the most spectacular volcanic features of the Outer Province (Table 4, Fig. 12).
The Inner SDRs show typical wedge-shaped geometries that are recognised in most volcanic margins
worldwide (Planke et al., 2000; Skogseid et al., 2000; Geoffroy, 2005; Franke et al., 2019; Reuber &
Mann, 2019; Chauvet et al., 2020). Along the Vøring Marginal High, the outline of the Inner SDRs
coincides with a prominent positive magnetic anomaly (Fig. 5). Along the Møre Marginal High, the
magnetic signal is more composite suggesting different polarities and a diachronous development of
the volcanic wedges along strike of the MNCM (Gernigon et al., 2020). In the Outer Province, the Inner
SDRs are typically 15–50 km wide with a maximum thickness of 6 km. Internal reflections are <10–15
km long, with a general dip of <15°. The volcanic wedge often develops on top of bended Landward
Flows. The Inner SDRs top reflection is typically a strong, continuous, smooth or wavy event. Onlap is
commonly observed. Locally, the wedges include small escarpments. The internal reflections within
the Inner SDRs are weak, discontinuous segments and have either a divergent-arcuate or in places a
divergent-planar pattern (Planke et al., 2000). Oblique and steeper reflections are also observed locally
and may represent continentwards and syn-volcanic detachment faults as well as injected dyke swarms
(Geoffroy, 2005).
• The Outer Highs are sporadic, mounded or slightly elongated, eruptive volcanic features
characterised by strong top reflections and chaotic internal reflections (Table 4, Fig. 12). The Outer
Highs are commonly located at the seaward termination of the Inner SDRs. The highs are
mound-shaped and are up to 1.5 km high and 15–20 km wide. They are usually characterised by distinct
magnetic and gravity positive anomalies (Figs. 5 & 6).
• The Outer SDRs develop seawards of the Outer Highs and developed at the edge of the oceanic
crust (Table 4, Fig. 12). Like Inner SDRs, they have smooth top-basalt reflections and show gradual
transitions to hummocky-type or smooth top oceanic basement reflections. Compared to the
Inner SDRs, the Outer SDRs are smaller, with weaker, less prominent internal reflections.
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Magmatic sills and hydrothermal vent complexes
The magmatic activity of the MNCM is distinguished from non-magmatic margins by numerous sills
and dykes which intruded the basement and the sedimentary basin successions (Planke et al., 2005,
2015; Hansen & Cartwright, 2006; Abdelmalak et al., 2015; Manton, 2015). During the onset of breakup,
sill intrusions were generally associated with hydrothermal vent complexes that formed by explosive
eruptions of gases, fluids and fluidised sediments, near the paleo-sea bottom (e.g., Svensen et al., 2004;
Omosanya et al., 2020). The syn- and post-breakup map composite includes the outline of the sill extent
mapped using the seismic data. The map-sheet also indicates the location and different geometries
of the sill-related hydrothermal vent complexes (Fig. 12). The compiled hydrothermal vent complexes
database refers to the previous works of Svensen et al. (2004), Planke et al. (2005) and Manton (2015).
On the map, only the outline of the sill extent is shown but additional information about the main sill
geometries are also embedded in the Electronic supplement 1.

Structural irregularities and other line features
Set of normal faults
Mapping the faults mostly depends on disparate seismic quality (e.g., 2D versus 3D seismic) and
coverage. In detail, the faults can be geometrically complex structures and significant enough to
juxtapose map units over great distances. They can also represent simple fracture planes along which
the offset is small. For visibility and homogeneity of the structural map at the 1:1,000,000 scale, some
faults have been simplified but the dominant trends of the various segments have been maintained.
In general, minor faults with trace lengths of less than 10 km have been disregarded for greater clarity.
The faults have been mapped and classified in either one of two ways: 1) as discrete faults or 2) as major
fault complexes (e.g., the Klakk Fault Complex, the Fles Fault Complex, the Bremstein Fault Complex,
etc.).
For the pre-breakup map composite, three main sets of faults are considered assuming two main
periods of active tectonic activity preceding breakup:
• The first set of faults represents major regional normal faults or low-angle detachment faults
associated with the large-scale extensional tectonic and basement development of the MNCM.
These major normal faults and detachments were particularly active during the Late Jurassic–Early
Cretaceous rifting event but could also have initiated earlier (Fig. 11). The detachment faults can have large
displacements (tens of km) and commonly delineate the main structural elements and tectonic
subprovinces defined on the MNCM. The main detachment faults are thought to have formed as
either initially low-angle structures (inherited) or by progressive rotation of high-angle normal faults at
basement level during the Late Jurassic–Early Cretaceous rift episode (e.g., Mosar et al., 2002;
Osmundsen & Ebbing, 2008; Osmundsen et al., 2016; Muñoz-Barrera et al., 2020). On the pre-breakup
element map composite, this first family is symbolised by the plane surface polygons of the detachment
faults defined at the BC level (Fig. 8). In the Central Province of the MNCM (Figs. 10 & 11), the main
footwalls and breakaways of the major detachments coincide with the deep Cretaceous highs emerging
on top of deep crustal rafts (Fig. 3) (e.g., Osmundsen & Ebbing, 2008). The most important low-angle
detachments control adjacent (supradetachment) subbasins.
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• A second set of faults represents the largely distributed Late Jurassic–Early Cretaceous normal faults
mapped at the BC level (Fig. 11). Some of these faults may have initiated in the Middle Jurassic, but
we consider that their main activity occurred during the Late Jurassic–Early Cretaceous rift event.
Locally, some Late Jurassic–Early Cretaceous faults have been reactivated during the Late Cretaceous –
Paleocene rift event or during the Cenozoic inversion period of the MNCM.
• The third set of faults is defined at BP reference level and documents the Late Cretaceous – Paleocene
extensional events acknowledged on the MNCM. The Late Cretaceous – Paleocene normal faults mostly
concentrate along the Central and Outer provinces. The third set of faults is generally associated with
Upper Cretaceous rotated faulted blocks eroded to BP level. These faults are often decoupled from
deeper Late Jurassic–Early Cretaceous faults.
The post-breakup faulting activity of the MNCM mostly concerns reactivation of minor faults during
the onset of the Cenozoic compressive stress periods (Fig. 12). Some normal faults also affected part
of the Volcanic margin during the Eocene. On the post-breakup map composite, the major submarine
landslides witness the post-breakup slope instability of the MNCM. They are illustrated by the outline of
their main scarps and flanks. These outlines refer to the compilation of Keiding et al. (2018).

Lineaments
Lineaments commonly represent extensive linear or curvilinear features that are believed to reflect
basement structures or crustal heterogeneities (O’Leary et al., 1976; Gabrielsen et al., 2002).
The lineaments that have already been defined or newly identified in this study often have a
linear topographic/morphological expression at the BC or BP structural levels of reference
(Figs. 8 & 9). They are also highlighted by specific trends in potential field data (Figs. 5 & 6). In the
literature, it is common for authors to use the terms lineaments, fracture zones and faults as
synonyms. Fracture lineaments are assumed to reflect a zone of stress-induced mechanical weakness
in the bedrock (e.g., Scheiber & Viola, 2018). Along the MNCM, the main basin lineaments have been
previously interpreted in terms of basement inheritance and subsequent reactivation (Doré et al., 1997;
Schiffer et al., 2020). Within the MNCM sedimentary basin, the lineaments are generally associated
with transfer zones which accommodate displacement changes between individual fault and basin
segments (e.g., Gawthorpe & Hurst, 1993; Moy & Imber, 2009). The main lineaments define the
boundaries of the MNCM rifted margin segments (Fig. 11).

Magnetic anomaly chrons and oceanic fracture zones
Only a few seismic lines exist in the Norwegian–Greenland Sea compared to the MNCM (Fig. 2).
The free air gravity, the bathymetry and the high-resolution magnetic data have been the main
sources for mapping the spreading configuration and determining the oceanic fracture zone geometries.
In this study, undisputed oceanic crust was acknowledged where conjugate, continuous, kilometrescale, prominent magnetic striped anomalies (>400–500 nT at sea level) were observed outside the
Inner and Outer SDRs regions (Fig. 5). The syn- and post-breakup digital map composite (Fig. 12) depicts
the seafloor structural fabrics including the different magnetic polarity chrons and oceanic fracture
zones. The map specifies the youngest and oldest ages of the associated magnetic lineations based on
the magnetic picks which were originally identified by Gernigon et al. (2009, 2015, 2020). The age of the
magnetic polarity chrons refers to the last chronostratigraphic chart of Gradstein et al. (2020).
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Tectonic categorisation (crustal template)
Over the last few years, the crustal-scale architecture of several rifted margins worldwide has often
been translated into a horizontal and a tectonic zonation categorised in domains (Mohn et al., 2010;
Sutra et al., 2013; Tugend et al., 2020; Sapin et al., 2021) (see Table 5). A similar tectonic arrangement
of the MNCM has been put forward by Péron-Pinvidic et al. (2013) and Tasrianto & Escalona (2015).
Eventually, a domain definition may also involve uncertainties and conceptual interpretation of the deep
crust (e.g., depth to basement and controversial nature of the HVLC). Our own template (Fig.15) and
definitions of the MNCM tectonic domains (see Table 5) considers the entire crustal architecture
(Fig. 7). Our tentative tectonic categorisation (Fig. 15, Table 5) mostly considers composition (continental,
oceanic) and crustal thickness (βc) with reference to a standard continental crust thickness of 35–40
km. In contrast, the structural and volcanic maps of the MNCM (Figs. 11 & 12) presented in this paper
explicitly concern basin-scale observations.

Stretching Domain
Proto-Necking Domain
Necking Domain
Super-thinned Domain
Hyper-thinned Domain
Magmatic Domain
Unclarified oceanic/continental crust

Oceanic Domain
Inner limit of the breakup-related volcanics
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Maritime boundaries
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Figure 15. Map of the main crustal and tectonic domains of the Mid–Norwegian continental margin. The different
tectonic domains correspond to specific stretching regimes of the entire continental crust (i.e., low, moderate to high
crustal stretching factors βc).
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Table 5. Definitions of the main rifted margin tectonic domains (crustal template). The related architecture, boundaries and hinge lines are
defined at crustal-scale level (0 to>30 km deep).

Description/definition

Categories

Rifted margin domains
The Stretching Domain (or Proximal Domain) is defined where the crust is barely thinned (βc <1.5). Moho
reflection, base rift, top rifts and topography/seabed are globally parallel (Sapin et al., 2021). Faulting may be Stretching
observed in this domain but without any important thinning of the crust. The post-rift subsidence registered Domain
here is limited due to limited thinning of the lithospheric mantle.
The Proto-Necking Domain as defined in this study often includes the oldest syn-rift sediments of the rifted Protomargin. The Proto-Necking Domain is next to the Stretching Domain but shows locally thinner crust and βc Necking
exceeding 2–2.5.
Domain
The Necking Domain corresponds to a distinct region where the deformation is still coupled on the scale of the
crust. In depth sections, both Moho and top rift (+base rift) form a typical triangular ‘neck’ shape. The outer limit
is defined by the Coupling Line (see below) when identified on seismic (e.g., Sapin et al., 2021). Alternatively, the
outer limit could represent a crustal thinning value (or taper break) of 8–10 km according to various authors Necking
(Mohn et al., 2012; Redfield & Osmundsen, 2014). An outer Necking Domain may develop at the edge of a Domain
Marginal Plateau (Lister et al., 1991) observed oceanward of the Super-thinned Domain. A separate magmatic
Necking Domain may also coincide with the formation of characteristics SDRs. The last ones formed during
the late and syn-magmatic thinning of the t and the volcanic margin formation. A correlation between the
thinning profile of the crust and the geometric attributes of SDRs is often observed (Chauvet et al., 2021).
The Super-thinned Domain in this study corresponds to a specific ‘hyperextended’ crustal region where the Superdeformation is not yet coupled on the scale of the entire crust in the deep part of a mega-sag basin. Usually, thinned
the βc varies between 2 and 4 and the thickness of the continental crust and deep crustal rafts involved are Domain
often more important compared to the Distal Domain defined in magma-poor (Iberia-type) margin.
The Hyper-thinned Domain is a generic term used to define a crustal domain affected by significant amount of Hyperextension and thinning. The βc is often higher than 4 but it remains unclear if the brittle faults could potentially thinned
cut the entire thinned continental crust. The main faults can sole out in the lower crust.
Domain
The Coupled Domain is strictly defined when the basement faults identified and visible on seismic are clearly Coupled
cutting the entire continental crust. The faults might either root at Moho level or cut down into the mantle.
Domain
The Exhumation Domain (or Zone of Exhumed Continental Mantle) is one of the main characteristics of magmapoor (Iberian type) margins (Boillot & Froitzheim, 2001; Reston & Pérez-Gussinyé, 2007; Sutra et al., 2013). Exhumation
The Exhumation Domain represents a wide (up to 150–200 km) transition zone between the edge of the Domain
continental crust and the first unambiguous oceanic crust. It is mostly composed of serpentinised continental
lithospheric mantle, locally intruded by magma.
The Magmatic Domain is defined from the inner edge of the Outer SDRs (Sapin et al., 2021). It is almost like the
Proto-Oceanic Domain of Tugend et al. (2018) roughly defined at the edge of the Inner SDRs. Intruded basin and Magmatic
continental crust remnants are interpreted as sandwiched between the SDRs and the magmatic underplating Domain
at depth (e.g., Geoffroy et al., 2021).
The Oceanic Domain is composed of basaltic and mafic crust. It results from the cooling of magma directly
derived from focused mantle upwelling beneath the spreading ridge. On seismic data, Moho and Top Oceanic
Basement appear parallel and a thickness of less 10 km is usual but can exceed to more than 15 km if atypical Domain
magmatic events occur. In general, the upper seismic facies of the oceanic crust is made of chaotic to relatively
flat lying reflections and show clear magnetic anomaly chrons.
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Main rifted margin crustal boundaries and hinge lines
The Necking Line (Sutra et al., 2013; Sapin et al., 2021) corresponds to the onset of crustal thinning and is Necking Line
characterised by a general convergence of Moho reflection with base-rift and top syn-rift horizons.
(PNL)
The Coupling Line (Sapin et al., 2021), when observed on deep seismic, is characterised by a limit where first Coupling
faults cut the whole continental crust down to the mantle.
Line (CL)
In the Magmatic Domain, the top of the SDRs wedges and the Moho reflection are converging seawards. Magmatic
The onset of the magmatic thinning initiated landward of the Magmatic Necking Line. It should correlate at Necking Line
upper crustal level with the volcanic flexure zone observed between the Landward Flows and the Inner SDRs (MNL).
The Limit of Continental Crust corresponds to the point where identifiable continental crust elements are
no longer expected (Sapin et al., 2021). The Moho reflection is often lost or blurred and even sometimes Limit of
doubled, especially as geophysical Moho can differ from petrological Moho. Depending on the type of Continental
margin and the rapidity of the breakup processes, this limit also corresponds to the onset of either the Crust (LCC)
Exhumation Domain, the Magmatic Domain (Outer SDRs wedge) or the Oceanic Domain.
The Continent-Ocean Boundary is defined by the point marking the first recognisable oceanic lithosphere.
It defined the lithospheric breakup characterised by the onset of decompression mantle melting, localised Continent
plate divergence and the installation of a ridge-type thermal regime (active heat balance, no inheritance). – Ocean
Boundary
In some particularly good multichannel seismic data, a lower-layered facies and crust-cutting dikes might be (COB)
observed. The first oceanic crust might form in an ultra-slow or a highly volcanic setting. Therefore, in terms
of facies and thickness, it is often difficult to differentiate it from the Exhumation Domain (when observed)
or the distal Outer SDRs when a volcanic margin is described (Geoffroy et al., 2021)

Refraction and P-wave receiver studies show that the Moho depth beneath the Møre Platform and
coastal areas can vary from 29 km under the shelf to more than 37–45 km onshore (Maupin et al., 2013;
Kvarven et al., 2014). On the Trøndelag Platform and the adjacent Froan Basin, the Permian–Jurassic
succession caps a 30–25 km-thick crystalline crust, thinning to the west to less than 20–15 km towards
the Central Province (Breivik et al., 2011). In general, most of the Inner Province is distinguished by
low βc (<1.5) (Maystrenko et al., 2018) and locally falls into the Stretching Domain category (Table 5).
However, Maystrenko et al. (2018) and Zastrozhnov et al. (2018) have demonstrated that the
continental crust can be less than 15 km thick (2.0< βc <2.5) beneath the Helgeland Basin. This thin crustal
domain defines a specific Proto-Necking Domain in between the Norwegian mainland and the Nordland
Ridge where the continental crust is more than 25 km thick. The Halten and Donna terraces developed
along a Necking Domain overlapping the transition between the Inner Province and the Central Province
defined at basin/upper crustal level. On the Møre Platform, the crust thins from approximately 35 km
near the coast to less than 15 km in a short distance of less than 50 km. Along this sharp Necking
Domain, a 5–10 km-thick inherited HVLC was identified by refraction seismic data (Kvarven et al., 2014,
2016).
The Central Province developed on a Super-thinned Domain (Table 5, Fig. 15) where the continental
thickness is less than 10–15 km on average (2.4< βc <4) (Breivik et al., 2011; Maystrenko et al., 2018).
Wide (up to 30 km) and thick (up to 10 km) crustal rafts and horsts have been modelled along the Central
Highs Subprovince (Olafsson et al., 1992; Mjelde et al., 2005a; Reynisson, 2010; Kvarven et al., 2014,
2016; Nirrengarten et al., 2014; Gernigon et al., 2015; Zastrozhnov et al., 2018). In the deepest part of
the Central Province, the crustal thickness can be reduced to less than 8–5 km and some Hyper-thinned
or Coupled Domains could have developed locally (Fig. 15).
In the Møre Basin and the Jan Mayen Corridor, 5–10 km of preserved continental crust (V� ~6.1–6.7
km/s) is underlain by a ~5 km-thick HVLC (V� ~7.2–7.4 km/s) (Olafsson et al., 1992; Raum et al., 2002,
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2006; Mjelde et al., 2009). The Vøring Basin is also underlain by continental crust (V� ~ 6.0–6.9 km/s)
thinned to 5–10 km on average. The HVLC identified in the Outer Province has V� velocities of 7.2–7.4
km/s (Mjelde et al., 2003, 2005a) but are often limited (or absent) in the eastern part of the Central
Province (Mjelde et al., 2009). A continental ocean transition over the Vøring Marginal High was
inferred by Mjelde et al. (2005b) and showed a thick crust of 20–25 km underlain by a distal HVLC.
Intermediate velocities of ~6.5 km/s were interpreted as heavily intruded continental crust in the
Magmatic Domain.
Large uncertainties and controversies remain about the nature of the deep crust (e.g., the interpretation of the HVLC). The mode of deformation controlling the tectonic and crustal evolution of
the Central and Outer provinces is also uncertain. Some similarities and analogies with magma-poor
Iberian-type margins where serpentinised mantle was exhumed and denuded before breakup
(i.e., an Exhumed Domain) have been proposed (Reynisson, 2010; Lundin & Doré, 2011; Rüpke et al.,
2013). Péron-Pinvidic et al. (2013) and Péron-Pinvidic & Osmundsen (2016) have also suggested that the
HVLC (V�>7.0 km/s) and incidentally part of the conventional seismic basement (i.e., V� <7.0 km/s) could
represent such serpentinised mantle material. Some authors, however, do not support the presence of
a large Exhumed Domain in the Central and Outer provinces of the MNCM (Gernigon et al., 2004, 2015;
Nirrengarten et al., 2014; Petersen & Schiffer, 2016; Maystrenko et al., 2017; Theissen-Krah et al., 2017;
Millett et al., 2020; Zastrozhnov et al., 2018, 2020). This issue is discussed further in the Discussion
chapter.
Along the Lofoten–Vesterålen margin segment, refraction seismic data (Breivik et al., 2017) and
potential field models (Olesen et al., 1997; Tsikalas et al., 2005; Maystrenko et al., 2017) show that the
Moho topography varies from shallower than 11 km in the outer part of the margin to more than 42–48
km beneath the mainland (Ben Mansour et al., 2018) (Fig. 6). The depth to basement varies from <1
km to >10–12 km in the Vestfjorden Basin (Breivik et al., 2017; Maystrenko et al., 2017). West of the
Utrøst Ridge, a 6.5 km-thick lower continental crust- was interpreted on top of a 2–4 km-thick HVLC in
between the Necking Domain and the Continent–Ocean Transition interpreted at the edge of the Inner
Province (Breivik et al., 2017).

Description of the main basin provinces and
associated tectonic domains
Structural and volcanic provinces (basin level)
From east to west and from mainland to ocean, the Inner, Central and Outer provinces are rigorously
defined at basin level (Figs. 1, 7 & 13). The Inner Province (Fig. 13), in shallow-water regions, integrates
the Møre and Trøndelag platforms, the Halten and Dønna terraces and a large part of the Lofoten–
Vesterålen margin. The wide Møre and Vøring basins and the Jan Mayen Corridor as well as the
adjacent deep terraces formed the Central Province (Fig. 13). All segments of the Central Province show
a systematic and coherent Central Highs Subprovince that separates the Eastern Subprovince from
the distal Western Subprovince. The Eastern and Western subprovinces are defined in the deepest
(pre–Albian) part of the MNCM mega-sag basins (Figs. 10 & 14).
The Outer Basins and Volcanic subprovinces amalgamate to the Outer Province (Figs.13 & 14). The
Volcanic Subprovince witnesses the surface expression of the significant magmatism emplaced during
the onset of breakup. The volcanic sequences and units documented in the Outer Province overlap
distal ridges, subbasins and preserved marginal plateaus lying in the prolongation of the Outer Basins
Subprovince.
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Pre-breakup map composite
Inner Province
Near-shore Devonian and shallow Mesozoic basins
The existence of fault-controlled basins at the proximal edge of the Inner Province illustrates a long
reactivation history of pre-existing Caledonian thrusts, faults and shear zones in the Norwegian mainland
(Figs.1 & 11) (Grønlie & Roberts, 1989; Gabrielsen et al., 1999; Braathen et al., 2002; Nordgulen et al.,
2002; Hendriks et al., 2010; Redfield & Osmundsen, 2014). Onshore, the Møre–Trøndelag Fault Complex
(Fig. 11) was active during the late Caledonian (Scandian) phase (c. 420–390 Ma) and developed as
a sinistral strike-slip shear zone during the post–orogenic extensional collapse and backsliding of the
nappe sheets (Séranne, 1992; Fossen, 2010; Nasuti et al., 2011; Osmundsen et al., 2021). At the top of
the original Caledonian basement, slightly metamorphosed conglomerates, sandstones, shales and rare
limestones are locally preserved both onshore and offshore central Norway (Fig. 11). They represent
the oldest sedimentary rocks (the Old Red Sandstone) preserved at the eastern limit of the present-day
rifted margin (Steel et al., 1985; Fossen, 2010; Osmundsen et al., 2021). The Bjugn–Ørlandet Basin
(Fig. 11) represents one of the near-coastal, post–orogenic, detritic basins which formed around Late
Devonian to Early Carboniferous time (Séranne, 1992; Eide et al., 2005). South of the Bjugn ̶ Ørlandet
Basin, a very long and narrow belt of Upper Silurian – Devonian sedimentary rocks also extend along the
coast (Siedlecka & Siedlecki, 1972; Bøe, 1989). Preservation of Devonian rocks farther offshore remains
unclear and uncertain but Trice et al. (2019), Gernigon & Haase (2019); Péron-Pinvidic et al. (2020) and
Nunoz-Barrera et al. (2020) interpreted the presence of post–orogenic basins in several parts of the
Inner Province.
Several shallow Mesozoic basins are preserved in the fjords and the coastal zone of the Inner Province
(Bøe & Bjerkli, 1989; Bøe & Skilbrei, 1998; Sommaruga and Bøe, 2002; Bøe et al., 2005; Bøe et al., 2010)
(Fig. 11). Their depocentres can be up to 500–1000 m thick (Bøe et al., 2005) and they are commonly
bounded by NE–SW-trending faults subparallel to the fault strands of the Møre–Trøndelag Fault
Complex. South of the Vikna Archipelago, similar small Jurassic basins including the Bardan and Kaura
grabens (Fig. 11) have been identified in previous studies (Thorsnes, 1995; Sommaruga & Bøe, 2002).
Recent aeromagnetic data suggest that these extra-marginal grabens align along a major (>100 km
long) basement shear zone (the Folda ̶ Rørvik ̶ Brønnøysund Shear Zone) interpreted to lie along the
western side of the Central Gneiss Region (Gernigon & Haase, 2019) (Fig. 11). Along the Nordland
coast of Norway, Smelror et al. (1994) and Bøe et al. (2008) also described the presence of additional
NNE–SSW-elongated Mesozoic basins including the Stabbfjorden Basin and the Lyngværfjorden Basin.
Closer to the Lofoten Archipelago, Bøe et al. (2005) and Smelror et al. (2019) document the presence of
similar basins around Andøya (Andfjorden, Gavlfjorden and Sortlandsundet basins) (Fig. 11).

Lofoten–Vesterålen margin segment
The Lofoten–Vesterålen margin segment (Figs. 1, 11 & 14) is the consequence of several rifting
phases, uplifts and erosional events (Mokhtari & Pegrum, 1992; Løseth & Tveten, 1996; Tsikalas et al.,
2001, 2005, 2019; Olesen et al., 2002, 2004; Eig & Bergh, 2011; Hansen et al., 2011; Færseth, 2012;
Tasrianto & Escalona, 2015; Maystrenko et al., 2017; Henstra et al., 2019). The basement rocks exposed
on the central Lofoten Archipelago represent remnants of Caledonian allochthons overthrusted onto
Precambrian rocks of Baltica (Bergh et al., 2007; Steltenpohl et al., 2011). The structural style of the
Lofoten–Vesterålen margin segment is mostly dominated by grabens, half-grabens and intervening
horsts that define the Lofoten Inner Rift Subprovince (Fig. 14). A striking feature of the Lofoten –
30 of 74

A digital compilation of structural and magmatic elements of the Mid-Norwegian continental margin

L. Gernigon et. al

Vesterålen margin is the relatively thin sequence of Jurassic–Triassic sediments, not only identified on
structural highs, but also in some adjacent subbasins (Færseth, 2012). Palaeozoic sedimentary rocks
could be preserved in the deepest parts of the basins (e.g., Bergh et al., 2007; Eig & Bergh, 2011;
Tasrianto & Escalona, 2015; Henstra et al., 2019). The NE–SW-trending, narrow, Ribban and
Vestfjorden basins (Fig.11) contain thick syn-rift Lower Cretaceous sequences (Tsikalas et al., 2001;
Hansen et al., 2011; Henstra et al., 2017). In the Lofoten–Vesterålen margin segment, Henstra et al. (2017)
provided seismic evidence for two distinct late Albian–Cenomanian and Campanian–Paleocene phases
of extension.
At the basin scale, the Bivrost Lineament (Fig. 14) is marked by a large south-dipping monocline region
defined at the BC level (Figs. 8 & 11) and named the Lofoten Slope (new) in this study. The Lofoten
Slope is locally dissected by a set of west-dipping, Late Jurassic–Early Cretaceous faults. This region
coincides with a major crustal relay zone (e.g., Maystrenko et al., 2017) (Fig. 15). Apart from the
important crustal thinning in the Vestfjorden Basin (βc up to 2) and the distal Røst Basin, previous studies
confirm the presence of a relatively thick crust (>20–25 km) in most of the Inner Province of the Lofoten–
Vesterålen margin segment (Breivik et al., 2017; Maystrenko et al., 2017). Conversely, the Central
Province on the southern side of the Bivrost Lineament shows locally very thin crust (<5 km) buried
by several kilometres of Cretaceous and Cenozoic sediments (Maystrenko et al., 2017; Zastrozhnov
et al., 2018).

The Trøndelag Platform and adjacent Shallow Terraces Subprovince
The Trøndelag Platform constitutes a large part of the Inner Province in the prolongation of the
Norwegian mainland (Figs. 9 & 11). The platform consists of thick Permian–Jurassic and older
sequences imaged on the Proto-Necking Domain (Fig. 15) (Brekke, 2000; Breivik et al., 2011;
Maystrenko et al., 2018; Zastrozhnov et al., 2018). The northern part of the Trøndelag Platform
includes the NE–SW-oriented Helgeland Basin striking parallel to the Nordland Ridge. The Helgeland
Basin contains an incomplete sequence of Cretaceous (mostly Lower Cretaceous) strata, which is
up to 1500 m thick, and dips northwest (Blystad et al., 1995; Zastrozhnov et al., 2018). To the east,
the Helgeland Basin is limited by the Vega High (Fig. 11). The Vega High is divided into two parts by
a NE–SW-trending central graben branching off the Ylvingen Fault Zone. The Ylvingen Fault Zone and
associated mini-grabens were particularly active during the Late Jurassic–Early Cretaceous rifting event
(Fig. 11). To the west, the Nordland Ridge represents both a marginal platform high defined at the BC
level (Fig. 8, 16a) and a thick and marginal crustal domain standing at the outer edge of the ProtoNecking Domain (Fig. 15). The Nordland Ridge is distinguished by segmented elements including,
from south to north, the Sør High, the Rødøy High and the Grønøy High which are all classified as
shallow Cretaceous highs (Fig. 11). The Nordland Ridge illustrates a complex and long period of
faulting and uplift that probably initiated during the Palaeozoic (Devono–Carboniferous?
—Early Permian). It subsequently reactivated during the Late Jurassic–Early Cretaceous as well as in
the Late Cretaceous (Gowers & Lunde, 1984). Periods of inversion were also active during the Cenozoic
(Zastrozhnov et al., 2018).
The pre-breakup structural map composite (Fig. 11) mostly considers the late Mesozoic and
shallow architecture of the margin (e.g., defined at the BC level). However, older sediments and
deeply buried basins (Devonian, Carboniferous?) may be preserved in the deepest parts of the
platform (Zastrozhnov et al., 2018) (Figs. 10 & 16). The geometry, stratigraphy and geological
evolution of the pre–Middle Triassic basins have been particularly well described by Müller et al.
(2005), Færseth (2012, 2020) and Osmundsen et al. (2021). Across most of the Trøndelag Platform,
the late Palaeozoic – Early Triassic basins are expected to be locally thick (6–7 km). This system
defines a (buried) Palaeozoic Inner Rift (Fig. 14) and predates the widespread deposition of the
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Figure 16. Compilation of key regional sections. COB – Continent Ocean Boundary; HVLC – High Velocity Lower Crust; TR – T Reflection.
See location of the profiles on figures 13 and 14.
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Ladinian–Carnian evaporites recognised over a large part of the Trøndelag Platform and the
Halten/Dønna terraces (Fig. 16) (Jacobsen & van Veen, 1984; Müller et al., 2005). The Late Permian–
Early Triassic sub-salt rift system is characterised by ‘en echelon’ half-grabens. These deep grabens are
controlled by major east-dipping border faults connected with deeper detachments that are identified
from the Vestfjorden Basin to the Froan Basin (Štolfová & Shannon, 2009; Færseth, 2012; Osmundsen
et al., 2021). Part of the Late Permian–Early Triassic syn-rift successions have been sampled by
shallow IKU cores (Bugge et al., 2002), but just a few exploration wells reached the Late Permian
successions (Müller et al., 2005). The overlying Middle Triassic to Jurassic formations show a relatively
uniform thickness (5 km thickness on average) with a gradual thinning towards the southeastern border
of the platform (Fig. 16).
In the southern part of the Halten Terrace, the Frøya High is the most prominent positive
magnetic feature of the MNCM (Fig. 5). The Frøya High represents a major basement high
located at the edge of the Jan Mayen Corridor (Figs. 11 & 16e). Seismic data reveal that
the Late Jurassic hanging-wall basin architecture and the footwall hinterland of the Frøya
High were controlled by activity on the basin-bounding Vingleia and Klakk fault complexes
(Elliott et al., 2017). In subaerial exposure, due to footwall uplift of this basement high, significant
quantities of coarse-grained sediment were supplied into rapidly subsiding fault-controlled
adjacent basins (Jones et al., 2020). Within the southern Frøya High, a perched basin,
the Averøya Basin (Fig. 11), is interpreted to be Mesozoic in age. This small basin is partly
intruded by the Vestbrona sill complex, the most proximal expression of the breakup magmatism
recognised in the MNCM (Fig. 12) (Bugge et al., 1980; Hafeez et al., 2017; Trice et al., 2019).

Shallow Terraces Subprovince
Halten Terrace and the narrower Dønna Terrace define a specific structural subprovince (Figs. 14 & 16).
The Shallow Terraces Subprovince (Fig. 14) is up to 200 km long and 80 km wide and formed along the
Proto-Necking and Necking domains (Fig. 15). The Shallow Terraces Subprovince (Fig. 15) is separated
from the Trøndelag Platform and the Nordland Ridge by the Breimstein and Revfallet fault complexes
(Fig. 11). The Halten Terrace is restricted to the south by the Frøya High and is separated from the Jan
Mayen Corridor and the Vøring Basin by the Klakk Fault Complex. The Sklinna Ridge observed at the
footwall of the Klakk Fault Complex represents the flanks of the Halten Terrace, which was uplifted
during its dislocation and regional tilt (Figs. 11 & 16d). The Sklinna Ridge is subdivided into three major
segments (the South Sklinna Ridge, Central Sklinna Ridge and North Sklinna Ridge) showing local uplifts
of the BC separated by intervening saddles (Fig. 11).
Triassic to Jurassic successions are present in most of the Shallow Terraces Subprovince. They have
been thinned or eroded towards the Sklinna Ridge where shallow Palaeozoic sedimentary or
basement rocks are expected (Blystad et al., 1995). On the Halten Terrace, the Triassic strata include a
relatively thick sequence (<1 km) of Anisian–Carnian evaporites and shales (Marsh et al., 2010). This has
resulted in a large variety of structural styles (extensional forced folds, fault propagation folds,
basement-involved and basement-detached normal faults, and narrow grabens) which are
symptomatic for stratified salt tectonics (Pascoe et al., 1999; Richardson et al., 2005; Wilson et al.,
2015; Coleman et al., 2017). The halokinetic process resulted in significant thickness variation of the
overlying Jurassic sediments and controlled the formation and geometry of the numerous mini-basins
(Fig. 11).
The Halten Terrace can be divided into several subareas and segments showing different structural
styles (Koch & Heum, 1995). At the BC level, the central and western parts of the Halten Terrace exhibit
numerous mini-basins showing N–S and NW–SE orientations. Together with the Grinda Graben, some
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Late Jurassic–Early Cretaceous mini-basins align and define the bisecting NW–SE Gjæslingan Lineament,
which divides the northwestern and southeastern subareas of the Halten Terrace (Fig. 11). The southeastern subarea, east of the Grinda Graben and Kya Fault Zone, is smooth and relatively unfaulted at
BC level (Fig. 8). It includes the Gimsan Basin, the Central, South and Tyrihans segments, as earlier
defined by Koch & Heum (1995). To the east, the development of the Bremstein Fault Complex was
associated with the formation of the Ellingråsa Graben and adjacent Høgbraken Horst. To the northwest,
the Smørbukk–Heidrun segment is dipping towards southwest (Corfield & Sharp, 2000) and shows the
development of a few NW–SE to NNE–SSW mini-grabens (Fig. 11).
Farther north, the Dønna Terrace is separated from the Rås and Træna basins by the Ytreholmen
Fault Zone, characterised by a set of dominantly northwest-dipping normal faults. The faults were
active during the Late Jurassic–Early Cretaceous and reactivated during the Late Cretaceous–Paleocene
(Pascoe et al., 1999). The Dønna Terrace dies out northwest of the Rødøy High. The southwestern flank
of the Dønna Terrace is characterised by the Valflesa High, which represents a crestal structure lying in
the prolongation of the northern Sklinna Ridge (Fig. 11).

The Møre Platform and adjacent subbasins
South of the Frøya High, the Møre Platform developed at the edge of the Norwegian mainland
(Fig. 11). As part of the Inner Province, the structure of the Møre Platform is partly controlled by the
reactivation of pre-existing NW–SE basement trends in the prolongation of the Møre–Trøndelag Fault
Complex (Doré et al., 1997; Fichler et al., 1999; Gabrielsen et al., 1999; Nasuti et al., 2011; Schiffer et
al., 2020). This major inherited shear zone roughly delineates the transition between the North Sea and
the MNCM (Brekke, 2000).
The transition between the Møre Platform and the Central Province does not show any wide and
intermediate Shallow Terraces Subprovince and is observed at the edge of the Vøring margin segment
(Figs. 8, 11 & 16). This transition zone coincides with a sharper and narrow Necking Domain (Olafsson
et al., 1992; Kvarven et al., 2014) (Fig. 15). At the BC level (Fig. 8), the transition between the two
provinces shows an arrangement of slopes and perched half-grabens separated by a series of NE–SW–
elongated Cretaceous highs (Fig. 11). This system includes the Aukra High, the Gossa High, the Gnaussen High, the Ona High, the Giske High and the Manet Ridge. These highs separate or border the Aukra
Subbasin, the Magnus Basin, the Marulk Basin, the Slørebotn Subbasin, the Orta Subbasin and the Sogn
Graben (Grunnaleite & Gabrielsen, 1995; Jongepier et al., 1996; Brekke, 2000). In detail, the perched halfgrabens are controlled by east-dipping basement faults. Mild Middle Jurassic extension is recognised
but the extensional phase was most dominant during the Late Jurassic–Early Cretaceous rifting event
(Jongepier et al., 1996). The normal faults in the Necking Domain died out at around the mid–Albian/
Cenomanian (Sømme et al., 2013). In the deepest part of the basin, the Møre Slope shows a monoclinal
structure at BC level that represents the limits between the Inner and Central provinces. This relatively
gradual and monocline transition becomes gradually steeper towards the Frøya High and the Jan Mayen
Corridor, where a sharper basin transition can be observed at the BC level (Fig. 8). This sharp transition
limits the northern part of the Møre Platform and defines a clear NW–SE-trending lineament named the
Kiran Lineament.
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Central Province
Deep Terraces Subprovince
The bases of the large Cretaceous mega-sag basins observed in the Central Province can locally reach
depths of up to 9–10 km, and deeper sequences were not always well imaged. The revised BC (Fig. 8)
highlights better the 130 km-long and 50 km-wide Deep Terraces Subprovince defined at the edge of
the Central Province (Figs. 10, 11 & 15). As part of this subprovince, the Frøya Deep Terrace is situated
in a deeper structural position relative to the Shallow Terraces Subprovince (e.g., Halten and Dønna
terraces). The Frøya Deep Terrace is bounded to the east by a major segmented detachment fault
system lying in the prolongation of the Klakk Fault Complex. The Frøya Deep Terrace is tilted eastwards and is bounded to the west by ‘en echelon’ detachment faults controlling a crestal fault block
(the Holmen High) situated north of the Jan Mayen Corridor (Fig. 11). Below the BC (Fig. 8),
internal reflections suggest the presence of syn-rift sediments, tentatively interpreted as Triassic–
Jurassic formations at the edge of the Necking Domain (Fig. 16). The system of deep terraces extends
farther north along the outer flank of the Halten Terrace and appears to be segmented by major NW–
SE lineaments. West of the Klakk Fault Complex, the South Sklinna Deep Terrace and Steinen High also
represent similar but narrower, c. 25 km-wide, downfaulted, deep terraces and an associated crestal
block system. North of the Hevring Lineament, the North Sklinna, Valflesa and Nordland deep terraces
also represent deep and similar intermediate faulted panels.

Regional mega-sag basins and first-order segmentation of the Central Province
The principal characteristic of the Central Province is the huge thickness of the Cretaceous–Cenozoic
successions overlying older rift structures Figs. 8 10 & 16) (Brekke, 2000; Lien et al., 2005; Zastrozhnov
et al., 2020). The ‘nourished’ Møre and Vøring basins and intermediate Jan Mayen Corridor represent
125–150 km-wide mega-sag basins that developed on crustal Super- to Hyper-thinned domains.
In the Central Province, significant thinning was mostly accommodated by large displacements along
the major detachment faults mapped in the deepest parts of the rift (Osmundsen & Ebbing, 2008;
Theissen-Krah et al., 2017; Zastrozhnov et al., 2018; 2020) (Fig.11). The main thinning phase which
led to the formation of the mega-sag basins is interpreted to be the result of a limited mid–Late
Jurassic–Berriasian extensional rifting event (Færseth & Lien, 2002) or a protracted Late Jurassic–mid–
Cretaceous rifting phase (Pascoe et al., 1999; Tsikalas et al., 2012; Henstra et al., 2015). Some
authors have also suggested separate and independent Late Jurassic ̶ Valanginian/Hauterivian and Aptian–
Albian rifting phases (Tsikalas et al., 2012). The more recent regional study of the MNCM by
Zastrozhnov et al. (2020) suggests that the early mid–Cretaceous period was also associated with a shift
and relocation of the deformation from the Inner Province towards the Central Province. Onlap of
the Lower Cretaceous sediments against the Deep Terraces Subprovince suggests that the entire Early
Cretaceous succession rapidly infilled the pre-existing rift structures and locally eroded canyons.
The Central Province and associated subprovinces are clearly segmented with a set of semi-regional
NW–SE-oriented lineaments (Figs. 11 & 14). The northern limit of the Central Province represents the
Bivrost Lineament. Farther south, the Surt Lineament separates the northern and southern Vøring
basins. This transition between the Møre and Vøring basins is not a sharp boundary, traditionally
associated with the Jan Mayen Lineament, but rather represents a large (c. 250 km-wide), specific
and oblique margin segment. The Jan Mayen Corridor is defined in between the Hevring and Ervik
lineaments. It is evidenced by the lateral shift of the deep Cretaceous highs mapped at the BC level
(Figs. 8, 11 & 14). The deep Cretaceous highs represent ‘en échelon’ crustal rafts (>20–25 km) and
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extensional riders bounded to the west by dominant, west-dipping, detachment faults and associated
supradetachment subbasins. To the east, the Jan Mayen Corridor is bounded by the Klakk Fault Complex,
controlling the South Sklinna Deep Terrace and the Kiran Lineament at the southern edge of the Frøya
Deep Terrace. The structural embayment or saddle outlined by the deep terraces is downfaulted at the
edge of the Frøya High (see BC map, Fig. 8), and further accentuates the contrasting architecture of the
Jan Mayen Corridor. The regional and distinctive nature of the Jan Mayen Corridor is also reinforced by
contrasting gravity and magnetic signatures between the Møre and Vøring basins (Figs. 5 & 6). The Jan
Mayen Corridor is thought to represent a wide transfer zone between the Møre and Vøring basins.

Central Highs and deep subprovinces
In the deepest part of the Central Province, several deep subbasins of the Eastern and Western
subprovinces are separated by the Central Highs Subprovince (Fig. 14). From north to south, the Eastern
Subprovince incorporates the Træna Basin, the Rås Basin, the Golma Subbasin, the Klakken Subbasin,
the Holmen Subbasin, the Kiran Subbasin and the Runde Subbasin. The Western Subprovince includes
the Någrind Syncline, the Vigrid Syncline, the Hevring Subbasin, the Slettringen Subbasin, the Grip
Subbasin, the Vigra Subbasin and the Ervik Subbasin (Figs. 11 & 14). Eastwards, the formation of the
Vigrid and Någrid synclines (Figs. 11 & 16) has been attributed to either compression/transpression
(Brekke, 2000; Lundin et al., 2013) or buckling and boudinage of the crust during the Cretaceous –
Paleocene thinning of the crust (Zastrozhnov et al., 2018).
The Western and Eastern subprovinces are often characterised by thinner continental crust
compared to the Central Highs Subprovince. The continental crust preserved beneath the
representative deep subbasins could be less than 5–8 km thick locally (Breivik et al., 2011; Kvarven et al.,
2014; Maystrenko et al., 2018; Zastrozhnov et al., 2018). The deep subbasins likely initiated during
the early stage of rift formation; before severe crustal deformation during the Late Jurassic–Early
Cretaceous rift event. Some detachments and deep border faults controlling the deep Cretaceous highs
of the Central Highs Subprovince were active in the Late Jurassic up to the Albian in the Møre Basin and
Jan Mayen Corridor (Theissen-Krah et al., 2017). In the Vøring Basin, some major faults were still active
up to the Cenomanian–Coniacian (Zastrozhnov et al., 2018).
The Utgard High (Fig. 11) represents one of the first central horsts of the Central Highs Subprovince
recognised in the northern Vøring Basin (the ‘Bodø High’ in Bøen et al., 1984). Potential field data
(Fig. 6) and modelling support the presence of high-density (up to 3000–3200 kg.m-3) crystalline
basement at a depth of 6–7 km on the Utgard High (Olesen et al., 2002; Zastrozhnov et al., 2018).
Seismic Reinterpretation combined with the recent drilling results of well 6608/2–1 S also suggests
that the BC is much deeper than previously thought in earlier publications (e.g., Blystad et al., 1995;
Brekke, 2000). Accordingly, Zastrozhnov et al. (2018) concluded that the pre–Cretaceous rocks must be
either thin or absent on top of the high.
Farther south, both gravity and seismic data suggest that the Utgard High was progressively dislocated
into a complex system of contiguous deep structural highs (Zastrozhnov et al., 2018, 2020). The Vimur
High together with the Unn High and the Hevring High represent deep Cretaceous highs and rotated
faulted blocks (elements) defined below the shallower Fles Fault Complex. South of the Surt Lineament,
the Vimur High is lying in the direct prolongation of the Utgard High but does not show a prominent
gravity signature; this suggests a different basement origin (Zastrozhnov et al., 2018, 2020). These deep
Cretaceous highs separate the Rås Basin and the Træna Basin, which are defined to the east, from the
Någrid Syncline, Vigrid Syncline and Hevring Subbasin to the west. The Vimur and Unn highs have been
mapped between the Surt Lineament to the north and the Rån Lineament to the south. The Hevring
High is located in between the Rån Lineament and the Hevring Lineament, which extends up to the
Golma High and North Sklinna Deep Terrace.
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Along the Jan Mayen Corridor, the updated map and the BC (Fig. 8) illustrate the Slettringen Ridge, Grip
and Vigra highs which are still part of the regional and coherent Central Highs Subprovince (Figs. 11 &
14). South of the Hevring Lineament, the Slettringen Ridge separates the eastern Golma Subbasin from
the Slettringen Subbasin to the west. Farther south, the Grip High divides the Holmen Subbasin from the
western Grip Subbasin. Similarly, the Vigra High separates the East Kiran and the West Kiran subbasins
from the Vigra Subbasin. Located south of the Jan Mayen Lineament, the East and West Kiran subbasins
are separated by the central Kiran High. Surprisingly, no other subbasin is split this way in the Eastern
Subprovince.
In the Møre Basin, the Central Highs Subprovince is characterised by scattered round-shaped
magnetic anomalies and a central NE–SW-elongated trend of positive anomalies (Fig. 5). Earlier
studies have suggested the presence of middle Cretaceous seamounts (Lundin & Doré, 1997).
Meanwhile, improved seismic imaging and the structural configuration support the presence of deep
continental blocks or rafts at that level (Gernigon et al., 2015; Zastrozhnov et al., 2020). The new
pre-breakup map composite and associated BC surface illustrate a major NE–SW-elongated basement
ridge in the central and deepest part of the Møre Basin (Figs. 7 & 11). The ~120 km-long Ervik Ridge
separates the elongated Runde Subbasin to the east from the Ervik Subbasin to the west. The Ervik
Ridge is bounded to the west by a major west-dipping detachment fault. Farther south, the Kinn High
represents a deep Cretaceous high along the trend of the Ervik Ridge (Figs. 8 & 11).

Outer Province
Outer Basins Subprovince
The Outer Basins Subprovince is a key tectonic hinge zone linking the Cretaceous mega-sag basins and
the volcanic margins of the Outer Province (Bjørnseth et al., 1997; Lundin & Doré, 1997; Ren et al.,
2003; Gernigon et al., 2020). The Outer Basins Subprovince defines a specific and complex segmented
system of shallow Cretaceous highs and grabens which are generally decoupled from deeper and older
rift structures and corrugated/segmented basement highs (Gernigon et al., 2003). The main shallow
Cretaceous ridges in the Vøring margin segment included the Nyk High, the North and South Gjallar
ridges and the Rån Ridge to the south (Fig. 11).
Several wells drilled in the Outer Basins Subprovince (e.g., 6704/12–1; 6601711–1; 6707/10–1)
confirm a hiatus between Upper Cretaceous and Paleocene sediments on top of the shallow Cretaceous
highs. The hiatus suggests superimposed local and regional uplift(s) of the margin before the onset of
magmatism (Ren et al., 2003; Gernigon et al., 2003). There, the BP surface truncates a large part of the
Late Cretaceous – Paleocene faults within the main structural highs (e.g., Nyk High, North and South
Gjallar ridges) (Fig. 16).
North of the Surt Lineament, the Nyk High represents an uplifted and eroded footwall fault block
at the edge of the Hel Graben (e.g., Kittilsen et al., 1999; Ren et al., 2003; Fjellanger et al., 2005;
Lundin et al., 2013; Zastrozhnov et al., 2018). The Hel Graben shows thick Paleocene sediment
accumulations (Fig. 16a) (Lundin et al., 2013) which can be correlated with an extreme thinning of the
underlying crust (Zastrozhnov et al., 2018; Ferrand 2020). In contrast to the Hel Graben (Figs. 15 & 16a),
the thin Paleocene sag sequences overlying the Upper Cretaceous strata on the North and South Gjallar
ridges (Figs. 16c & 16d) are weakly faulted. Nevertheless, they are contemporaneous with a drastic
thinning of the lithosphere initiating the breakup stage (Gernigon et al., 2020). The northern flank of
the Hel Graben is limited by the Hel Terrace, which is affected by a series of southward-dipping growth
faults. These faults developed in Upper Cretaceous – Paleocene strata possibly above over-pressured
Cretaceous mobile shales and deeper (decoupled) rift structures (Zastrozhnov et al., 2018).
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In between the Nyk High and Røst High, defined at Upper Cretaceous levels, mapping of the BC suggests
the presence of a deep Cretaceous high just south of the Bivrost Lineament. The Sandflesa High (Olesen
et al., 2002, 2007 and Tsikalas et al., 2019) is limited to the west by the Hermod Subbasin (Zastrozhnov
et al., 2018) in the prolongation of the Hel Graben (Fig. 11). A sudden relocation of the Paleocene rift
axes to the west occurred during the onset of the magmatic rifting phase preceding the final breakup
(Zastrozhnov et al., 2018). This rift ‘jump’ isolates a subbasalt high, which is defined as the Grimm High,
mapped northwest of the Hel Terrace (Figs. 11 & 16a).
South of the Surt Lineament, the North and South Gjallar ridges (Fig. 16) consist of a system of
NE–SW-trending rotated fault blocks eroded at the BP level (Fig. 8) (e.g., Blystad et al., 1995;
Gernigon et al., 2003). The North and South Gjallar ridges correlate with distinct positive gravity
anomalies (Fig. 6), which are interpreted to originate from dense (and high V� velocities>7.0 km/s)
basement rocks underlying the deep crustal T-Reflection (Fig. 16). This deep mid-crustal corrugated
structure likely controled the observed segmentation of the Outer Basins Subprovince long before the
onset of breakup-related magmatism (Gernigon et al., 2003; Abdelmalak et al., 2017). At Upper
Cretaceous level, both ridges are controlled by low-angle faulting, which affects deeper stratigraphic
levels decoupled at mid–Albian level. Well 6603/5–1 S (Dalsnuten) on the South Gjallar Ridge (Fig. 4) was
terminated in Early Cretaceous sequences (Péron-Pinvidic et al., 2016). A biostratigraphic reevaluation
of well 6603/5–1 S infers a younger Cenomanian age of the deepest sequences (Zastrozhnov et al.,
2020). The main extensional phase (climax) documented on the North and South Gjallar ridges is
Campanian–Paleocene in age. Zastrozhnov et al. (2020) also documented syn-extensional wedges and
minor activity around the Cenomanian–Turonian observed at the western flank of the North Gjallar
Ridge.
Towards the Vøring Marginal High, additional Late Cretaceous highs have been noted in the Fenris
Graben (Fig. 11), a syn-rift basin on the hanging-wall of the adjacent ridges. In the prolongation of
the Grimm High, the Skoll High corresponds to elevated areas mapped at the Base Basalt/Near Top
Paleocene level (Abdelmalak et al., 2016b; Planke et al., 2017). The Skoll High occurs near the Vøring
Escarpment and local basalt-free windows and lava pinchouts suggest that it was probably a pre-existing
elevated area before the onset of volcanism. However, the deep structures and configuration of the Skoll
High remain uncertain due to poor sub-basalt seismic imaging (Figs. 11 & 16f).
Farther south, the Rån Ridge represents a deep Cretaceous high in the southwestern Vøring Basin
(Figs. 11 & 16d). Rån Ridge is now a formal name but was assimilated to the ‘Gjallar Ridge’ in the original
work of Blystad et al. (1995). The Rån Ridge is limited by the Rån Lineament and separates the Hevring
Subbasin from the Rån Subbasin. Like most of the highs situated in the outer Vøring Basin, the Rån
Ridge shows a positive gravity anomaly (Fig. 6). However, compared to the adjacent North and South
Gjallar ridges, Rån Ridge is distinguished by fault blocks and detachment faults observed at deeper
(Early Cretaceous) levels. Some of these faults likely detached above evaporite layers suggesting that
the Rån Ridge could preserve Triassic–Jurassic sediments (Fig. 16d) (Gernigon et al., 2003, 2020;
Abdelmalak et al., 2017; Zastrozhnov et al., 2020). On the western flank of the Rån Ridge, normal
faults and low-angle detachments active from the Late Jurassic to mid–Cretaceous controlled the
accommodation space of the adjacent Rån Subbasin (Figs. 11 & 16d). The western flank of the
Rån Subbasin between the Rån Ridge and the South Gjallar Ridge is delimited by the Dufa High
(Zastrozhnov et al., 2020) (Fig. 11). The thin basalt flows covering the Dufa High did not significantly
degrade the resolution of the seismic data, allowing the interpretation of likely pre–Cretaceous tilted
fault blocks lying below the BC (Fig. 11). Like the Rån Ridge, the Dufa High also corresponds to a distinct
positive gravity anomaly near the Vøring Transform Margin (Fig. 6).
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Marginal Plateau
As part of the Outer Basins Subprovince, the Møre Marginal Plateau spans the transition between
the Central Province and the Oceanic Province/Domain in the Møre margin segment (Figs. 11 & 14).
Farther south, the Møre Marginal Plateau likely merges with the Fugløy Ridge or terraces
identified in the western flank of the Faroe–Shetland Basin (Fig. 1) (Manton et al., 2018; Gernigon et
al., 2020; Millett et al., 2020; Zastrozhnov et al., 2020; Ólavsdóttir et al., 2021). The eastern flank of
the Møre Marginal Plateau represents a large east-dipping monocline and slope region at the edge
of the Møre Basin. The eastern flank is locally dissected by a set of west-dipping Late Jurassic–Early
Cretaceous fault systems like those observed at the Rån Ridge. At the edge of the Inner Flows, the faults
are delineating relatively small NE–SW-oriented structural highs including the Bara and Hrann highs
(Fig. 11). Both Cretaceous highs are associated with small half-grabens observed on both sides of the
Ervik Lineament (Fig. 11). Farther west, seismic interpretation within the shallow Møre Marginal Plateau
is complicated due to inherent sub-basalt imaging issues. At this level, 3D seismic data support the
presence of tilted fault blocks with internal layered units below the shallow BC (Zastrozhnov et al.,
2020). They are organised as a 145 km-elongated sub-basalt structure named the Bylgja Ridge
(Zastrozhnov et al., 2020). The NE–SW strike of the Bylgja Ridge coincides with the strike of the
Faroe–Shetland Escarpment (Figs. 11 & 12). The western flank of the Bylgja Ridge is associated with a
prominent, west-dipping, normal fault system that is postulated to control the accommodation space
of an adjacent sub-basaltic basin (called the Bylgja Subbasin) interpreted near the Continent–Ocean
Transition.
In the outer part of the Jan Mayen Corridor, a shallowing of the BC (Fig. 8) is interpreted at the Kolga
High (Manton et al., 2018; Zastrozhnov et al., 2020). The Kolga High (Fig. 11) represents a structural
‘protuberance’ of the Møre Marginal Plateau in the Jan Mayen Corridor. Very thin, and locally absent
volcanic cover (Fig. 12) suggests that the Kolga High was partly exposed during the emplacement of the
surrounding lava flows (Manton et al., 2018; Millett et al., 2020; Zastrozhnov et al., 2020). According
to a preliminary seismic interpretation, this structure is defined by a series of decoupled tilted fault
blocks that developed both in pre–Cretaceous and Cretaceous sequences (Zastrozhnov et al., 2020).
The deepest structures of the Kolga High are possibly reminiscent of those interpreted along the
adjacent Rån Ridge or now observed on the western flank of the conjugate Jan Mayen Microplate
Complex (Fig. 1).

Syn-breakup map composite
The Volcanic Subprovince
An effort was carried out to carefully remap the various volcanostratigraphic units of the Volcanic
Subprovince (Fig. 12). The igneous characteristics of the Volcanic Subprovince have been confirmed
by drillings carried out during the Deep Sea Drilling Project DSDP leg 38 (including sites 338, 342
and 343) and Ocean Drilling Program ODP leg 104 (including sites 642, 643 and 644) (Talwani et al.,
1978; Eldholm et al., 1989) (Fig. 4). ODP site 642 dates the volcanism at 56.5 – 55 Ma, equivalent to
magnetic chrons C25n–C24r (Eldholm et al., 1989; Abdelmalak et al., 2016a) (Fig. 12). In 2014, the
Norwegian Petroleum Directorate also conducted shallow drilling operations near the Kolga High.
The resulting drillhole 6403/1–U–1 (Fig. 4) recovered 38 m of igneous rocks (lava flows, lava breccias and
hyaloclastites) of exclusively tholeiitic composition (Bakke, 2017). No age data have yet been published
for the volcanics but palynological analysis of one sediment sample from the base of the overburden
sediments suggests an early Eocene (early Ypresian) age (Bakke, 2017).
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Compared to the Blystad et al. (1995) map, several volcanic units are now differentiated on the
syn- and post-breakup map composite (Fig. 12). The limits of the different volcanic facies/elements
(see Section 4.4) have been significantly improved. The volcanostratigraphic elements (Table 4) reflect
the contrasting paleo-environments of the Outer Province during the onset of breakup (Planke et al.,
2000, 2017; Berndt et al., 2001a). The lateral distribution of the Inner Flows is interpreted to have been
controlled by the pre-existing rift morphology of the Outer Basins Province. The widest Inner Flows are
observed above the Møre Marginal Plateau possibly standing in high position during their emplacement.
The Shallow Sills/Flows are most prominent in the outer Møre Basin and along the axis of the Rån
Subbasin. Some basaltic flows seem to have been guided by the Surt Lineament in the northern Vøring
Basin (Fig. 12) and spread farther to the east along this trend.
During further volcanic development of the Møre and Vøring Marginal highs, some subaerial lava
flows fragmented in contact with water leading to foreset bedded Lava Deltas development at the
landward edge of the flat Landward Flows (Abdelmalak et al., 2016b; Planke et al., 2017). The main
paleoshorelines are represented by the Vøring and Faroe–Shetland escarpments (Fig. 12) but minor
escarpments have been mapped locally (Abdelmalak et al., 2016a, b) (Fig. 12). Lava Deltas have also
been mapped in the outer part of the Jan Mayen Corridor, thus suggesting that some of the lavas may
have been emplaced subaerially rather than entirely subaqueously as previously suggested by Berndt
et al. (2001a).
The Inner SDRs are interpreted to have been constructed by the rapid volcanic infilling of
pre-existing subbasaltic basins expected along the Volcanic Subprovince (Fig.12). The accommodation
space required to explain the SDRs may be explained by a joint combination of tectonic forces and
loading by the thick basalt pile (e.g., Geoffroy, 2005, Buck, 2017). The Inner SDRs are limited or
absent in the outer part of the Jan Mayen Corridor and Lofoten–Vesterålen margin segments
(e.g., Berndt et al., 2001a; Tsikalas et al., 2001). On the Vøring margin segment, the Inner SDRs coincide
with a prominent positive magnetic anomaly (Fig. 5). On the Møre margin segment, some Inner SDRs
show a negative magnetic signature suggesting an older age of formation (Gernigon et al., 2020).
North of the Bivrost Lineament, the Lava Flows of the Lofoten Margin extend seawards for about 50–100
km in the prolongation of the Inner SDRs mapped on the Vøring Marginal High. Berndt et al. (2001a)
interpreted the Lava Flows of the Lofoten Margin as submarine lava flows based on their rough top
reflections and the lack of planation surfaces.
Along the Volcanic Subprovince, shallower marine conditions allowed the eruption of subaerial
Surtseyan material and the local construction of Outer Highs (Planke et al., 2000; Berndt et al., 2001a;
Kilhams et al., 2021) (Fig. 12). The Svöl, Sylgr and Ylgr highs represent the main Outer Highs identified
at the edge of the Møre Marginal High (e.g., Kilhams et al., 2021) (Fig. 12). In the outer Jan Mayen
Corridor, the Víd and Gjøll highs have been interpreted as Outer Highs formed at around C25r
(Paleocene), possibly during an embryonic stage of seafloor spreading (Gernigon et al., 2012, 2020).
Further north, the Fjörm and Leiptr highs were emplaced in the central and northwestern flanks of the
Vøring Marginal High. Additional Outer highs (the Hríd and Slidr highs) have been identified only in the
northern part of the Lofoten–Vesterålen margin segment (Abdelmalak et al., 2015).
Closer to the Continent–Ocean Transition, subsequent subsidence of injection centres to greater water
depths (>100–200 m) likely slowed down the process of magma fragmentation. The lavas could still
have been emplaced as deep marine flood or pillow basalts to form the Outer SDRs (Planke et al., 2000).
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The late Paleocene–early Eocene sills and hydrothermal vent
complexes
The volume of magma associated with the emplacement of sills in adjacent basins can be substantial
(0.9–2.5 × 104 km3 according to Svensen et al. (2004) or up to 0.03 × 106 km3 according to our last
estimation). Mostly observed in the Central and Outer provinces, the sill complexes can cover an area
of several thousand km2 (Fig. 12). Magmatic intrusions are unusual in the Platform, Shallow Terraces
and Deep Terraces subprovinces. The only exceptions in the Inner Province are the early Eocene plugs
and sills known in the Vestbrona area (Fig. 12) (e.g., Prestvik et al., 1999; Hafeez et al., 2017). Volcanic
material has also been recently drilled at the edge of the Froan Basin (well 6307/1–1 S) but the nature
and age of the recovered materials remain unclear (Steve Thomas, pers. comm. 2021).
Individual or stacked sills can in some cases reach 50–300 m in thickness (Planke et al., 2005).
Above sills, many hydrothermal vents (Fig. 12) formed as a direct consequence of the intrusive event.
Explosive eruption of gas, hot fluids and sediments generated up to 10 km-wide craters at the
paleo-seafloor during the magmatic pulse (Svensen et al., 2004; Planke et al., 2015; Omosanya et al.,
2020). Most of the hydrothermal vents (~90%) have been mapped at Top Paleocene–early Eocene level
(Fig. 12). However, in the outer Møre Basin and the Hel Graben, some hydrothermal vent complexes
have been recorded at a deeper Upper Paleocene level (Planke et al., 2005; Zastrozhnov et al., 2018,
2020). This proves that magma could have been injected at slightly different times during the Cenozoic.

Continent-Ocean Transition and Continent-Ocean boundaries
Continent-Ocean boundaries are usually defined between the outboard edge of highly attenuated,
unequivocal continental crust or a zone of exhumed and serpentinised continental mantle (i.e.,
an Exhumed Domain) at the inboard edge of unequivocal oceanic crust. As summarised by Eagles
et al. (2015), all possible locations of Continent–Ocean ‘boundaries’ worldwide are open to interpretation. Various alternatives reflect the uncertainties and limitations to accurately define proper
and sharp limits.
Seismic sub-basalt imaging and the nature of rocks beneath the volcanic Continent–Ocean transition
on the MNCM also add to the challenge of defining a concrete and clear Continent–Ocean Boundary.
Continent–Ocean boundaries have variously been proposed within the Inner SDRs (Mutter., 1984) or
closer to the volcanic Outer Highs or Outer SDRs (e.g., Skogseid & Eldholm, 1989). In the outer Møre
Basin and along the Jan Mayen Corridor, a Continent Ocean Boundary was interpreted to be landward
of identified magnetic chron C24n3n based on modern aeromagnetic data (Gernigon et al., 2012, 2015)
(Fig. 12). The oldest edge of magnetic chron C24r (57.1–53.9 Ma) is distinct south of the Vøring Transform Margin (Fig. 12). On the Lofoten–Vesterålen margin, Tsikalas et al. (2001), Olesen et al. (2007)
and Franke et al. (2019) have also identified the earliest C24n3n and C24n1n magnetic polarity chrons
from the Vøring Marginal High up to the Senja Fracture Zone (Fig. 12). North of the Bivrost Lineament,
some C24n3n and C24n1n anomalies occur above SDRs wedges (Tsikalas et al., 2001). Farther north,
this pair of chrons corresponds to the oceanic crust, as confirmed by refraction seismic data (Breivik et
al., 2017). On the conjugate NE Greenland margin, conjugate magnetic chrons C24n3n and C24n1n have
been identified east of the SDRs (e.g., Skogseid et al., 2000; Tsikalas et al., 2001; Franke et al., 2019).
On the Vøring Marginal High, seismic-refraction data have been interpreted to indicate stretched
continental crust and anomalously thick oceanic crust, separated by a 25 km-wide magmatic
transition zone. This transition likely consists of intruded continental crust overlain by the Inner SDRs
(Mjelde et al., 2005b; Adbelmalak et al., 2016a). The transition from continental to oceanic crust could
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be marked by sharp lateral velocity changes at mid-crustal levels near the Inner SDRs (e.g., Breivik et al.,
2014; Mjelde al., 2005b; Abdelmalak et al., 2017). On the Vøring Marginal High, the outer limit of the
intruded continental crust fits the outline of andesitic lava flows mapped by Adbelmalak et al. (2016a)
and remnants of continental crust are still expected underneath. The magnetic anomalies observed
continentwards of chron C23 on the Vøring Marginal High (Fig. 5) mostly reflect the magnetic properties
of the volcanostratigraphic sequences (Fig. 12). These anomalies offer little insight into the underlying
substratum (Gernigon et al., 2020; Scheckenberger, 1997). The polygon element Unclarified oceanic/
continental crust displayed on Figure 11 reflects the uncertainty to fix a clear Continent-Ocean Boundary
in the outer part of the MNCM. This ambiguous crust is interpreted either as highly intruded continental
crust or mullioned continental crust/embryonic oceanic crust (Afar-type) (Gernigon et al., 2012, 2015).

Post-breakup elements
Oceanic chrons in the Norwegian–Greenland Sea
From chrons C24r–C22 (Fig. 12) steady-state seafloor spreading initiated with dominantly high
spreading rates in the Norwegian–Greenland Sea. Between the Lofoten and NE Greenland margins, the
earliest half-spreading rates varied between 15 and 25 mm/year (e.g., Gaina et al., 2009). After C24n1n,
half-spreading rates of the earliest spreading phases were on average less than 25 ± 2 mm/year in the
eastern part of the Norway Basin, and less than 20 ± 2 mm/year in its western part (Gernigon et al.,
2015). In general, the early seafloor spreading was unstable as indicated by off-axis seamounts and relics
of aborted rift axes between magnetic polarity chrons C24n3n and C22n (see Gernigon et al., 2012, 2015
for details).

Oceanic Fracture Zones
The syn- and post-breakup map composite also shows the various oceanic fracture zones identified
at the edge of the MNCM (Fig. 12). In the deep oceans where the crust is relatively homogenous and
thin (c. 7 km), local deviations in the gravity field (Fig. 6) largely reflect bathymetric changes due to
juxtaposed differences in crustal thickness, magmatic production and faulting. The most significant
fracture zone is the Jan Mayen Fracture Zone lying in the prolongation of the Vøring Transform Margin
(Fig. 12). The fracture zone is defined by large-scale basement reliefs forming elongated ridges and
troughs with associated gravity and magnetic anomalies (Figs. 5 & 6).
South of the Jan Mayen Fracture Zone, a large band of disturbed magnetic anomalies coincides with
the location of the Norway Basin Fracture Zone earlier introduced by Skogseid & Eldholm (1987),
but not properly mapped due to the lack of high-resolution data. The high-resolution aeromagnetic data
(Fig. 5) strongly support the presence of a major oceanic and magnetic discontinuity here. The Norway
Basin Fracture Zone is a composite feature that defines not only narrow areas perpendicular to the
spreading anomalies and which offsets the chrons, but also traces of propagating rift tips (Gernigon et al.,
2012). The oceanic region defined in between the Norway Basin and Jan Mayen fracture zones limits and
defines a singular spreading segment in the prolongation of the Jan Mayen Corridor (Fig. 12).
Farther north, additional fracture zones were earlier proposed by other authors along the Vøring and
the Lofoten–Vesterålen margin segments. In the Norwegian–Greenland Sea, the presence of the old
Gleipne Fracture Zone (Hagevang et al., 1983) and Bivrost Fracture Zone (Blystad et al., 1995) are
now disregarded considering improved aeromagnetic mapping (e.g., Olesen et al., 2007). West of the
Lofoten–Vesterålen margin, the existence of the Jennegga and Vesterålen fracture zones, which were
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earlier interpreted by Tsikalas et al. (2001), have been subsequently questioned by Olesen et al. (2007).
Because the new aeromagnetic data do not show clear offsets of the early magnetic chrons, these
controversial ‘oceanic fracture zones’ have been disregarded in our revised version of the post-breakup
framework (Fig. 12).

Cenozoic inversion structures
The compressional structures displayed on the syn- and post-breakup map composite developed
from the early Eocene to recent times. Greater activity occurred in the middle–late Eocene and early
Miocene (Lundin & Doré, 2002; Doré et al., 2008). Doré et al. (2008) documented and reviewed in
detail the origin of the compressive stress and discussed multiple causes of folding and potential
mechanisms including: 1) far-field orogenic stress from Alpine orogenic phases and from the West
Spitsbergen ̶ Eurekan folding and thrusting, 2) sedimentary flank loading and differential compaction, 3)
breakup and seafloor spreading forces, 4) topographic forces such as ridge push, or 5) the development
of gravitational forces triggered by the Iceland insular margin. As suggested by Doré et al. (2008),
the domes and arches mostly developed in the Jan Mayen Corridor and the Vøring Basin
where the basins and subbasins are thicker and the continental crust is thinner (e.g., Maystrenko et
al., 2018). However, the presence of a weak Exhumation Domain underneath does not appear to be a
prerequisite for explaining the compressive stress location along the MNCM (Kimbell et al., 2017).
It must be noted that no major domes have developed south of the Jan Mayen Corridor. This is possibly
due to the accommodation of compression along the ultra-slow spreading Aegir Ridge (Doré et al.,
2008). Local controls of the small domes along inherited lineaments are also well documented along
the Jan Mayen, Surt and Bivrost lineaments (Doré et al., 2008).
In the original map of Blystad et al. (1995), only the main arches (Helland-Hansen Arch, Modgunn
Arch) and domes (Ormen Lange Dome, Vema Dome and Naglfar Dome) were officially described.
Additional domes (the Hedda Dome, Isak Dome, Havsule Dome and Ellida Dome) have been named and
documented by Doré et al. (2008) and consequently these names have been adopted in the present
study (see also Electronic supplement 2 for further description).
In this study (Fig. 12), a few additional domes have been mapped including the Durinn Dome and the
Grerr Dome between the Utgard High and the Någrind Syncline. A few kilometres to the southeast of
the domes, the Berling Dome developed between the Rås Basin and the northern part of the Valflesa
Deep Terrace. Farther south, the Nanna Dome has been identified between the Modgunn and the
Helland-Hansen arches, south of the Hevring Lineament. Southeast of the Helland-Hansen Arch, the
Ellida Dome formed between the Grip High and the Klakken High, a small asymmetric deep Cretaceous
high recognised at the transition between the Holmen and Golma subbasins. Additional mapping at
Cenozoic levels confirms that the Modgunn Arch can be divided into two segments (the North and
South Modgunn arches) (e.g., Doré et al., 2008). At the level of the South Gjallar Ridge, the Lur Dome
represents an inverted structure observed at Cenozoic level (Fig. 16c). A small compressive structure of
possible syn-magmatic origin, named the Hati High in the Fenris Graben, has also been defined at the
Base Basalt/Near Top Paleocene level. The Hati High is a NE–SW-elongated high and is partially covered
by the volcanic Inner Flows. Farther south and defined in the Volcanic Domain, the Ygg High represents
a N–S to NW–SE-trending elongated high inverted just after breakup (Planke et al., 2010; Kilhams et al.,
2021). Between the Rån Ridge and the East Jan Mayen Fracture Zone, the Mímir High also represents
a syn-to post-breakup inverted structure identified and sampled along the Vøring Transform Margin
(Polteau et al., 2020).
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Neogene uplift and Quaternary slides
The Naust depocentre displayed on the syn- and post-breakup map composite illustrates the regional
tectonic uplift of the Norwegian mainland during the Neogene (Hjelstuen et al., 1999; Rise et al., 2005;
Henriksen et al., 2005). The depocentre illustrates the tilt of the MNCM and the substantial thickness
of sediment deposited on the continental slope during this period. The Naust depocentre (Fig. 12) is
particularly important (>200–1000 m thick) in between the northern Vøring Basin and Halten Terrace
and the maximum thickness is recorded in the northern part of the Någrind Syncline. The prograding
wedge of the MNCM merged with the local depocentre coming from Trænadjupet, Sklinnadjupet and
Suladjupet (Dahlgren et al., 2005). The Naust depocentre consists of debris flows with a glacigenic origin
locally interbedded with contourite deposits and hemipelagic sediments (Dahlgren et al., 2005). Initially,
the wedge was deposited west of the late Neogene deltaic Molo Formation and prograded westward
(Eidvin et al., 2007; Olsen et al., 2013; Løseth et al., 2017).
Late tectonic activities also include the collapse of large slides on the MNCM and minor tectonic
activity due to ridge push and isostatic glacial rebound of Scandinavia (Laberg&Vorren, 2000; Laberg
et al., 2000; Haflidason et al., 2004; Solheim et al., 2005; Hjelstuen et al., 2005; Keiding et al., 2018;
Janutyte et al., 2017). Known slides summarised in the syn-and post-breakup map composite (Fig. 12) are
often quite large and develop on gentle slopes in the glaciogenic sedimentary sequence of the MNCM.
The main sliding activity took place at around 0.5 Ma during the Pleistocene soon after the Fennoscandia
Ice Sheet started to advance across the continental shelf repeatedly. Slide instabilities may be explained
by pore overpressure, mainly created by earthquake activities (Haflidason et al., 2004). In the Lofoten–
Vesterålen margin segment, the Andøya Slide covers about 9700 km2 and developed during the
Holocene (Laberg et al., 2000). Several canyons modified by extensive mass movement have also
been documented on the bathymetric slope of Lofoten, Vesterålen and Senja (Rise et al., 2013). In the
Northern Vøring Basin, the Trænadjupet and Nyk slides extend from the shelf break to more than
3000 m water depth in the Lofoten Basin and cover an area of 14,100 km2 (Laberg & Vorren, 2000).
The Trænadjupet Slide occurred 4000 years ago and partly buried the deposits of the previous Nyk Slide,
which occurred at around 16,000 years ago (Lindberg et al., 2004). In the Southern Vøring Basin, the
Sklinnadjupet Slide initiated directly west of the Helland Hansen Arch and removed a surface of ~1500
km2 of Naust sediments (Rise et al., 2006). The Storegga Slide of Holocene age is one of the largest
known submarine slides and affected an area of 90,000 km2 (Bryn et al., 2005; Solheim et al., 2005;
Haflidason et al., 2004; Færseth & Sætersmoen, 2008). The major Storregga Slide finally developed
along the trend of the Jan Mayen Corridor, thus suggesting an inherited control of the mass flow along
this atypical segment of the MNCM.
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Discussion
Main achievements and comparison with the previous map of
Blystad et al. (1995)
The map composites presented in this contribution represent an improvement on the earlier work of
Blystad et al. (1995) (Figs. 17a & 17b). The current compilation portrays various geological features
organised in a series of structural and magmatic elements, subprovinces and provinces. Improved
seismic resolution and imaging have allowed us to identify or refine the outlines of several structural
elements defined at the BC and BP levels (e.g., Zastrozhnov et al., 2020).

A
Tertiary domes and arches
Marginal highs capped by Palaeogene volcanics
Paleogene volcanic, landward side of the escapment
Cretaceous highs
Cretaceous basins
Platform area and shallow terrace
Terraces and spurs
Cretaceous basin on the Trøndelag Platform
Permo-Triassic basin on the Trøndelag Platform

Fault
Magnetic anomalies
Oceanic fault
Subcrop of top basement below Quaternary
Subcrop of base Cretaceous below Quaternary
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B

Figure 17. Comparison between (A) the Blystad et al. (1995) and (B) the new structural and magmatic elements map of
the Mid–Norwegian continental margin. See figures 11 and 12 for legends.

One of the main achievements is the mapping and description of the deep and pre-breakup
Cretaceous highs and various crustal rafts of the Central and Outer provinces. At the regional scale of the
MNCM, the deep subprovinces illustrate the coherent structural organisation and segmentation of the
mega-sag basins. In this paper, the Jan Mayen Corridor is considered as an independent and
contrasting rifted margin segment. The Jan Mayen Corridor also influenced the late evolution of the
Vøring Transform Margin and its production of magmatic rocks (Berndt et al., 2001b). The proximal
intrusive sills and plugs observed in Vestbrona, the lack of SDRs south of the Vøring Transform Margin
and the late Storegga Slide development reinforce its unusual tectonomagmatic and regional character.
In the Outer Province, technical improvements in sub-basalt imaging have also revealed additional
subbasins and highs underneath the lava flows. The syn- and post-breakup map composite (Fig. 12)
also shows an up-to-date mapping of the main volcanostratigraphic units. Compared to the map of
Blystad et al. (1995), several additional volcanostratigraphic units/elements have been considered.
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They document the shallow-marine to subaerial paleogeographic development of the Outer Province
during the volcanic margin formation. The magmatic activity is also highlighted by various sill outlines
and large-diameter hydrothermal vents mapped along the MNCM.
Finally, the oceanic framework has been reassessed. New magnetic anomalies, chrons and oceanic
fracture zones have been revised in the Norwegian–Greenland Sea. Some of the previously proposed
oceanic fracture zones (i.e., the Gleipne and Bivrost fracture zones, Fig. 17a) have been reconsidered
to be artefacts. Furthermore, additional Cenozoic domes have been identified in the different parts of
the MNCM. The digital compilation also incorporates the latest up-to-date information about the main
slides and glacial depocentres. They reflect the last post-breakup activity along the MNCM.

Implication for rifted margin tectonic models
Mapping and organising geological structures is a central process in geology. Continental margin
structural categorisations and tectonic models should reflect both 1) the mechanical characteristics
of the crust/lithosphere from localised to diffuse deformation (strong/coupled to weak/decoupled
mechanical behaviours – e.g., Reston & Pérez-Gussinyé, 2007; Mohn et al., 2010; Clerc et al., 2018 ;
Sapin et al., 2021) and 2) the magmatic intensity (or budget) leading to breakup from magma-poor to
volcanic margins (e.g., Geoffroy, 2005 ; Tugend et al., 2000 ; Chauvet et al., 2020 ; Bécel et al., 2020).
The distinction between ‘volcanic margin’ and ‘volcanic rifted margin’ already appears fundamental in
deciphering the proper rifted margin style of the MNCM and avoiding unfortunate misinterpretation
and confusion between lithospheric and crustal thinning (Guan et al., 2019). On the MNCM, some old
rift axes (e.g., the Palaeozoic Inner Rift) were already under thermal relaxation, long before subsequent
rift events and final lithospheric breakup (e.g., van Wijk and Cloething, 2002; Zastrozhnov et al., 2020).
Consequently, the late volcanic margin does not necessarily represent the same tectonic system in
terms of the continuum of lithospheric deformation, magmatic regime and rift duration. A volcanic
margin may cannibalise a pre-existing and cooling lithospheric system.
Compared to the provinces and subprovinces structural classification of the MNCM defined at
basin level (Figs. 7, 13 & 14), the template of the tectonic domains proposed in Figure 15 considers a
different scale of observation. Compared to the pre-breakup and syn- to post-breakup map composites,
the whole crustal architecture of the margin is still far from being fully comprehended and mapped
with confidence. Inherent difficulties to apprehend the amount of thinning in 3D or to interpret the
different tectonic domains and limits (Fig. 4) remain a challenging issue. In vast areas of the MNCM,
the crustal thinning may have been insufficient to develop a large Exhumation Domain (or Zone of
Exhumed Continental Mantle) as earlier proposed by Péron-Pinvidic & Osmundsen (2016). Generally,
formation of serpentinite requires a significant supply of fluids to the mantle, but the bulk continental crust
typically has low permeabilities (10

− 14

to 10 − 18 m2) (Manning & Ingebritsen, 1999). An Exhumation

Domain can develop when the whole crust cooled and thinned enough to become entirely brittle as
proposed for the Iberian magma-poor margin (Reston & Pérez-Gussinyé, 2007). Massive alteration of
the mantle rocks already requires extremely thin crust (<5 km), severe weathering and large active
normal faults cutting down from the seafloor to the mantle. Furthermore, seismic observations and
modelling suggest that a pervasive serpentinisation of the mantle leading to VP velocities of less than
7.0 km/s is often limited in depth (maximum 2–3 km) (Bayrakci et al., 2016).
Below the Central and Outer Provinces (Fig. 15), refraction data and potential field modelling suggest,
however, that thick continental crust (>8–10 km, βc <4) is largely preserved beneath the mega-sag
basins (e.g., Gernigon et al., 2015; Nirrengarten et al., 2014; Maystrenko et al., 2017; Theissen-Krah
et al., 2017; Zastrozhnov et al., 2018, 2020). 3D potential field modelling (Maystrenko et al., 2017)
predicts the very thin crust in the MNCM (i.e., the hyper-thinned domains, Fig. 15) to be restricted
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to the deepest Eastern and Western subprovinces (Fig. 14). Furthermore, the Late Cretaceous faults
mapped in the Outer Province (Fig. 11) are usually decoupled from deeper structures and may involve
several intra–Cretaceous decollement and potential evaporites. In short, seawater may not effectively
reach the mantle especially under thick syn-rift and post-rift sediments. Due to the large thickness of
sediments and the presence of intermediate decoupling level(s), the mega-sag basins of the Central
Province show similarities with smooth slope extensional basins (Lagabrielle et al., 2020) or ductile
margins (Clerc et al., 2018). In this paper, we favour a ductile model for the MNCM where the
deepest low-angle detachment faults are soling out in the lower crust and do not couple with the mantle
(Fig. 10). Numerical simulations suggest that the development of nourished mega-sag basins as
observed in the MNCM (Fig. 16) is commonly and better explained by lower crustal flow and boudinage
of the continental crust (Huismans & Beaumont, 2014; Petersen & Schiffer, 2016; Brune et al., 2017).
In the outer part of the Lofoten margin segment, Breivik et al. (2017) also concluded that the lower crust
should not become brittle, since it had little time to cool.
The volcanic margin and thick SDRs mapped in the Outer Province (Fig. 12) formed
preferentially in thicker continental domains in agreement with modelling studies (Davis & Lavier, 2017;
Theissen-Krah, 2017). The reprocessed 2D and the new 3D seismic data confirm that the BC is rising
upwards towards the Magmatic Domain in the outer Møre Basin (Millett et al., 2020; Zastrozhnov et al.,
2020). A shallow BC (Fig. 8) as well as the wide distribution of shallow-marine sediments and subaerial
lava flows support the presence of thick continental crust, which is inferred in the Møre Marginal
Plateau (Fig. 15). Similar marginal plateaus can be emergent or very shallowly submerged
throughout a period of extension (Lister et al., 1986, 1991) or between two distinct phases of lithospheric
thinning (Guan et al., 2019; Gernigon et al., 2020). Nonetheless, some authors still favour a much deeper
interpretation of the BC and top basement, as well as the presence of an Exhumation Domain in the
Outer Province (Péron-Pinvidic et al., 2013; Péron-Pinvidic & Osmundsen, 2016). This interpretation
relies on a hypothetical magma-poor margin scenario applied to the MNCM.
The main difference between volcanic margins and magma-poor margins is the surface
expression of volcanism during and before the onset of breakup (e.g., SDRs formation, Fig. 12). In so-called
magma-poor margins, only minor to moderate volcanism is observed. It generally erupted at a late
stage of denudation and at a deeper water depth, relative to volcanic margins (Reston, 2009; Sibuet &
Tucholke, 2012). In most of the Outer Province, the breakup-related volcanism mapped during this
project is significant. The volume of extrusive rocks based on the mapping of the MNCM Volcanic
Province is estimated to be close to 0.2·106 km3. The volume of intrusive rocks is estimated to be more
than 1·106 km3. Furthermore, the flood basalt emplacement developed near or above sea level during
the onset of breakup. This is proved by the results of ODP well 642 (Eldholm et al., 1989) and the
volcanostratigraphic facies (Table 4). The outline of the Lava Deltas (Fig. 12) indicates the position of
the paleoshorelines during the Eocene. The style of crustal and lithospheric deformation, the distal
(but subaerial) paleogeography, the isostatic balance, the magmatic budgets and the deep
asthenospheric processes involved in the development of the volcanic margin appear to be
fundamentally different compared to the classic Iberian magma-poor margin (Boillot & Froitzheim,
2011; Lavier & Manatschal, 2006; Reston & Pérez-Gussinyé, 2007; Sutra et al., 2013). Volcanic margins
evolve very differently with a low degree of crustal stretching during the breakup phase. At lithospheric
and crustal level, extension is accommodated by lower-crustal gabbroic intrusions, compensating for
the crustal thinning (Chauvet et al., 2020). At upper crustal level, dyke injection has also been shown to
supersede the tectonic extension (e.g., Klausen & Larsen, 2002; Geoffroy, 2005; Abdelmalak et al., 2015;
Kjøll et al., 2019).
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Scientific communication and digital products
The open availability of global scientific databases is a key to advancing research of the Earth system
and facilitating cross-disciplinary studies. An important and last consideration of the MNCM map
project was to decide the final medium in which the final map and open dataset will be distributed.
Digital formats are now a common standard in all geoscientific activities. The first 2021 version of the
MNCM is available as portable document formats (PDFs) including the main map composites showing
1) the pre-breakup structural elements and 2) the breakup and post-breakup structural and magmatic
elements (Fig. 11 and 12) (see Electronic supplements 3 & 4 for the 1:1,000,000 scale A0 version).
Together with the PDF version of the different map sheets, standard geographic information
system (GIS) formats (e.g., shapefiles and a database) are also available in the Electronic supplement 1.
Digital files are more suitable for professionals or students involved in regional work on the MNCM.
The embedded GIS distribution includes a ready-to-use QGIS master project including different layers,
datasets, colour codes and the main map composites presented in the paper. QGIS has the advantage
of being an open-source geographic information system (https://qgis.org/en/site/) which can support
numerous standard vectors, rasters and database formats. All the files included in QGIS (shapefile,
database) are fully compatible with ArсGIS.
The use of the MNCM map datasets distributed in various digital and open access formats will
dramatically reduce the cost of gathering, digitising, collating and cross-referencing information in a
way which is often tedious and time consuming. The various datasets and information that are collected
and presented on this digital compilation are fundamental to gaining a comprehensive and regional
understanding of the MNCM. Collectively, the digital map can serve as a solid basis for expanded
regional mapping. In this context, all structural element interpretations and the proposed
classification are not intended to be used inflexibly or in a manner that will disproportionately restrict
the ability of other geoscientists to communicate their observations. On the contrary, the digital
compilation may need to be modified in the future to accommodate the latest geophysical and
geological insights. Large parts of the MNCM, such as the Lofoten–Vesterålen region, remain
poorly explored and could be improved at some stage. Additional exploration boreholes or future
academic drilling projects (e.g., expedition IODP 396, Fig. 4), 3D seismic and sub-basalt imaging
processing improvements should also help to constrain better the magmato-tectonic evolution of the
Outer Province.

Conclusions
• This paper presents an up-to-date, digital, structural and magmatic digital compilation of the MNCM
at 1:1,000,000 scale. This contribution compiles and documents the new structural and magmatic
elements along the MNCM based on the results of conventional and integrated mapping methods.
Our new regional map composites bring substantial additions and updates to the pre-existing landmark
map of Blystad et al. (1995) published 26 years ago.
• A final objective of this compilation is to release and distribute our regional and volcanic digital
compilation. The digital version of the compilation (version 1.0) is available in the Electronic
supplement 1 and includes different layers in standard GIS formats (e.g., shapefiles) and a ready-to-use
QGIS project.
• The digital compilation includes two main map composites. The first map composite and related
set of data illustrate the pre-breakup structural elements of the MNCM. The second map composite
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documents the main syn- and post-breakup elements of the MNCM. Each element refers to digital
databases including additional information about the spatial, structural and magmatic classification
adopted in the project.
• To facilitate the description of the structural volcanic map elements, a compilation of old and new
structural and volcanic element names (e.g., Electronic supplements 1,2,3 & 4) has been proposed. New
names, provinces, subprovinces and tectonic domains are noted in italics throughout the text.
• The pre-breakup map composite illustrates the first-order rift architecture of the MNCM. The new
structural map composite illustrates a coherent system of deep terraces and deep Cretaceous highs
imaged in the deepest part of the Central Province. Here, a debatable Super to Hyper-thinned Domain is
expected.
• Thanks to new wells and extensive seismic mapping, the segmentation and main structures of the
Outer Province are now much better identified. The mapping highlights the complexity of the ridges,
subbasins and associated fault systems in the Outer Province. The presence of a shallow BC and top
basement in the outer Møre Basin suggests the existence of a thick marginal plateau, preserved
between the Central Province and the Cenozoic volcanic margin.
• The syn- and post-breakup map composite provides the most up-to-date regional mapping of the
different volcanic elements recognised between the Outer and Oceanic provinces. The various
volcanostratigraphics units developed during the onset of volcanism and the diachronous opening
(breakup) of the Norwegian–Greenland Sea. The map also includes revised outlines of the domes,
arches and the various Quaternary slides identified along the MNCM.
• The open-source digital data can be used to produce different user-defined maps. The digital project
will be periodically updated and revised depending on the availability of new data and scientific results.
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