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“A geophysicist is a person who passes as an exacting expert on the basis of being able to 
turn out with prolific fortitude infinite strings of incomprehensible formulae calculated with 
micrometric precision from vague assumptions, which are based on debatable figures taken 
from inconclusive experiments, carried out with instruments of problematic accuracy by 
persons of doubtful reliability and questionable morality for the avowed purpose of annoying 
and confounding a hopeless chimerical group of fanatics known as geologists who are 
themselves the lunatic fringe surrounding the hard working mining operator” 

-Quarterly News Bulletin of the Geological Society of South Africa, 1964
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Preface 

This PhD thesis entitled “Regional Structure and Basin Development of the mid-Norwegian 

Volcanic Passive Margin: Anatomy of a Polyphased Rifted System” has been submitted to the 

Department of Geosciences at the University of Oslo in accordance with the requirements for 

the degree of Philosophiae Doctor (PhD). The work presented herein was primarily carried out 

at the Centre for Earth Evolution and Dynamics (CEED) in the University of Oslo as a part of 

OMNIS Project (Offshore Mid-Norway: Integrated Margin and Basin Studies). Candidate 

continued his research activity on this topic in Volcanic Basin Petroleum Research AS (VBPR) 

to further develop this thesis using a flow of new data. The seismic, magnetic, and gravity data 

presented in this study were kindly provided by TGS (Asker, Norway). Thus, the thesis is a 

product of long-term close partnership between UiO-CEED, VBPR and TGS. The principal 

supervisor for this work was Professor Jan Inge Faleide (UiO) with co-supervision from Sverre 

Planke (UiO and VBPR) and close collaboration with Laurent Gernigon (Geological Survey of 

Norway, Trondheim). 

This thesis focuses on the structure, tectonostratigraphic development and petroleum 

prospectivity of the mid-Norwegian volcanic passive margin and is organized in two parts. The 

first part includes research motivation for this study, scientific background, regional geological 

framework, a summary of the research articles produced during this PhD work, concluding 

remarks as well as recommendations for further research projects. The second part comprises 

of published research articles authored by the candidate. 

Dmitry Zastrozhnov 

Oslo, 3 February 2020 
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Summary 

This PhD thesis presents a multidisciplinary study of the mid-Norwegian volcanic passive 

margin. A large dataset consisting of vintage and recently acquired 2D and 3D seismic surveys, 

potential field data, exploration wells, as well as updated regional biolithostratigraphic schemes 

has been jointly interpreted along the mid-Norwegian margin. 

This PhD thesis shows that the long basin development of the mid-Norwegian margin was 

polyphased and was partly controlled by pre-existing deep inherited crustal blocks. After the 

regional NE Atlantic Late Jurassic-earlies Cretaceous rifting event, an extensional mode shifted 

from a stretching to a thinning, which was concentrated in the central basin province and 

accommodated in a deep crustal level along large detachment faults at least until the mid-

Albian. At that time the main depocentres focused principally in the Møre Basin. Since the 

Cenomanian, the main deposition was concentrated in the Vøring Basin and was associated 

with the sequential migration of rifting axis towards the line of future breakup. The migration 

of rift axis is explained by strain hardening due to lithospheric cooling.  

The regional mapping of the mid-Norwegian margin performed in the frame of this PhD work 

helped to revise previously defined structural elements (e.g. Hel Graben, Nyk High, Någrind 

Syncline, Utgard High) as well as identify and describe new structural elements mainly along 

the outer Vøring and Møre basins (e.g. Kolga High, Møre Marginal Plateau, Ervik Ridge, 

Grimm High, Hermod Basin). The outer Vøring and Møre basins have been interpreted to be 

underlain by a relatively thick continental crust below elevated marginal plateaus. The existence 

of such elevated crustal marginal plateaus along the outer mid-Norwegian margin better 

explains (1) the observed structural geometries (e.g. shallowing of the BCU towards the outer 

domain), (2) tectonostratigraphic evolution of the margin (e.g. discrete extensional events and 

crustal boudinage), (3) low magnetization of the crust, (4) subaerial emplacement of breakup-

related lavas and geochemical signatures of mantle melts interaction with upper crust, (5) long 

time lag (100-110 Myr) between the necking event in the Late Jurassic-earliest Cretaceous and 

lithospheric breakup in the earliest Eocene. 

Along the outer mid-Norwegian margin, the interpreted shallow crustal blocks possibly contain 

potential pre-Cretaceous plays. This may bring back exploration interest to this underexplored 

part of the mid-Norwegian margin. The tilted/rotated fault blocks here can form structural traps 

typical for the Haltenbanken area. For instance, it was shown that pre-Cretaceous rocks in the 

outer Møre Basin are located in the oil and gas maturation window in the present-day 

temperature field. Despite being buried under volcanic sequences, these potential pre-
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Cretaceous rocks can be a potential source for intra-volcanic reservoirs similar to Rosebank 

discovery in the West of Shetland Basin and/or Lower to Upper Cretaceous-Paleocene 

reservoirs east of the volcanic domain (e.g. Tulipan discovery). 

The insights of this PhD thesis will be both useful for generic understanding of passive margins 

and volcanic margins in particular, as well as for ongoing and future regional studies along the 

mid-Norwegian margin. This PhD thesis urges the importance of multidisciplinary approach 

utilizing different datasets and observations at various scales, while studying such complex 

first-order geological structures as passive margins. 
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1. Research Motivation: Towards a New Understanding of the Structure and Evolution 
of the mid-Norwegian Margin: Why Go Back to This Region? 

Passive margins are well spread in the world (Figure 1) and their importance is dictated 

by their industrial significance as they host almost 70% of discovered conventional 

hydrocarbon reserves (Mann et al., 2003; Levell et al., 2010). From a theoretical point of view, 

they are key elements in Wilson Cycles and an important component of the global geodynamic 

evolution (Wilson, 1966; Burke et al., 1976; Bradley, 2008). Thus, these structures are among 

the most scientifically attractive first-order geological structures on the Earth. The last four 

decades are characterized by technological advances and extensive data acquisition along 

passive margins and therefore a need for data analysis, interpolation, and compilation rises. 

This PhD thesis utilizes recently acquired data to refine the understanding of passive margins 

formation and structure using the example of the mid-Norwegian margin.  

 

 
Figure 1. Worldwide distribution of different types of passive margins (modified from Berndt et al., 

2019). 

 

The formation of passive margins can be divided in two major stages: continental and 

oceanic rifting (drifting). The transition from continental to oceanic rifting, the continental 

breakup, represents a fundamental and complex process in the evolution of passive margins. 

Our planet offers examples of passive margins at different stages, from initial rifting to drifting 

and further fossilization in orogenic belts. The African and Baikal rift systems represent a few 
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modern examples of the initial stage of continental rifting, while mature stages of passive 

margin evolution are well presented worldwide (Figure 1; e.g. Atlantic, Arctic and Antarctic 

margins; Bradley, 2008).  

The variety of world-wide examples of passive margins allows us to study controlling 

mechanisms and deformation styles at all stages of margins evolution. Drifting or post-breakup 

stage is usually characterized by thermal subsidence, mild basin inversion, modest 

sedimentation, and gravity-related re-adjustments while major tectonic activity shifts away 

from passive margins and concentrates in the oceanic domain. In contrast, during the pre-

breakup stage passive margins are subjected to active stretching of the continental crust, and 

associated formation of sedimentary basins. The continental breakup can be associated with 

voluminous magmatism as is the case of volcanic (magma-rich) passive margins, or it can be 

nearly amagmatic as exemplified by magma-poor passive margins. Even though the phases of 

margin evolution are well understood, and different types of passive margins are present 

worldwide (Figure 1), the relationships between pre-breakup development of passive margins 

and processes responsible for eventual continental breakup often remain poorly understood and 

controversial. The mid-Norwegian margin is one of best areas to study these processes. It has a 

long and sometime polemic study history of mechanisms and structural styles of continental 

rifting and breakup-related magmatism. Newly acquired data ask for interpretation which may 

refine our understanding and resolve existing debates. 

The mid-Norwegian volcanic rifted margin was subjected to extensive geological and 

geophysical studies since late 1960s (Blystad et al., 1995; Brekke, 2000; Faleide et al., 2010 

and references therein). The start of exploration activity started in 1980s and concentrated 

mainly in the shallow shelf part (Halten and Dønna terraces and Trøndelag Platform). The first 

phase of exploration led to pioneer regional mapping of the basin structures and the first 

understanding of the pre- and post-breakup tectonic development of the mid-Norwegian margin 

(Gabrielsen et al., 1984; Bøen et al., 1984; Brekke & Riis, 1987). Despite a reasonable 

understanding of the proximal province, the mid-Norwegian margin was still poorly explored 

in its distal and outer parts. In the late 1970s and early 1980s, the results from Deep Sea Drilling 

Project (DSDP) and Oceanic Drilling Program (ODP) on the outer Vøring Margin and sparsely 

acquired 2D seismic and refraction data (Hinz et al., 1987; Mutter & Zehnder, 1988; Zehnder 

et al., 1990; Planke et al., 1991) contributed to major step in the primary understanding of 

volcanic margin formation (e.g. Eldholm et al., 1989; Skogseid & Eldholm, 1989). 

Summarizing the existing data and performed studies, the Norwegian Petroleum 

Directorate (NPD) published a structural map of the Norwegian Sea Region in 1995 (Figure 2a) 
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(Blystad et al., 1995) where main structural elements were named and described. The Blystad

et al. (1995) map became a regional standard which is still widely used and cited by both

academic and exploration communities. However, at the time of map compilation, the structure 

of the deep shelf provinces (Møre and Vøring basins) of the mid-Norwegian margin was still 

poorly known in terms of pre-breakup development due to limited exploration activity in these

provinces. Industry and academia focused on research in the deep basin settings and acquired

additional seismic and well data only in late 1990s. The interpretations of this dataset resulted

in numerous publications on the tectonostratigraphic development of the Møre and Vøring 

Basins (e.g. Lundin & Dore, 1997; Bjørnseth et al., 1997; Swiecicki et al., 1998; Ren et al., 

1998, 2003; Brekke, 2000; Skogseid et al., 2000; Færseth & Lien, 2002; Gernigon et al., 2003, 

2004). However, most of the study area was still lacking dense regional coverage of good-

quality seismic and well data to provide reliable age for solid tectonostratigraphic framework 

and detailed basin architecture. Also, the old conventional seismic could not image the deep 

parts of the basin that extended up to 7-8 s twt.

Since late 1990s, one of the main directions of the mid-Norwegian margin research was

the geological and geophysical understanding of the deep offshore Møre and Vøring basins

(Figure 2a-b). The important point was to properly determine the crustal architecture, the 

geometry and evolution of the complex mid-Norwegian rifted system since the collapse of the

Caledonian orogen (Walker et al., 1997; Ren et al., 1998; Osmundsen et al., 2002; Mosar, 2000, 

2003; Mjelde et al., 2002, 2003, 2005, 2008, 2009; Gomez et al., 2004; Gernigon et al., 2004; 

2006; Scheck-Wenderoth et al., 2007; Reynisson et al., 2010). More recently, the results of 

these studies led to a heated discussion on to what extent the mid-Norwegian volcanic rifted 

passive margin and volcanic margins in general can be compared to an Iberian type of magma-

poor margins (Peron-Pinvidic et al., 2013; Nirrengarten et al., 2014; Peron-Pinvidic & 

Osmundsen, 2016, 2018; Gernigon et al., 2015, 2019; Osmundsen & Peron-Pinvidic, 2018; 

Theissen-Krah et al., 2017; Zastrozhnov et al., 2018; Guan et al., 2019). A key issue in this 

dispute is the interpretation of the sub-sedimentary and sub-volcanic structures of the deep 

Møre and Vøring basins, particularly the nature of the high-velocity (Vp>7.0 km/s) lower 

crustal body (LCB) and associated deep seismic reflections (e.g. T-Reflection, Gernigon et al., 

2003; Abdelmalak et al., 2017). One group of researchers interpreted these features as an 

exhumed serpentinized mantle domain in large parts of the deep Møre and Vøring basin 

provinces (Reynisson et al., 2010; Lundin & Doré, 2011; Rüpke et al., 2013; Peron-Pinvidic & 

Osmundsen, 2016, 2018) implying structural similarities with the magma-poor margins. Peron-

Pinvidic & Osmundsen (2016) suggested, for example, that the onset of volcanism in the distal 
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margin was preceded by a phase of mantle exhumation and denudation and that the volume of 

magmatism between magma-poor and volcanic margin were not so significantly different. The 

other group of researchers doubted that the crust underneath the Møre and Vøring basins was 

so drastically thinned and suggested instead that the high-velocity lower crust underneath the 

basin may simply be the remnants of the exhumed old inherited crust later intruded by deep 

sills and magmatic cumulates (Nirrengarten et al., 2014; Abdelmalak et al., 2017; Gernigon et 

al., 2015, 2019; Petersen and Schiffer, 2016; Theissen-Krah et al., 2017; Zastrozhnov et al., 

2018).

Another point of concern is whether the mid-Norwegian margin was involved in either 

several and discrete extension and cooling events during the Cretaceous-Paleocene (Lundin &

Doré, 1997; Doré et al., 1999; Reemst and Cloetingh, 2000; van Wijk and Cloetingh, 2002;

Gernigon et al., 2003, 2004, 2015, 2019; Zastrozhnov et al., 2018), or in a single phase of 

continuous lithospheric deformation leading to breakup which fits an Iberian-type model 

(Peron-Pinvidic & Osmundsen, 2018). Resolving this debate may lead to better understanding 

the thermal evolution of the mid-Norwegian margin and potential in application of classic basin 

evolution models.

For instance, the important question is whether the classic basin evolution model of 

McKenzie (1978) of uniform and instantaneous pure shear extension followed by thermal 

subsidence is applicable for the formation and subsidence history of the large and thick 

sedimentary Møre and Vøring basins. The McKenzie model is an important reference 

mechanism for first-order tectonic predictions in rifted margins (Allen & Allen, 2013). 

However, being generally favorable for rift basins such as the North Sea (Wood & Barton, 

1983; Marsden et al., 1990; Nadin & Kusznir, 1995), proximal margins and sediment-starved 

passive margins such as the Galicia Margin in the Central Atlantic (Moullade et al., 1988), this 

model requires significant modifications for the complex tectonic settings such as the volcanic 

rifted mid-Norwegian margin. The formation of the large and thick sedimentary Møre and 

Vøring basins is associated with distinct periods of rifting and accelerated subsidence, which, 

together with voluminous breakup-related magmatism, cannot be reasonably explained by the 

theoretical subsidence predictions of the McKenzie model.
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Figure 2a. NPD structural elements map of the mid-Norwegian margin (modified from Blystad et al., 

1995, volcanic cover is removed).  
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Figure 2b. An updated structural elements map of the mid-Norwegian margin (pre-breakup structural 

elements) (Zastrozhnov et al., 2020; Gernigon et al., in prep.) compiled from the results of this PhD 

thesis.



27 
 

In an exploration context, the understanding of the crustal nature, thermal and tectonic 

evolution, and sedimentary infill history of the Møre and Vøring basins, has major implications 

for petroleum systems. Recent interpretations of the pre-breakup development of the mid-

Norwegian margin inspired by the Iberian model assumed thin or nearly absent pre-Cretaceous 

sedimentary sequences resting at greater depths on top of the exhumed serpentinized mantle in 

large parts of the outer Møre and Vøring basins (Bergslien & Syvertsen, 2015; Peron-Pinvidic 

& Osmundsen, 2016). Therefore, such a model questions and limits the presence of regionally 

prolific Jurassic play in the outer basins (Bergslien & Syvertsen, 2015). In contrast, a model 

with moderately thinned crust in the outer Møre and Vøring basins still leaves a possibility for 

the prospective pre-Cretaceous sequence to be present at a relatively shallow depth within oil 

and gas maturation window and therefore may facilitate future exploration activities in the area 

(Theissen-Krah et al., 2017; Millet et al., 2020). 

Over the last 15 years, a significant data accumulation including new and reprocessed 

2D seismic reflection and refraction lines, large 3D seismic surveys, regional interpolated 3D 

volume (J-Cube MN), potential field data, new exploration wells, seabed sampling (Figure 3), 

and revised biolithostratigraphic schemes enabled an improved understanding of the mid-

Norwegian margin. Particularly new and reprocessed seismic data achieved a better imaging of 

intra-volcanic sequences and sub-basalt basin geometries in the outer domain of the mid-

Norwegian margin (Figure 4a-b), and deep basin structures in the central parts of the Møre and 

Vøring basins (Figure 5a-b).  
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Figure 3. Regional geological and geophysical dataset used in this PhD thesis. Grey lines - vintage and 

new reflection seismic (data courtesy of TGS), red polygons - 3D seismic surveys, brown polygon - J-

Cube MN 3D volume (data courtesy of TGS), black lines - published refraction data, black dots - 

available well data, yellow dots - seabed sampling (data courtesy of VBPR). 

 

The main goal of this PhD thesis was to compile, integrate and interpret this 

comprehensive geological and geophysical dataset to improve the understanding of processes 

controlling the formation and development of the deep Cretaceous-Paleocene basins of the mid-
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Norwegian margin. During this integrated study 9 regional seismic horizons have been mapped 

out within the entire mid-Norwegian margin using 2D seismic and incoming brand-new 3D 

surveys, and have been calibrated with new wells, revised biolithostratigraphic charts and 

potential field data (Figures 6 and 7). The interpretations were further tested and validated by 

2D potential field and geodynamic modelling. More specifically, this PhD thesis aims to:  

 revise and identify structural elements in the distal and outer basins, which were poorly 

imaged and discussed in previous regional publications; 

 establish an updated tectonostratigraphic framework for the volcanic rifted mid-

Norwegian margin with particular emphasis on the Møre and Vøring basins; 

 study crustal and basin architecture of the mid-Norwegian margin; 

 understand the role of structural inheritance and pre-existing basin topography in the 

formation of the large sedimentary basins; 

 discuss and review existing crustal nature and evolution scenarios for the interpreted 

sequence of tectonic events in the basins; 

 evaluate validity of applying magma-poor Iberian type of passive margins scenario for 

the mid-Norwegian case; 

 propose a conceptual model for the pre-breakup development of the Møre and Vøring 

basins; 

 utilize all new observations and interpretations for reappraisal of the prospectivity of 

the yet underexplored Møre and Vøring basins. 
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Figure 4. An example of sub-basalt and intra-basalt imaging improvements in the outer Vøring Basin. 

(a) – original 2D seismic line, (b) – reprocessed seismic line. Data courtesy of TGS. 
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Figure 5. An example of deep basin imaging improvements in the Møre Basin. (a) Vintage GMNR line 

(1994). (b) AMS 3D survey (2019). Data courtesy of TGS. 

 

Finally, an improved mapping of the mid-Norwegian margin presented in this PhD 

thesis led to the compilation of an updated nomenclature map of the mid-Norwegian margin in 

collaboration with Volcanic Basin Petroleum Research (VBPR), Geological Survey of Norway 

(NGU) and TGS (Figure 2b; Appendix C). This new regional map brings a great addition and 

update to Blystad et al. (1995) landmark map (Figure 2a) and will help both academia and 

industry geologists to be introduced to the up-to-date regional framework of the mid-Norwegian 

margin. 
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Figure 6. (a) – Interpreted regional Base Cretaceous Unconformity surface (in twt) showing basin 

configuration of the mid-Norwegian margin and its adjacency. (b) – An example of the integrated 

seismic-gravity-magnetic interpretation, where the regional BCU horizon is jointly interpreted and 

calibrated with potential field data.
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Figure 7. Regional seismic grids interpreted during this PhD work for the entire mid-Norwegian margin. 
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2. Scientific Background 

2.1. Mechanisms of rifting and their impact on rift basin architecture and development 

The mechanism of rifting and subsequent formation of passive margins are generally 

attributed to stretching and thinning of the continental lithosphere (e.g. McKenzie, 1978). Rifts 

are the centres of crustal extension, which can be aborted or instead lead to breakup, oceanic 

spreading and the formation of passive margins. 

The instantaneous and uniform extension of the lithosphere (McKenzie, 1978) is 

considered as the simplest reference model for the rift formation and development. This model 

implies symmetrical and coaxial stretching, and therefore is compliant with the condition of 

pure shear (Figure 8a). The upper crust is affected by brittle faulting, whereas the lower crust 

is extended in ductile manner. The maximum thermal gradient is observed in the centre of the 

rift and is related to passive upwelling of hot asthenosphere, which is required to maintain 

isostatic equilibrium. The tectonic subsidence in rift basins, which is an isostatic response to 

the stretching of the continental lithosphere, comprises of two components: an initial fault-

controlled (syn-rift) subsidence and post-rift thermal subsidence. The initial fault-controlled 

subsidence is instantaneous and is dependent on the initial crustal to lithospheric thickness 

ratios and the stretching factor β, which is the ratio of the initial to the final crustal/lithospheric 

thickness. The following post-rift thermal subsidence is a result of thermal relaxation (cooling) 

of the lithosphere to its pre-stretching conditions and depends only on the applied stretching 

factor (β). It decreases exponentially with time as a consequence of a decrease of heat flow. 

While being favorable for first-order predictions of crustal thicknesses and subsidence 

histories in many rift basins, the McKenzie model assumptions do not always predict variations 

in continental margin architecture (e.g. conjugate asymmetries), modes of crustal thinning, 

accelerated subsidence and syn-rift uplift (e.g. Lister et al., 1986). To explain structural 

asymmetries, which often occur in rift basins and across conjugate margins, Wernicke (1981, 

1985) proposed a model of continental extension by simple shear along large crustal 

detachments. In such a simple shear model, the continental lithosphere extends asymmetrically, 

and the zone of brittle crustal stretching is laterally offset from the zone of ductile lower crustal 

or subcrustal stretching along the detachment (Figure 8b). Therefore, the maximum thermal 

gradient is also offset from the centre of the rift basin in the simple shear model. Consequently, 

it has significant implications for uplift and subsidence patterns in rift basins. In this case, 

crustal stretching produces the fault-controlled syn-rift subsidence in the middle of the rift 

basin, while the lower crustal and subcrustal stretching causes asthenospheric upwelling and 
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tectonic uplift within the proximal part of the rift basin (Figure 8b). Therefore, subsequent 

thermal relaxation and post-rift subsidence is spatially separated from the initial fault-controlled 

subsidence and occur above the sub-crustal stretching zone. 

 

 
Figure 8. Idealized models for crustal extension. (a) - pure shear model of McKenzie (1978), (b) - simple 

shear model of Wernicke (1981, 1985), (c) - hybrid model (e.g. Coward, 1986): simple shear in the crust 

and pure shear in sub-crustal lithosphere. Modified from Fossen (2016) and Lister et al. (1991). 

 

Lister et al. (1986) developed a concept of simple shear lithospheric extension along 

major detachment faults and proposed the existence of so-called upper-plate and lower-plate 

passive margins (Figure 9). The asymmetrical shape of conjugate passive margins, according 

to Lister et al. (1986), is controlled by the dipping direction of the master detachment faults 

either towards the ocean or the continent. The upper-plate passive margin geometry is 

controlled by a continent-ward dipping detachment fault, which comprises crust devoid of 

structures in its hanging wall and is characterized by a narrow continental shelf. The lower-
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plate passive margins are characterized by a wide continental shelf and are controlled by 

seaward dipping detachment faults (Figure 9). The lower-plate margins comprise exhumed 

deep crystalline rocks, which are overlain by tilted blocks with fragments of the upper plate. 

Lister et al. (1986) also highlighted a second-order structuring of passive margins where more 

than one detachment system act, allowing the formation of high-standing undeformed regions. 

In this case, a so-called continental ribbon is bounded by oppositely dipping detachments and 

a marginal plateau is bounded by two detachments zones with the same dip (Figure 10). 

 

 
Figure 9. Detachment-fault model of passive margins with lower-plate and upper plate characteristics. 

Modified from Lister et al. (1986). 

 

 
Figure 10. Paired detachment systems model of Lister et al. (1986) explaining possible variations in the 

crustal architecture of passive margins. 

 

However, compared to the pure shear model, the large-scale simple shear model cannot 

explain the thermal subsidence spatially superimposed on the initial fault-controlled syn-rift 

subsidence, which is the case for many rift basins worldwide (e.g. North Sea). To explain this 

involving detachment faults, hybrid models were proposed (Coward, 1986; Kusznir et al., 

1991), where the upper crust is deformed by simple shear along major detachments, while the 
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ductile lower crust and subcrustal lithospheric mantle are extended coaxially by pure shear 

(Figure 8c). 

Generally, pure shear, simple shear and/or combined simple-pure shear models are the 

main models of rift basin development. However, to explain a variety of geological and 

geophysical observations accumulated over last three decades due to extensive seismic 

acquisition and drilling within the passive margins worldwide, some modifications to these 

models were provided including: a) depth-dependent stretching, where stretching factors vary 

in different lithospheric levels (Rowley & Sahagian, 1986; Huismans & Beaumont, 2002, 

2008); b) magmatic activity influence caused by melting, igneous underplating or dynamic 

support from a hot asthenosphere (White & McKenzie 1989; Skogseid et al., 2000; Geoffroy et 

al., 2015); c) lithospheric phase transitions caused by strong changes in the pressure-

temperature conditions (e.g. Podladchikov et al., 1994; Baird et al. 1995; Kaus et al., 2005; 

Hartz et al., 2017) 

 

2.2. Magma-poor vs magma-rich margins 

Passive margins can be generally divided into magma-poor and magma-rich types (e.g. 

Geoffroy, 2005; Reston, 2009; Franke, 2013; Peron-Pinvidic et al., 2013). This classification 

does not only concern the deformation mode and magmatic budget during continental breakup, 

but also reflects important variations in terms of structural styles and subsidence histories. 

While having similar structural styles in the proximal parts, magma-poor and magma-rich 

margins display contrasting differences in the distal and outer parts (e.g. Franke, 2013; Geoffroy 

et al., 2015; Gernigon et al., 2019).  

Magma-poor margins are generally characterized by extreme rates of crustal thinning, 

which progressively increases towards the oceanic domain and promotes the presence of a 

broad zone of partially serpentinized and exhumed mantle along top-basement detachment 

faults in the distal and outer domains (e.g. Boillot & Froitzeim, 2001; Perez-Gussinye et al., 

2003; Reston, 2007, 2009; Reston & Manatschal, 2011; Peron-Pinvidic et al., 2013) (Figure 

11a). The magma-poor margins generally have low to moderate sediment accumulation rates, 

deep to ultra-deep-water continental breakup and very small to moderate volumes of 

magmatism (e.g. Galicia Margin: Manatschal & Bernoulli, 1999; Mohn et al., 2015; Goban 

Spur, North of Biscay: de Graciansky et al., 1985). 

The magma-rich margins represent the majority of passive continental margins 

(Menzies et al., 2002; Skogseid, 2001; Franke, 2013) and are generally characterized by sub-



39 
 

aerial continental breakup, which results into formation of thick volcanic wedges of seaward-

dipping reflectors (SDRs) along the proto-breakup axis (Hinz, 1981; Mutter et al., 1982; 

Eldholm et al., 1989), extensive emplacement of mafic sills and dikes in the crust and 

sedimentary basins (Planke et al., 2005) and the presence of high Vp (˃7.0 km/s) and high-

density lower crustal bodies (LCB) (e.g. Mjelde et al., 2007, 2009, 2016; Breivik et al., 2014; 

Abdelmalak et al. 2017) (Figure 11b). The sedimentation rates in sag-basins within the magma-

rich margins are usually much higher compared to magma-poor margins (e.g. NE Atlantic vs 

Iberian-Biscay margins: Straume et al., 2019). The magmatism in magma-rich margins are 

often associated with large igneous provinces (LIPs) (e.g. Eldholm & Grue, 1994; Menzies et 

al., 2002) and occurs in relatively short geological time interval of 1-3 Myr (Franke, 2013; 

Abdelmalak et al., 2016a). The origin and composition of LCBs is debated and is commonly 

interpreted to represent either breakup-related mafic underplating (e.g. White & McKenzie, 

1989; Eldholm et al., 1989; Skogseid et al., 1992), old inherited high-grade crust (Gernigon et 

al., 2003; Ebbing et al., 2006; Mjelde et al., 2016; Petersen and Schiffer, 2016; Zastrozhnov et 

al., 2018), highly intruded lower crust (White et al., 2008; Abdelmalak et al., 2017) or 

serpentinized mantle (Ren et al., 1998; Reynisson et al., 2010; Péron-Pinvidic & Osmundsen, 

2016). Such a discussion on the origin of LCBs in the magma-rich margins is particularly due 

to poor seismic imaging of deep basin structure in the outer domain below a thick volcanic pile 

and non-uniqueness of petrophysical values of the crust obtained from potential field modelling 

exercises and refraction experiments (e.g. Saltus & Blakely, 2011; Peron-Pinvidic et al., 2016). 
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Figure 11. Two archetypal end-members of passive margins. (a) – Schematic crustal section along 

magma-poor “Iberian type” passive margin, which is characterized by progressive thinning of 

continental crust and exhumation and serpentinization of underlying lithospheric mantle, (b) – 

Schematic crustal section along the outer part of the “mid-Norwegian type” of magma-rich volcanic 

margins, which is characterized by voluminous extrusive and intrusive magmatism and presence of 

enigmatic high Vp (˃7 km/s) lower crustal body (LCB). Modified from Gernigon et al. (2006). 

 

A significant reappraisal of the passive margins allowed Peron-Pinvidic et al. (2013) 

and Peron-Pinvidic & Manatschal (2019) to postulate global first-order similarities both 

between magma-poor and magma-rich margins. As a corner-stone model they implied the 

structure and development of the well-studied and drilled Newfoundland-Iberian conjugate 

margin, which is traditionally referred as “archetypal magma-poor margins” (Peron-Pinvidic et 

al., 2013). They propose that each passive margin goes through the same sequence of 

deformations starting from (1) the stretching in a proximal domain, followed by (2) extreme 

crustal thinning and mantle exhumation in the distal domain, and (3) subsequent magmatism 

and oceanization in the outer and oceanic domains respectively. These phases assume a general 

continuum of crustal and lithospheric deformations which migrate successively oceanward until 

continental breakup is achieved. Local structural and evolution variations between passive 

margins or their segments, according to Peron-Pinvidic et al. (2013), can be explained by the 
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crustal inheritance influence, extension rates, thermal and compositional lithospheric states and 

rheology. In their model, the volcanic rifted mid-Norwegian margin resembles the Iberian type 

of passive margins (Figure 12a) displaying similar crustal architecture, and sequence and rates 

of deformational events, with only contrasting difference in the voluminous magmatic phase in 

the outer domain in the mid-Norwegian margin (Peron-Pinvidic & Osmundsen, 2016, 2018). 

 

 
Figure 12. Two recent crustal models proposed for the mid-Norwegian margin. (a) – “Iberian type” 

model suggesting similarities with the magma-poor margins, where the distal and outer domains 

represent zone of exhumed/serpentinized mantle with no continental crust preserved. The deep T-

reflection in this case represents a top of exhumed and serpentinized lithospheric mantle. Modified from 

Peron-Pinvidic et al. (2016, 2018). (b) – “Marginal Plateau” model proposed in this PhD thesis 

(Zastrozhnov et al., 2020). The distal domain is characterized by thinned crust with local mantle 

serpentinization windows, while the outer domain represents a marginal plateau, which is an elevated 

crustal block. The deep T-reflection in this case represents a top of inherited high Vp lower crustal body 

mixed with breakup-related mafic and ultra-mafic material. 
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However, such a uniform model for the development of passive margins was 

extensively questioned, especially for the case of polyphased and volcanic (magma-rich) 

passive margins (e.g. Geoffroy et al., 2015; Davis & Lavier, 2017; Guan et al., 2019) and the 

mid-Norwegian margin in particular (Gernigon et al., 2015, 2019; Theissen-Krah et al., 2017; 

Zastrozhnov et al., 2018, 2020). Geoffroy et al. (2015) summarized observations from the South 

and North Atlantic volcanic margins and concluded that sharp transition from continental rifting 

to oceanic crust formation does not require mantle exhumation and appears to be a fundamental 

feature of volcanic passive margins. Geoffroy et al. (2015) argued that extreme lithospheric 

extension is not the one and only prerequisite for continental breakup. This can simply be 

achieved by magma support (e.g. Buck & Karner, 2004) expressed by voluminous mafic diking 

into the crust which therefore may localize the deformation and increase rapidly the lithosphere 

(e.g. Callot et al., 2001; Yamasaki & Gernigon, 2009). In their numerical modelling, Davis & 

Lavier (2017) also concluded that a thick continental crust preserved in the outer domain may 

be a favorable factor for the formation of volcanic passive margins. Moreover, subaerial 

breakup conditions in the outer domains of the magma-rich margins should be supported by the 

presence of relatively elevated continental block there, which is not the case for deep-water 

outer domains of Iberian-type margins. Geochemical study of breakup-related volcanics in the 

mid-Norwegian margin showed that magma mixing between asthenospheric and upper crustal 

melts must have occurred prior to their emplacement in the Vøring and Møre Marginal highs 

(Meyer et al., 2007, 2009; Abdelmalak et al., 2016a; Bakke, 2017). Also it was shown that the 

LCBs and associated deep crustal reflections (T-Reflection, UH-Reflection) in the outer and 

distal domains of the mid-Norwegian margin were affected by faulting long before breakup 

meaning that they were present before significant thinning of the crust and the initiation of 

magmatism (Gernigon et al., 2003, 2004; Zastrozhnov et al., 2018, 2020). While the T-

Reflection coincides with high gravity signal, its regional magnetic signature in the mid-

Norwegian margin is markedly low compared to exhumed mantle ridges in the Iberian margin 

(Zastrozhnov et al., 2020). Combination of these observations does not support breakup-related 

magmatic underplating as a primary model for the LCB emplacement and also cast doubts on 

serpentinized mantle origin of the LCB and therefore support its primarily crustal origin. 

The final architecture and timing of rift systems of magma-poor and magma-rich 

margins may also reflect first-order orogenic inheritance. As such, Chenin et al. (2015) showed 

that distribution of magma-rich margins in the North Atlantic coincide with the Caledonian 

orogenic lithosphere, while magma-poor margins tend to develop over the Variscan orogenic 

lithosphere. Chenin et al. (2015) also documented a significant time lag between necking and 



43 
 

breakup in the NE Atlantic magma-rich margins, which in the order of 80-100 Myr or more, 

while for the NE Atlantic magma-poor margins this deformation period does not exceed 45 

Myr. This notable difference in the pre-breakup deformation duration between magma-poor 

and magma-rich margins, however, is not reported in the South Atlantic passive margins 

(Mohriak et al., 2008; Mohriak & Leroy, 2013). 
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3. Regional Geological Framework of the mid-Norwegian margin 

The mid-Norwegian margin consists of three large segments: Møre, Vøring and 

Lofoten-Vesterålen, which are about 400-500 km each and separated respectively by the Jan 

Mayen Corridor and Bivrost Lineament (Figure 2b). These segments developed along the mid-

Norwegian passive margin display significant contrasts in structural style on both lithospheric 

and basin scales, timing of basin subsidence and basin infill history. 

The Møre Margin has a narrow pre-Cretaceous platform domain (Møre Platform) which 

to the west passes into the wide and deep Cretaceous Møre Basin. To the west towards the 

continent-ocean ‘boundary’ (COB), the Møre Basin is confined by the wide and shallow pre-

Cretaceous Møre Marginal Plateau (Gernigon et al., 2015; Theissen-Krah et al., 2017; Manton 

et al., 2018; Millet et al., 2020), which is partly covered by the breakup-related volcanics of the 

Møre Marginal High (Figure 2b). 

Compared to the Møre Margin, the Vøring Margin has a wide proximal domain 

(Trøndelag Platform), which is bounded to the west by the Halten and Dønna terraces. Further 

west the wide distal domain is formed by the large and deep Cretaceous Vøring Basin, which 

is dissected by an elongated boundary fault system of the Fles Fault Complex. The outer part 

of the Vøring Basin extends to COB and represents a series of Late Cretaceous-Paleocene 

structural highs (Gjallar Ridge, Nyk High, Grimm High, Skoll High) separated by sub-basins 

(Hel Graben, Vigrid and Någrind Synclines, Fenris Graben). 

The Lofoten-Vesterålen Margin is characterized by narrow and elevated Cretaceous 

sedimentary basins, bounded by basement highs (Figure 2b). The thickness of continental crust 

in the Lofoten-Vesterålen Margin appears to be much larger than in the greatly extended Møre 

and Vøring basins further south (Faleide et al., 2008; Tsikalas et al., 2012; Maystrenko et al., 

2017a, 2017b). 

The formation of the mid-Norwegian margin together with other NE Atlantic adjacent 

and conjugate continental margins is the result of the continental breakup between Baltica and 

Laurentia in the early Eocene (Faleide et al., 2008; Abdelmalak et al., 2016a; Gernigon et al., 

2019). The pre-breakup rifting development of the mid-Norwegian margin is characterized by 

a series of extensional events developed after the collapse of the Scandinavian Caledonides in 

the Late Devonian-Early Carboniferous and before the late Paleocene-earliest Eocene 

formation of a distal volcanic margin (Doré et al., 1999; Brekke et al., 2001; Faleide et al., 

2008; Tsikalas et al., 2012; Gernigon et al., 2019). 

The late Paleozoic-early Mesozoic rifting history of the mid-Norwegian margin was 

controlled by the pre-existing Caledonian grain. It is expressed by apparent structural 
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coincidence between rift localization and orientation, and ancient Caledonian axes (Doré et al., 

1997; Schiffer et al., 2019). It is believed that the first rifting phase was in the mid-

Carboniferous time, but it remains poorly constrained in the mid-Norwegian margin and was 

suggested based on structural observations onshore East Greenland (e.g. Stemmerik et al., 1993; 

Stemmerik, 2000). The seismic evidence of subsequent Permo-Triassic extension is well 

documented in the Trøndelag Platform and was interpreted to culminate in the Early Triassic 

(Müller et al. 2005). 

The Middle to Late Triassic and earliest Jurassic represent a post-rift phase with relative 

tectonic quiescence, when the area experienced a prominent paleogeographic change from 

marine to coastal and lacustrine sedimentary environments (Brekke et al., 2000; Müller et al. 

2005). This quiescent period was followed by intermittent and moderate Early and Middle 

Jurassic stretching events (Blystad et al., 1995; Martinius et al. 2001; Ravnås et al., 2014). The 

Lower-Middle Jurassic strata (mainly sandstones) reflect shallow marine deposition prior to the 

onset of the next major rift phase. 

The Late Jurassic–earliest Cretaceous rifting event is related to northward propagation 

of Atlantic rifting and reflects major extension and crustal stretching in the NE Atlantic (Lundin 

& Doré, 2011; Stoker et al., 2017). The stretching of the crust and block faulting created 

accommodation space where syn-rift deposits were accumulating. During this period the 

development of large and deep Cretaceous sedimentary basins in the distal part of the mid-

Norwegian margin (e.g. the Møre and Vøring basins) was initiated (Blystad et al., 1995; Brekke, 

2000; Zastrozhnov et al., 2020). Continuous stretching led to the localization of the central 

basin high system (e.g. Ervik Ridge, Vigra High, Slettringen Ridge; Figure 2b), activization of 

border faults (e.g. Klakk Fault Complex), and initial structural individualization of marginal 

plateaus in the outer basin domains (Zastrozhnov et al., 2020). Since the Barremian and up to 

the mid-Albian the extension mode shifted from stretching to severe thinning which was 

localized and accommodated by large detachment faults along the central basin high system. In 

the Early Cretaceous the outer portion of the mid-Norwegian margin including the marginal 

plateaus and isolated basement highs (e.g. Rån Ridge, Vigrid Syncline, Nyk High) were 

affected by local extensional episodes (e.g. Gernigon et al., 2003; Zastrozhnov et al., 2018; 

2020), which, however, were accompanied by a moderate stretching of the crust. Since the mid-

Albian up to recent the central Møre Basin was regionally subjected to thermal cooling and 

passive sedimentation without any significant tectonism. The thermal cooling in the central 

Vøring Basin lasted until the mid-Cenomanian/Turonian, when it was followed by renewed 
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extensional phase affecting mainly the Rås and Træna basins, and locally the Gjallar Ridge 

(Zastrozhnov et al., 2018; 2020). 

Since the mid-Campanian and up to the final breakup and onset of sea floor spreading 

in the earliest Eocene, the main deformation axis started to progressively migrate from the 

central Vøring Basin towards the line of breakup, which resulted in the formation of such 

structural elements as the Nyk High, the Hel Graben, the Hel Terrace and the Grimm High and 

associated sub-basins. The Late Cretaceous-Paleocene structural development of the outer 

Vøring Basin has been reconsidered and attributed to extensional processes (Zastrozhnov et al., 

2018; 2020), rather than compressional buckling (Brekke, 2000; Lundin et al., 2013). In the 

outer Møre Margin and western termination of the Jan Mayen Corridor, the presence of the Late 

Cretaceous-Paleocene extension is questionable, but if present, it was likely localized and 

expressed by block faulting in the Kolga High and in the sub-basalt Bylgja Ridge. 

The Late Cretaceous-Paleocene extension was followed by the continental breakup and 

associated extrusive and intrusive magmatism in the mid-Norwegian margin. The final breakup 

was diachronous and initiated in the Thanetian at 57-58 Ma in the Møre segment and later 

propagated to the outer Vøring Margin in the early Ypresian at 56-55 Ma (Gernigon et al., 2019; 

Zastrozhnov et al., 2020). The breakup-related magmatism is characterized by emplacement of 

sub-aerial and submarine volcanic facies, whose lateral distribution and thickness variations 

were strongly controlled by the pre-existing basin topography and paleobathymetry, and 

movements along the initiated oceanic fracture zones (Abdelmalak et al., 2016b). The cause of 

breakup-related magmatism in the NE Atlantic is still debated and is usually attributed to rift-

related processes and/or alternative sub-lithospheric processes (White, 1992; Skogseid et al., 

2000; Meyer et al., 2007; Foulger et al., 2005; Foulger & Anderson, 2005) 

The drifting (post-breakup) stage of the development of the mid-Norwegian margin is 

characterized by thermal cooling and subsidence of the sedimentary basins (Faleide et al., 

2008). However, a series of mid-Cenozoic compressional events affected the Vøring Basin and 

Jan Mayen Corridor in the mid-Eocene, Oligocene, mid-Miocene and Pleistocene (Lundin & 

Doré, 2002; Doré et al., 2008). It is expressed by basin inversion structures (Helland-Hansen 

Arch, Modgunn Arch, Naglfar Dome etc.) and local reactivation of structural highs along the 

Fles Fault Complex (e.g. Vimur and Utgard highs) and in the proximal domain (Nordland 

Ridge). These compressional events could be the results of ridge push and coeval spreading 

reorganization in the oceanic domain, and their notable absence in the Møre Basin was 

explained by strain partitioning along the Jan Mayen Fracture Zone (Doré et al., 2008). 
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The Quaternary evolution of the mid-Norwegian margin is closely linked to the northern 

hemisphere glaciation where large and thick glacial depocentres expanded over the Norwegian 

Sea (Hjelstuen et al., 2004). This period was also associated with neotectonic activity including 

large landslides (Laberg & Vorren, 2000; Dahlgren et al., 2002; Haflidason et al., 2004; 

Bellwald et al., 2019) and vertical movements of Scandinavia caused by isostatic response to 

ice sheets during glacial phases (Mangerud et al., 2011; Fjeldskaar & Amantov, 2017; 

Medvedev et al., 2019). 
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4. PhD Publications. Synthesis.

This article-based thesis contains two first-authored publications, one second-authored 

paper and one third-authored paper. One of the first-authored papers was published in Tectonics

in 2018 (Zastrozhnov et al., 2018 – Paper 1) and the second has been recently published in 

Marine and Petroleum Geology (Zastrozhnov et al., 2020 – Paper 3). The second-authored 

paper (Theissen-Krah et al., 2017 – Paper 2) was published in Tectonophysics in 2017. The

third-authored paper has been recently published in Geological Society of London Special 

Publication (Millet et al., 2020– Paper 4).

The seismic mapping results presented in the main papers of this PhD were also 

integrated in two fifth-authored papers, which are included in the Appendix A and B. The first

paper was published in Tectonics in 2017 (Abdelmalak et al., 2017 – Appendix A) and the 

second paper was published in Journal of Geophysical Research: Solid Earth in 2016 

(Abdelmalak et al., 2016b – Appendix B).

The concepts of all the papers were developed within the same project. All together 

these papers highlight the importance of multidisciplinary integrated study of the mid-

Norwegian margin by combining observations from the crustal and lithospheric scale to 

sedimentary/volcanic and prospect levels. These papers mutually contribute to each other and 

form a basis for an updated regional tectonostratigraphic framework of the mid-Norwegian 

margin and the Møre and Vøring basins in particular.

Paper I “Cretaceous-Paleocene Evolution and Crustal Structure of the Northern 

Vøring Paper (Offshore Mid-Norway): Results from Integrated Geological and Geophysical 

Study” investigates the northern Vøring segment of the mid-Norwegian margin. A 

multidisciplinary study including detailed interpretation of new and reprocessed 2D seismic 

data, a complete biostratigraphic re-evaluation of released borehole data and potential field 

modelling of a representative regional transect was performed to constrain the 

tectonostratigraphic framework and crustal architecture of this yet understudied segment of the 

mid-Norwegian margin. The seismic interpretation results show evidence for Barremian-Aptian 

(?) faulting activity in the Någrind Syncline. The present-day configuration of the Någrind 

Syncline was explained by extensional processes enhanced by a Late Cretaceous-Paleocene 

footwall uplift of the adjacent Nyk High. The possible mid-Cenomanian-Santonian extension 

in the Træna Basin was assumed to explain high tectonic subsidence rates obtained from 

backstripping analysis. The seismic interpretation supports the presence of biostratigraphically 

questionable thick Paleocene strata in the Hel Graben. Both structural observations and results 

from potential field modelling do not support the presence of the wide serpentinized mantle 



50 
 

domain in the study area. The high-velocity and high-density LCBs and associated deep crustal 

reflections were interpreted to represent old high-grade Caledonian crust. The specific crustal 

configuration and basin architecture in the northern Vøring margin was explained by the crustal 

boudinage model where the main sub-basins underlain by significantly thinned crust were 

developed in between rigid and thick crustal blocks (“buffers”). The narrow serpentinized 

mantle ‘windows’, if present, were likely localized below these sub-basins. 

Paper II “Tectonic Evolution and Extension at the Møre Margin - Offshore mid-

Norway” presents the study of the Møre segment of the mid-Norwegian margin. An extensive 

compilation of new and reprocessed 2D seismic data was used to better understand the 

development of the Møre Margin. The potential field and forward basin modelling of a 

representative crustal transect across the central Møre Margin was performed to reconstruct the 

crustal architecture and basin development and to estimate stretching factors for each regional 

rifting phase. The results support the presence of the elevated pre-Cretaceous domain in the 

outer Møre Basin, which is referred as the Møre Marginal Plateau. This study also shows that 

the main deposition in the study area took place in the Early Cretaceous and was concentrated 

in the Møre Basin along the flanks of deep-seated structural highs. Since the Cenomanian the 

main subsidence phases and associated depocentres migrated northwards to the Vøring Basin. 

The results of the study also show that the observed and modelled crust are too thick to favor 

the outer portion of the LCB to be of serpentinized mantle origin (e.g. a zone of exhumed 

continental mantle). In turn, the distal LCB was interpreted to be related to magmatic intrusion 

into the inherited lower crust. Finally, the stretching factors along the transect obtained from 

different approaches (forward modelling, backstripping and crustal thinning) were compared 

and discussed. 

Paper III “Regional Structure and Polyphased Cretaceous-Paleocene Rift and Basin 

Development of the mid-Norwegian Volcanic Passive Margin” presents a regional study of the 

large Cretaceous-Paleocene sedimentary provinces of the Møre and Vøring basins. The paper 

uses an extensive dataset of new and reprocessed 2D/3D seismic surveys and new and re-

evaluated well biostratigraphy to investigate crustal and basin architecture of the Møre and 

Vøring basins and examine 4D sequential evolution of the Cretaceous-Paleocene sedimentary 

infill. Several new structural elements have been identified and described in the central and 

outer Møre and Vøring basins including the Ervik Ridge, Bylgja Ridge, Kolga High, Hevring 

High and Dufa High (Figure 2b). Previously defined structural elements in the outer Vøring 

Basin (e.g. Rån Ridge, Vigrid Syncline and Gjallar Ridge) have been revised. Distal elevated 

marginal plateaus defined at the BCU level were suggested to present in the outer Møre and 
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Vøring basins. The paper shows that the Early Cretaceous to Paleocene evolution of Møre and 

Vøring basins is associated with episodic phases of extensional events separated by 

intermediate cooling phases. This study also shows that the Vøring and Møre basins, in details, 

have different structural and sedimentary evolution. Regional Late Jurassic-earliest Cretaceous 

rifting was proposed to continue until mid-Albian time, when it was mainly concentrated and 

accommodated along the central high system in the Møre and Vøring basins. The high 

sedimentation and subsidence rates in Cenomanian-Santonian in the Vøring Basin are explained 

by additional thinning event likely accommodated in the lower crust. Final Late Cretaceous-

Paleocene rifting affected mainly the outer Vøring Basin but is also proposed for the outer Jan 

Mayen Corridor (Kolga High) and the outer Møre Basin (Bylgja Ridge). The overall 

configuration of the Møre and Vøring basins is explained in the concept of Lister et al. (1986, 

1991) where large-scale detachment faults facilitate individualization of distal elevated 

continental blocks (marginal plateaus). The presence of such elevated crustal areas may explain 

emplacement of sub-aerial breakup-related volcanics, which contain traces of significant crustal 

contamination. Therefore, the applicability of Iberian-type margin scenario for the pre-breakup 

development of the mid-Norwegian margin was strongly questioned. 

Paper IV “Basin Structure and Prospectivity of the NE Atlantic Volcanic Rifted 

Margin: Cross-border examples from the Faroe-Shetland, Møre and Southern Vøring Basins” 

discusses and summarizes new seismic mapping results done for the Faeroe-Shetland, Møre 

and southern Vøring basins in terms of basin structure and hydrocarbon prospectivity and cross-

border comparisons between the UK and Norwegian sectors. The work mainly focuses on new 

large 3D surveys alongside extensive 2D surveys recently acquired in the mid-Norwegian 

margin and Faroe-Shetland Basin. New structures in the yet underexplored areas within the 

Møre and southern Vøring basins were described and compared with regionally proven 

hydrocarbon plays. Three major untested basin-margin structural highs (the Rån Ridge, the 

Kolga High and the Bylgja Ridge) have been interpreted to comprise potential pre-Cretaceous 

rocks within drillable depths. In the outer Møre Basin the presence of the sub-volcanic elevated 

pre-Cretaceous crustal domain within the present-day oil and gas maturation window could 

facilitate hydrocarbon generation and subsequent migration into intra-volcanic reservoirs. Such 

conditions were clearly demonstrated in the notable Rosebank discovery in the Faeroe-Shetland 

Basin. Detailed regional mapping of the Base and Top Basalt horizons shows the presence of 

areas where the basalt thickness is only several hundred meters or even down to zero meters 

(e.g. the Kolga High) and therefore highlights targets with reduced volcanic-related drilling 

risks. The Upper Cretaceous-Paleocene play has the main exploration interest both in the mid-
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Norwegian margin and Faroe-Shetland Basin comprising turbidite systems of reservoir quality 

with new potential structures identified within the Helland Hansen and Modgunn arches. 

Furthermore, high-amplitude saucer-shaped clastic intrusions and clear brightening of glacial 

sands in the Neogene-Quaternary interval mapped out in the Møre and southern Vøring basins 

may provide additional exploration interest for the shallow targets, which are proven plays in 

the adjacent Northern North Sea. 

The paper in the Appendix A “The T-Reflection and the Deep Crustal Structure of the 

Vøring Margin, Ofshore mid-Norway”  focuses on the regional distribution and morphological 

features of the so-called deep T-Reflection in the Vøring Margin and subsequently discusses 

possible explanations of its origin. Integrated seismic-gravity-magnetic interpretation of the 

extensive geophysical dataset helped to identify different morphologies of the T-Reflection 

including single and multiple reflections, smooth, rough, faulted and domal shapes. The distinct 

correlation between gravity highs and positive geometries of the T-Reflection supports that the 

reflection represents a high-impedance boundary associated with a high-density and high-

velocity body. Indeed, the T-Reflection in over 50% of the outer Vøring Margin corresponds to 

the top of the lower crustal body defined as the top of the 7+ km/s velocity layer in refraction 

data. Notably, there is no significant magnetic anomaly associated with the T-Reflection. The 

seismic mapping results also show the spatial correlation between T-Reflection, magma 

intrusions and fault planes along basement highs. The results of the study are in favor of the 

complex origin of the T-Reflection representing a mixture of mafic and ultra-mafic cumulates 

and sills and high-grade inherited lower crust. 

The paper in the Appendix B “The Development of Volcanic Sequences at Rifted 

Margins: New Insights from the Structure and Morphology of the Vøring Escarpment, mid-

Norwegian Margin” represents a detailed analysis of complex morphologies of breakup-related 

sub-aerial and shallow marine volcanic sequences along the Vøring Escarpment. The detailed 

2D seismic interpretation shows that the Vøring Escarpment is distinctively segmented 

depending on (1) the sea level change; (2) volumes of magma supply; (3) pre-existing sub-

basalt topography; (4) influence of the adjacent Jan Mayen Fracture Zone; or the mutual impact 

of all the factors. The results of the study highlight the importance of integrated interpretation 

of volcanic facies, sub-basalt topography and regional tectonostratigraphy in order to 

understand the margin development just prior to and during the onset of the continental breakup 

in the earliest Eocene. 

Finally, in the Appendix C the two sheets of the updated structural and magmatic 

elements map of the mid-Norwegian margin, which was presented during the Nordic 
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Geological Winter Meeting in 2020, are included. This map is based on the mapping results of 

this PhD thesis and is now together with the explanatory text in preparations for submission to 

Norwegian Journal of Geology. 
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5. Concluding remarks

An integrated regional interpretation of the new large geological and geophysical 

dataset presented in this PhD thesis allowed to reinvestigate the pre-breakup development of

the entire mid-Norwegian volcanic rifted passive margin (with focus on the Møre and Vøring 

basins) from crustal to sedimentary/volcanic and prospect levels. A better imaging of deep 

basins and sub-basalt domains allowed to identify new and revise previously known structural 

elements. The updated tectonostratigraphic framework for the mid-Norwegian margin is based 

on the most recent high-quality dataset available offshore Norway. An integrated interpretation 

of seismic data calibrated with published refraction data and tested by potential field and 

forward basin modelling augmented understanding of the crustal and basin architecture of the 

Møre and Vøring basins as a part of the mid-Norwegian passive margin.

This PhD thesis questions the assumptions of the presence of a wide zone of 

serpentinized mantle right beneath the large parts of the Møre and Vøring basins. The data 

analysis confirms the primarily crustal nature of the enigmatic high-velocity and high-density

lower crustal body and associated T-Reflection, which was interpreted as exhumed high-grade 

Caledonian crust later mixed with breakup-related mafic and ultra-mafic magmatic material.

Altogether the results of this study suggest that the outer portion of the mid-Norwegian margin 

is underlain by continental blocks (˃5-8 km of thickness) often observed on top of the LCB

(Figure 12b).

This PhD thesis suggests irrelevance of the applicability of the Iberian margin model 

for the mid-Norwegian margin. The mid-Norwegian margin does not show a single extension 

phase from the strong necking event in the Late Jurassic-earliest Cretaceous to the late 

Paleocene-early Eocene lithospheric breakup, but instead experienced a series of episodic and 

localized Cretaceous to Paleocene extensional events which were separated by intermediate 

cooling/relaxation. The time lag between the initial necking event and eventual continental 

breakup in the mid-Norwegian margin is about 100-110 Myr (Figure 12), which is far more 

than observed in the North Atlantic magma-poor margins (35-45 Myr). If the Iberian model 

accepted for the mid-Norwegian margin, the breakup conditions would have been achieved 

around Aptian-Albian time somewhere in the central part of the Møre and Vøring basins.

Instead, the rifting was locally aborted at this time (e.g. the Møre Basin), the lithosphere started 

to cool down and strengthen, and the renewed phases of extension started to migrate laterally

and further jumped towards the future COB (Figure 12b), which extends diagonally across the 

pre-existing rift system. The emplacement of sub-aerial and shallow marine breakup-related 

volcanics with apparent traces of upper crustal contamination disfavor the Iberian scenario, 
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where the breakup usually took place in the deep-water domain with no continental crust 

preserved on top of the mantle. 

The conceptual model of the first-order configuration of the mid-Norwegian margin 

presented in this PhD thesis (Figure 12b) resembles a modified simple-shear model of Lister et 

al. (1986, 1991), where several large-scale detachments control the formation of rift valleys in 

the central basins and elevated marginal plateaus in the outer domains. Additionally, isolated 

ribbons of continental crust (e.g. basement highs) can affect second-order configuration of the 

margin similar to crustal boudinage mode (e.g. Gartrell, 1997) as it was shown for the Northern 

Vøring case (Zastrozhnov et al., 2018 – Paper I). The Lister et al. (1986, 1991) model agrees 

with observations and results presented in this PhD thesis and therefore better explains crustal 

and basin architecture, sedimentary infill, and tectonomagmatic evolution of the mid-

Norwegian margin.  

 

6. Future work 

As is always the case in science, new studies usually do not only answer the questions, 

but raise a series of new questions. This thesis is not an exception and results in several 

important issues: 

(1) The mechanisms of deformations in the lower crust and lithospheric mantle remain 

unclear and require further investigations. An integrated study which combines new 3D 

regional lithospheric models (e.g. Maystrenko et al., 2017a; 2017b), new geological 

observations and realistic 2D-3D numerical modelling is a must to understand what are the 

triggering forces for lower and upper crustal deformations and how did  they affect sedimentary 

and tectonic processes in the basins. Seismic interpretation and regional mapping presented in 

this PhD thesis provide all observations required by modellers to test various scenarios. 

(2) The newly defined Kolga High, Bara High and Bylgja Ridge are located in the outer 

sub-volcanic basin domain and are associated with prominent gravity and magnetic anomalies 

and the presence of deep crustal reflections like the T-Reflection. A detailed seismic 

interpretation of large 3D seismic surveys covering these structures accompanied by potential 

field modelling will help to better assess the crustal architecture and evolution of the outer basin 

province of the mid-Norwegian margin.  

(3) The Fles Fault Complex (FFC) is a major basin boundary in the Vøring segment. It 

dissects almost 12 km of the Cretaceous-Cenozoic section and is segmented along strike by old 

transfer zones into N-S and NE-SW parts. A series of compressional events in the Cenozoic led 

to the local reactivation of the fault system into reverse sense which could govern the growth 
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of the large Helland-Hansen Arch. An additional study will aim to analyze fault 

geometries/morphologies and amplitudes, timing of main fault reactivations and controlling 

factors of localization and nucleation of new faults. The results of this study will be important 

both for the understanding the origin and formation of large and long-lived intra-basin fault 

systems and regional tectonostratigraphic framework of the mid-Norwegian margin. 

(4) The tectonomagmatic development of the outer Vøring and Møre margins also 

remains unclear. New well data and available 2D/3D seismic data will help to restore 

tectonomagmatic and breakup development of this important part of the mid-Norwegian 

margin. This can be achieved by detailed seismostratigraphic mapping of lower and upper vent 

complexes, volcanic sequence boundaries, Cenozoic horizons, faults and compressional 

structures. Such study will result in better understanding of the dynamic of the breakup 

propagation and the diachronous volcanic development of the mid-Norwegian margin recently 

suggested (Gernigon et al., 2019). Detailed mapping is necessary to evaluate properly the subtle 

ages and rates of the Cenozoic magmatic activity in the different marginal segments. 

Eventually, understanding of how the sequential development of breakup-related magmatism 

led to PETM (Paleocene-Eocene Thermal Maximum) conditions is also a fundamental task in 

climate science and current environmental issues. 

(5) It is important to integrate results of this PhD thesis into the conjugate margin 

context to assess the geology and petroleum systems across the entire NE Atlantic province. 

The existing plate reconstruction models allow to restore confidently the positions of Greenland 

and Norway back to the breakup time at 56 Ma, however earlier Paleozoic-Mesozoic plate 

configurations need to be revised and updated. Careful estimations of paleostress orientations 

and stretching factors for major rifting events in each margin segment will help to quantify 

amount of extension and therefore to integrate these results into existing plate reconstruction 

models. 

(6) Challenges also remain in both sub-basalt and intra-basalt imaging. In particular 

seismic attenuation and multiples have proven problematic to confidently interpret sub-basalt 

and intra basalt geological features. Petrophysical properties of volcanic facies are now being 

extensively studied based on well data and onshore analogues. This, together with integrated 

detailed volcanological and sub-volcanic basin interpretations performed in the frame of this 

PhD thesis, can improve seismic velocity models to make them more realistic and workable, 

and strengthen sub-basalt imaging. 

(7) Fossil passive margins sandwiched in orogenic belts onshore are good objects to 

study the crustal nature and development of deep parts of passive margins, which are now 
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uplifted and exposed within orogenic nappes. Compared to well-studied fossil magma-poor 

margins (e.g. Mohn et al., 2012; Masini et al., 2013, 2014; Beltrando et al., 2014; Clerc et al., 

2016), the fossil onshore magma-rich margins are rare and remain poorly studied. It was 

suggested that rigid and dense volcanic outer domains and/or COT of magma-rich margins are 

likely to be lost through subduction in convergence settings (Reston & Manatschal, 2011). 

However, a good example of COT-domain of a pre-Caledonian fossil magma-rich passive 

margin is located in the Scandinavian Mountains and was recently subjected to detailed 

petrological, geochemical and structural studies (Abdelmalak et al., 2015; Jakob et al., 2019; 

Kjøll et al., 2019). A continued study, which combines new incoming data and observations 

both from fossil onshore and offshore magma-rich margins, is necessary to better understand 

processes related to the formation of magma-rich margins. 
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Abstract We present results of a multidisciplinary study of the northern segment of the Vøring
volcanic rifted margin, offshore mid-Norway. This segment represents a transitional margin domain that
is less investigated compared to the adjacent segments of the margin. In order to understand the
geological evolution of the study area, we performed an integrated interpretation of an extensive
geological and geophysical data set. This data set includes recently acquired and reprocessed 2-D
reflection seismic, published refraction data and potential field data, as well as new borehole data.
Two-dimensional potential field modeling was performed to better assess the crustal architecture and
evolution of the northern Vøring Margin. We then consider how crustal-scale structures and processes
affected the basin formation. The outer and distal northern Vøring Margin represents a series of deep
Cretaceous (Træna Basin and Någrind Syncline) and Cretaceous-Paleocene (Hel Graben) sag subbasins
underlain by a significantly thinned continental crust. These subbasins developed in between structural
highs (Utgard, Nyk, and Grimm Highs), which are underlain by a thicker crust and interpreted as a series
of rigid continental blocks (“buffers”). In addition to the regional Late Jurassic-Early Cretaceous rifting
events, we found structural evidence of local Neocomian and mid-Cretaceous extensional reactivation
affecting the northern segment of the Vøring Basin. During the mid-Late Cretaceous-Paleocene, the
extensional axis within the Vøring Basin province migrated sequentially northwestward to the present-day
continent-ocean “boundary”. We also show fundamental differences between the volcanic rifted
mid-Norwegian Margin and nonvolcanic (Iberian-type) margins and how preexisting structures events can
shape the evolution and architecture of the margin.

1. Introduction

The processes through which continental rifting develops into oceanic rifting is a major challenge in the
Earth Sciences. The relationship between continental rifting and magmatism and the transition from rifting
to spreading (e.g., the breakup stage) are still poorly understood and controversial. Important questions
usually concern the following: (1) how much continental extension and thinning of the lithosphere
predates the initiation of oceanic rifting (e.g., Brune et al., 2016; Huismans & Beaumont, 2011; Lavier &
Manatschal, 2006; Van Avendonk et al., 2009), (2) how the rifting and breakup extension are physically
and rheologically accommodated by faulting/shearing and/or igneous additions (e.g., Brune et al., 2012;
Buck, 2006; Ebinger & Casey, 2001; Rosenbaum et al., 2010; Yamasaki & Gernigon, 2009), (3) the role of
inheritance in rift and drift development (e.g., Harry & Bowling, 1999; Petersen & Schiffer, 2016), and (4)
the fundamental magmatic and tectonic differences between “magma-poor” and volcanic rifted margins
(Franke, 2013; Geoffroy et al., 2015).

In this context, we explore the crustal structure and tectonostratigraphic development of the Vøring Margin,
which is a part of the mid-Norwegian Margin (Figure 1). The Vøring Margin is long recognized to be a classic
example of a volcanic rifted margin. It is characterized by a long period of rifting, distal basaltic seaward dip-
ping reflectors (SDRs), extensive distribution of mafic dikes and sills in the continental crust and sedimentary
basins, and the presence of high-velocity (Vp > 7.0 km/s) lower crustal bodies (Abdelmalak et al., 2015, 2017;
Eldholm et al., 1989; Mjelde et al., 2016; Planke et al., 1991; Skogseid et al., 2000).
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The northern part of the Vøring Margin represents a specific transitional structural domain bounded by two
prominent transfer zones—the Surt and Bivrost Lineaments (Figure 1a). However, this particular segment of
the Vøring Margin was poorly documented and less studied in terms of prebreakup tectonic evolution and
crustal architecture. The main period of data acquisition and interpretation that resulted in the development
of the tectonostratigraphic framework of this segment occurred two decades ago. This geophysical and geo-
logical material has been reviewed and summarized in the context of regional tectonics (Blystad et al., 1995;
Brekke, 2000; Lundin et al., 2013; Mjelde et al., 1998; Mosar, 2000; Mosar et al., 2002; Osmundsen et al., 2002;
Planke et al., 1991; Skogseid et al., 1992; Tsikalas et al., 2008). Only a few semi-regional case studies focus on
and document the Late Cretaceous-Paleocene rifting event preceding the breakup (Fjellanger et al., 2005;
Gernigon et al., 2003; Imber et al., 2005; Mogensen et al., 2000; Ren et al., 2003, 1998). Other studies have used
published data sets and materials to underpin potential field modeling exercises (Ebbing et al., 2006; Kusznir
et al., 2005; Maystrenko et al., 2017; Scheck-Wenderoth et al., 2007; Theissen-Krah & Rupke, 2010; Walker et al.,
1997; Wangen et al., 2011).

Various controversial scenarios have been proposed to explain the dynamic and depositional evolution of the
Vøring Margin and its associated basins. The most recent studies have suggested some similarities with the
Iberian (magma-poor) type of passive margins (Lundin & Doré, 2011; Péron-Pinvidic & Osmundsen, 2016;
Reynisson et al., 2010; Rüpke et al., 2013) implying the presence of relatively wide, serpentinized/exhumed
mantle domains in the central, distal, and volcanic parts of themargin. In contrast, other publications consider
fundamental differences with magma-poor margin (Iberian type) highlighting the role of crustal inheritance
and rift duration on passive margin development and showing that there are no clear prerequisites and clear
evidence to support a broad zone of mantle exhumation/serpentinization within the mid-Norwegian Margin
(Abdelmalak et al., 2017; Gernigon et al., 2003, 2004, 2015; Maystrenko et al., 2017; Nirrengarten et al., 2014;
Petersen & Schiffer, 2016; Theissen-Krah et al., 2017). One of the debate concerns the origin and geological
interpretation of the strong crustal reflections underlying mostly Cretaceous highs and basins in the distal
and outer domains of the margin. This is a key aspect to consider in defining a model of the development of

Figure 1. (a) Updated nomenclature map of the northern mid-Norwegian Margin with prebreakup structural elements. The fault pattern is mainly based on this
study and modified from Blystad et al. (1995) and Gernigon et al. (2003). Locations of seismic close-ups are shown in purple solid lines. Extent of isochore maps is
defined by black rectangle. (b) Geological and geophysical data set used in this study: Red circles = expended spread profiles (centers), solid black lines = ocean
bottom seismometers profiles, solid light gray lines = reflection seismic, and yellow circles = main wells used in this study.
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the mid-Norwegian Margin and the Vøring segment in particular. A better combination of multidisciplinary
geological data sets (refraction and reflection seismic, gravity and magnetic, biostratigraphy/
lithostratigraphy, structural geology, tectonic and potential field modeling, etc.) is therefore necessary to vali-
date both sedimentary and crustal interpretations (see Saltus & Blakely, 2011, for a discussion).

In this contribution, we use new and reprocessed seismic data sets, combined with recently released and
revised well biostratigraphy, in order to refine the basin architecture and the Cretaceous-Paleocene tectonic
evolution of the northern Vøring Margin. Over the last decade, a new generation of long-offset, high-quality
seismic reflection profiles covering the entire mid-Norwegian Margin has permitted an improvement in the
imaging of the deep basin structures and allowed better regional seismic interpretation. Our seismic reflec-
tion interpretation is compared with available ocean bottom seismometers (OBS) data and expanded spread
profiles (ESPs) and combined with a potential field modeling along a representative NW-SE oriented crustal
transect across the northern Vøring Margin. This multidisciplinary approach allows us to evaluate the proper-
ties of the deep structures beneath the sedimentary cover and test hypotheses about the style of crustal
deformation and sedimentation in a poly rifted volcanic margin setting. We finally propose and discuss a
crustal and tectonic scenario for the rifted margin evolution.

2. Regional Setting

The present structure of the Vøring Margin off mid-Norway is a result of several post-Caledonian extensional
episodes culminating with the complete separation between Norway and Greenland in the earliest Eocene
(Brekke, 2000; Faleide et al., 2008; Talwani & Eldholm, 1977). The Vøring Margin can be divided into a series
of second-order structures (basins, highs, grabens, etc.) (Figure 1a) formed during Late Jurassic-Early
Cretaceous and Late Cretaceous-Paleocene rifting (Blystad et al., 1995). Additional extensional events took place
in mid-Cretaceous time (Bjørnseth et al., 1997; Gernigon et al., 2003; Lundin & Doré, 1997; Pascoe et al., 1999;
Roberts et al., 2009) but is still a matter of debate because some authors believe that themid-Cretaceous period
was dominantly a quiet tectonic period (Færseth, 2012; Færseth & Lien, 2002). The Late Cretaceous-Paleocene
rifting phase, which culminated in continental breakup near the Paleocene-Eocene transition (56 Ma), was asso-
ciated with extensive and voluminous magmatic activity (Eldholm et al., 2002). This large magmatic event is tra-
ditionally correlated with the arrival of the Icelandic mantle “plume” (Skogseid et al., 2000) and/or independent
sublithospheric processes (Foulger, 2010; Meyer et al., 2007; Simon et al., 2009; van Wijk et al., 2001).

The postbreakup evolution of the Vøring Margin is characterized mainly by thermal cooling and regional sub-
sidence of the sedimentary basins (Brekke, 2000; Faleide et al., 2008). A mid-Cenozoic compressional event is
also expressed by a number of inversion structures (domes/arches, reverse faults, etc.), which are likely the
result of a compressive stress dominantly induced by ridge push (Doré et al., 2008; Vågnes et al., 1998).
The final development of the margin is closely linked with Northern Hemisphere glaciation events, when
large Plio-Pleistocene depocenters expanded over the area, increasing the regional subsidence and tilt of
the margin (Faleide et al., 2008; Hjelstuen et al., 1999; Rise et al., 2005).

The northern Vøring Margin segment, which forms the focus of this study, is located west of the Nordland
region onshore Norway (Figure 1). The Trøndelag Platform, which defines the proximal part of the margin seg-
ment, is a large and shallow platform containing post-Caledonian Late Paleozoic to Late Mesozoic basins
(Figures 1 and 4a). The distal and outer parts of the Vøring Basin province are characterized by NE-SW oriented
structural basin highs (e.g., the Utgard High and the Nyk High) and deep subbasins (e.g., the Traena Basin, the
Någrind Syncline, and the Hel Graben) (Figures 1 and 4a). The northern Vøring Basin is bounded by the Surt and
Bivrost Lineaments defined between the adjacent central VøringMargin segment and the LofotenMargin to the
north (Figure 1). The transition to the outer margin domain is strongly affected by Late Cretaceous-Paleocene
extensional deformation within the so-called Grimm-Rym-Nyk structural “ring”which resulted in the formation
of the deep Paleocene Hel Graben and the newly defined Hermod Basin (Figure 1). The outer domain is out-
lined by the Paleocene Hel Terrace and Grimm High; the latter is covered by relatively thin breakup-related
volcanic sequences and is interpreted as a deep-seated structural high (Abdelmalak, Planke, et al., 2016).

3. Data Set and Methods

We interpreted a large set of high-quality seismic reflection lines acquired and processed by TGS (Figure 1b).
The seismic data are time migrated with a positive amplitude at the seabed and are of good to excellent
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quality, although some deterioration occurs below sill intrusions. The potential field data were provided and
processed by TGS. Well formation tops were obtained from the Norwegian Petroleum Directorate (NPD) (NPD
factpages, 2017) and the Norwegian Offshore Stratigraphic Lexicon (NORLEX) group (Gradstein et al., 2010).
The raw results of biostratigraphic analyses and wireline logs for well 6608/2-1S have been provided by the
NPD but have been reevaluated by RPS Ichron (see Appendix A and Figure A1).

The seismic data set has been jointly interpreted together with potential field data (Figure 2) and published
crustal-scale velocity data (Figure 1b) derived from ocean bottom seismometers (OBS) and expanded spread
profiles (EPS) surveys (Digranes et al., 1998; Mjelde et al., 1998; Planke et al., 1991).

3.1. Seismic Interpretation

The regional seismic interpretation has been carried out using IHS Kingdom software. The line spacing of the
final data set (Figure 1b) ranges from 0.2 to 2 km, which was sufficient enough to confidently tie the different
seismic units mapped in this study. We interpreted a set of regional Cretaceous-early Cenozoic seismic hor-
izons over the entire northern Vøring Margin (Figure 3). These units were correlated with the well database.
The final regional horizons include the following: the Base Cretaceous Unconformity (BCU), mid-Albian (?)
(MA), mid-Cenomanian (MC), Top Turonian (TT), intra mid-Campanian (IMC), the Base Tertiary
Unconformity (BT), and Top Paleocene (TP) (Figure 3). Additionally, several pre-Cretaceous reflections were
picked on the Trøndelag Platform, while Top Santonian (TS) and Base Late Pliocene (BLP) have been inter-
preted locally. We constructed a number of time-thickness (isochore) maps (Figure 11) in order to highlight
the regional configuration of the main depocenters, their migration through time and space, and their rela-
tionship with the deep crustal architecture of the margin.

The crustal structure for the proximal part (Trøndelag Platform) was obtained from the reflection data where
the interpreted top crystalline basement (TB) marker can be reliably identified over the area and tied with
wells. To further constrain the crustal structure of the deep Vøring Basin, we compared the seismic interpre-
tation with the top basement grid from a 3-D lithospheric model (previously published by Scheck-Wenderoth
and Maystrenko, 2011). In the areas where the top basement grid crosses confidently interpreted sedimen-
tary successions, we moved it down to a depth level consistent with the seismic observation since the new
and reprocessed long-offset seismic data allow us now to more confidently identify deeper strong midcrustal
reflections in the sedimentary basin. Most likely deeper than 10–11 s two-way travel time (TWT), the Moho is
barely recognized on the seismic reflection data; as a result, we used OBS and ESP data and potential field
modeling results to identify and map the Moho.

Figure 2. Potential field data for the northern Vøring Margin. (a) The 50 km high-pass-filtered Bouguer data. (b) The 50 km high-pass-filtered magnetic data. COB =
continent-ocean “boundary”, DT = Donna Terrace, FG = Fenris Graben, GH = Grimm High, GS = Gleipne Saddle, GrH = Grønøy High, HB = Helgeland Basin, HG = Hel
Graben, HT = Halten Terrace, HmB = Hermod Basin, LR = Lofoten Ridge, NGR = North Gjallar Ridge, NH = Nyk High, NS = Någrind Syncline, JH = Jennega High,
RB = Rås Basin, RH = Røst High, RR = Rån Ridge, RbB = Ribban Basin, RsB = Røst Basin, SGR = South Gjallar Ridge, SH = Sandflesa High, SkH = Skoll High, TB = Træna
Basin, UH = Utgard High, UR = Utrøst Ridge, VB = Vestfjorden Basin, VDT = Valflesa Deep Terrace, VS = Vigrid Syncline. Data courtesy of TGS.
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3.2. Potential Field Data

The 50 km high-pass-filtered Bouguer gravity anomaly map processed by TGS (Figure 2a) reveals a complex
pattern of high- and low-amplitude anomalies along the margin. High-pass filtering of the data makes it pos-
sible to dissociate gravity anomalies caused by shallow basement structures from density variations in the
deepest crust and/or the upper mantle. Cutoff wavelengths of 50 km emphasize density contrasts with
source depth usually deeper than 10 km.

The 50 km high-pass-filtered magnetic data (Figure 2b) are based on the Mid-Norway Aeromagnetic
Compilation by TGS, including the most recent ship track and aeromagnetic surveys in the Vøring Margin.
Within the continental domain, these data allowed identification of themain deep-sourcedmagnetic anoma-
lies. It provides information about the deep continental basement rocks expected below the nonmagnetic
sedimentary cover. The 50 km high-pass-filtered potential field data were included in the seismic project,
scaled to two-way travel time, converted to pseudohorizons, and displayed on the seismic lines to facilitate
the joint interpretation of the seismic, gravity, and magnetic data.

3.3. Potential Field Modeling of the Northern Vøring Transect

Potential field modeling is a useful technique to evaluate and check further basement depth, nature, and
properties. To illustrate the crustal configuration of the northern Vøring Margin, a 2-D potential field model-
ing has been carried out along a characteristic NW-SE section striking from the Helgeland Basin on the
Trøndelag Platform up to the continent-ocean “boundary” (Figure 4). This section illustrates the main crustal
configuration interpreted beneath the main structural highs and subbasins described in this study. The for-
ward modeling has been carried out using the commercial software GM-SYS integrated within the
GEOSOFT Oasis Montaj software. The modeling itself is based on the conventional and original method of
Talwani (1973), where sets of irregular polygons with different physical properties along a 2-D transect create
magnetic and gravity signals that are then compared with the observed potential field values. The geometry
and properties of the polygons are changed accordingly until the best fit between the observed and calcu-
lated signal is achieved.

The 2-D margin transect was first depth converted using hiQbe™Mid-Norway, a regional high-quality seismic
velocity cube covering the entire mid-Norwegian Margin (http://www.first-geo.com/products/hiqbe/nor-
way). The velocity cube has been compiled from 536 seismic stacking velocity data sets, including the stack-
ing velocities along the transect, employing proprietary and industry standard geostatistical methods. The

Figure 3. Tectonostratigraphic summary of the study area. Time scale after Cohen et al. (2013).
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stacking velocities are calibrated to 230 check shots from wells, compensating for delta anisotropy—a para-
meter describing the near-vertical P wave propagation (Thomsen, 1986). At depths below well control, the
delta anisotropy cannot be calculated directly from the well check shot. Calibration was then achieved by
extrapolating the delta anisotropy downward in such a way that the hiQbe™ velocities are comparable to
those derived from seismic refraction modeling of OBS data (e.g., Ní Dheasúna et al., 2012).

The software TecMod 2-D was also used to estimate total and tectonic subsidence rates for a series of rifting
episodes in the Træna Basin calculated with forward modeling and classic backstripping approach.
Kinematic, isostatic, and thermal principles of these approaches and their comparison are described in detail
by Rüpke et al. (2008, 2010), Theissen-Krah and Rüpke (2010), and Clark et al. (2014).

4. Results
4.1. Geological Structure, Seismic Interpretation, and Correlation With Potential Field Data Along
the Transect

Transect in Figure 4a illustrates the main basin and structural configuration of the northern Vøring Margin.
The 342 km long transect strikes NW-SE from the Ylvingen Fault Zone at the Helgeland Basin on the
Trøndelag Platform across the Vøring Basin and terminates close to the expected continent-ocean “boundary”.

The Trøndelag Platform defines the proximal and shallower part of the margin segment and shows
Devonian-Early Carboniferous? to Jurassic basins (Blystad et al., 1995; Osmundsen et al., 2002) bounded to
the east by the Caledonian basement that crops out in the onshore part. The structure of the thick Late
Paleozoic basin (up to 6 km) is dominantly controlled by fault systems (Figure 4), which were possibly
initiated during post-Caledonian orogenic collapse and then sequentially reactivated during
Carboniferous?-Permian rifting episodes (e.g., Doré et al., 1999). To the west, this Late Paleozoic basin extends
to a prominent basement horst lying at the northern prolongation of the Nordland Ridge (Figures 1a and 4a).
Due to high density, this basement horst coincides with a pronounced gravity anomaly observed at that level
(Figures 2b and 4b). We were able to tie a top basement marker to well 6609/7-1, where this horst structure
was drilled and basement rocks were reached at a shallow level of 1,912 m (NPD factpages, 2017). The recov-
ered rocks predominantly consist of pre-Cambrian quartzite and other low-medium-grade metamorphic
rocks with evident sedimentary origin (Slagstad et al., 2011).

Later Mesozoic faulting activity in the area generated second-order half-grabens, grabens, and horst struc-
tures. Triassic to Jurassic sediments covered the deep Late Paleozoic basin and the basement horst and were
subsequently peneplained in the Nordland Ridge at the BCU level. The superimposed Helgeland Basin
(Figure 4a) observed in the inner platform contains a mainly Early Cretaceous sedimentary fill (Blystad et al.,
1995; Brekke, 2000).

Our seismic interpretation shows basinward dipping fault systems at the northwestern flank of the Nordland
Ridge/Grønøy High (Figure 5). Those faults controlled the Cretaceous evolution of the narrow and deep
Træna Basin, which was poorly imaged by the previous seismic data sets. Compared to surroundings, the
Træna Basin is characterized by NE trending negative gravity and magnetic anomalies (Figure 2). Despite a
uniformly deep configuration of the basin along its strike, we observed a subtle increase of the magnetic
and gravity signal (Figure 2) toward the Lofoten-Vesterålen Margin, which coincides with a strong seismic
reflection underlying the deep-seated pre-Cretaceous fault blocks (Figure 5). The transition to the adjacent
deep Rås Basin is marked by prominent north trending, relatively strong, positive gravity and magnetic
anomalies (Figures 2 and 5) lying in the prolongation of the Surt Lineament, which is interpreted as an old
inherited basement structure (Blystad et al., 1995). Our interpretation highlights a deep basin configuration
(BCU at 7–8 s in the axial part; Figure 5). Regional mapping and our revised calibration suggest thin Lower
Cretaceous successions (about 1 s TWT) underlying thick Coniacian to mid-Campanian sequences (Figure 5).

The northwestern flank of the Træna Basin is defined by the Utgard High. This prominent basement high,
which is characterized by a strong NE trending gravity anomaly, can be divided into two segments
(Figure 2a). The gravity anomaly is clearly connected to a prominent high-amplitude reflection observed in
the deep part of the high (Figure 6). We have to note here that the observed reflection represents some local
deep features and we were not able to establish any direct and spatial connection with the notable and simi-
lar deep T-Reflection defined and described farther west in the outer part of the Vøring Basin (see Abdelmalak
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et al., 2017; Gernigon et al., 2003). In this study, we named it the UH (Utgard High)-Reflection to specify the
difference from the T-Reflection. In the southern segment of the Utgard High, the UH-Reflection shows a
gently undulating configuration at a relatively deep level (7.5–8 s TWT) (Figures 6a and 6b). In the northern
segment the UH-Reflection shallows up to 5 s TWT, where it fits well with a stronger gravity signal
(Figures 6c and 6d). In its shallow part, the UH-Reflection is disrupted and displaced both by a series of
Late Jurassic-Early Cretaceous (and older?) and Late Cretaceous-Paleocene landward dipping normal fault
systems (Figures 6b and 6d) that control the structural development of the Utgard High (Blystad et al.,
1995; Skogseid et al., 1992).

The recent drilling results (well 6608/2-1S) in the northern Utgard High indicated that the BCU is much deeper
than was previously thought (Blystad et al., 1995; Brekke, 2000), with sediments from the Lower Cretaceous
Lyr Formation still preserved at the well bottom (5.6 km; see Appendix A). Accordingly, we could not expect
much pre-Cretaceous sediments in the northern Utgard High (1–1.5 km thick) if we assume the potential
basement origin of the UH-Reflection (see also modeling results and discussion). Furthermore, our biostrati-
graphic reinterpretation of well 6608/2-1S (see Appendix A and Figure A1) suggests a significant thickness of
the Lower Cretaceous sediments (>1.1 km) and a thinner Turonian interval in comparison to the previous
predrilling interpretations (Blystad et al., 1995; Brekke, 2000). The Turonian interval of the well is considered
to be either condensed or representative of a stratigraphic unconformity. Our biostratigraphic analysis of well
6608/2-1S confirms the presence of Middle-Late Turonian biomarkers and also suggests a lack of Early
Turonian assemblages. Tentatively, we explain the lack of early Turonian biomarkers by the presence of an
unconformity within the early and partly middle Turonian intervals apparently missing from the section.

Farther to the northwest, the Utgard High flanks the Någrind Syncline, a 10 km thick deep Cretaceous sag
basin better imaged now with the new seismic data (Figure 7). The Surt Lineament separates the Någrind
Syncline from the Vigrid Syncline in the southwest, whereas its northern continuation is limited by the
Bivrost Lineament (Figure 1a). Like the Træna Basin, the Någrind Syncline also corresponds to strong negative
gravity and magnetic anomalies (Figure 2). The tectonic history of the Någrind Syncline is strongly related to
the Late Jurassic to Paleocene development of the adjacent highs (the Nyk and Utgard Highs) and the

Figure 5. Composite seismic line showing configuration of the deep Træna Basin with relatively thin Lower Cretaceous and thick Upper Cretaceous successions:
(a) uninterpreted and (b) interpreted. Pre-Cretaceous fault blocks are underlain by the deep crustal reflection associated with the increase of a gravity signal and
could be related to a basin continuation of the ultrahigh-density lower crustal body (ULCB) observed in the Utgard High (see Figures 4b and 6). G50 = 50 km high-
pass-filtered Bouguer anomaly pseudohorizon; M50 = 50 km high-pass-filtered magnetic data pseudohorizons. The common legend for the sedimentary part is
shown in Figure 4. The abbreviations for the horizons are given in section 3.1. The location of the seismic line is shown in Figure 1a. Data courtesy of TGS.
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structural evolution of the flanking/bounding transfer zones (e.g., the Surt and Bivrost Lineaments) (Blystad
et al., 1995; Brekke, 2000). We found evidence that the Jurassic-early Cretaceous rifting did not terminate
here at BCU level (Berriasian, according to Dalland et al., 1988) but prolongated into the Neocomian
(Barremian-Aptian?) time. The early and late synrift wedges of Jurassic-Early Cretaceous and possible
Neocomian age respectively were controlled by normal faulting on the flank of a deep horst lying below
the Nyk High (Figures 4a and 7).

The nearly NE trending positive gravity and magnetic trend in the Nyk High correlates well with a shallow
basement high observed at that level (Figure 2). The anomalies curve in an almost southern direction
within the Surt Lineament mimicking the deep structural configuration. The dominant and shallower
structural style of the Nyk High at the present day represents the uplifted and eroded footwall of a rifting
system, which initiated in Late Cretaceous time and was active during most of the Paleocene (Gernigon
et al., 2003; Mogensen et al., 2000; Ren et al., 2003). Rift shoulder uplift of the Nyk High was concomitant
with a significant subsidence of the adjacent Någrind Syncline, which is not particularly affected by classic
rotated fault blocks. The ongoing extension during the Paleocene promoted severe collapse of the wes-
tern flank of the Nyk High, thus creating significant accommodation space resulting in preservation of a
thick Paleocene succession observed and drilled (e.g., well 6706/6-1) in the Hel Graben (Figure 4a). Later
Paleocene-early Eocene minor sinistral transpressional reactivation complicated the fault pattern within
the Nyk High (Imber et al., 2005).

There is still an ongoing debate on the Late Cretaceous-Paleocene development of the Hel Graben. The more
recent interpretations rely on the controversial stratigraphic analysis of well 6706/6-1. The NPD claims that
there is at least 1,400 m of Paleocene deposits in the well (NPD factpages, 2017) with no penetration within
Upper Cretaceous sediments expected at that level in predrilling interpretation (Blystad et al., 1995; Ren et al.,
2003). In contrast, the NORLEX team (Gradstein et al., 2010, and well report at http://www.nhm.uio.no/norlex)
interprets the same section as comprising Upper Cretaceous Shetland Group sediments, suggesting only
200 m of Paleocene sediments in the well; this interpretation implies that the Hel Graben is dominantly a
Late Cretaceous rather than Paleocene synrift feature (e.g., Fjellanger et al., 2005). Our own seismic tie

Figure 6. Structure of the Utgard High and configuration of the ULCB. Southern segment: (a) uninterpreted and (b) interpreted seismic sections. Northern segment:
(c) uninterpreted and (d) interpreted seismic sections. White arrows on the uninterpreted sections point at the UH-Reflection interpreted as the top of the ULCB. Note
the significant increase of the gravity andmagnetic signals (G50 andM50, respectively) in the northern segment of the high. The common legend for the sedimentary
part is shown in Figure 4. The abbreviations for the horizons are given in section 3.1. The location of the seismic line is shown in Figure 1a. Data courtesy of TGS.
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from the adjacent Vigrid Syncline into the Hel Graben across the Rym Fault Zone (Figure 8) does support the
presence of thick Paleocene sediments in the Hel Graben. However, our interpretation of the deepest parts of
the structure is less confident due to poor imaging caused by extensive distribution of magmatic intrusives,
making our assessment of the pre-Paleocene structure more speculative. However, seismic imaging locally
allows to estimate the relative depth of the BCU (Figure 8).

The Hel Graben is characterized by a rounded negative gravity anomaly (Figure 2a). It laterally passes into the
Paleocene Hermod Basin interpreted as a separate subbasin in this study (Figures 1a and 8). The limit
between the two subbasins is characterized by a deep-seated high (Figure 8). The gravity pattern shows that
the Hermod Basin may extend northeast toward the outer Lofoten Margin (Figure 2a) and possibly merge
with the Røst Basin as recently suggested by Maystrenko et al. (2017). The 3-D potential field modeling of
Maystrenko et al. (2017) suggests that thick Late Cretaceous-Paleocene sequences (undifferentiated) may
likely exist underneath the Lofoten lava inner flows.

Figure 7. Seismic line across the Någrind-Nyk segment of the study area: (a) uninterpreted and (b) interpreted. Here we can
recognize Jurassic and Neocomian synrift wedges developed on the eastern flank of the Nyk High. The deep and old synrift
sequences are controlled by an east dipping faults. Maastrichtian-Paleocene rifting in the area was associated with west
dipping faulting, the uplift of the Nyk High, and significant subsidence of the Någrind Syncline, where a large depocenter
was formed. The common legend for the sedimentary part is shown in Figure 4. The abbreviations for the horizons are
given in section 3.1. The location of the seismic line is shown in Figure 1a. Data courtesy of TGS.
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The northern boundary of the Hel Graben is defined by the Hel Terrace. Together with the Hermod Basin, this
is also a newly defined structural element. It is characterized by a series of southward dipping Late
Cretaceous-Paleocene growth faults (Figure 9a) possibly decoupled and developing over overpressured
mobile shales widely distributed in Lower to mid-Cretaceous intervals in the deep Vøring Basin (Brekke
et al., 1999; Dalland et al., 1988; Vergara et al., 2001). Farther northeast, the northern flank of the Hel
Terrace is characterized by a graben-like feature with clear synrift Paleocene seismic wedges postdating
the main Late Cretaceous-Paleocene extensional phase leading to the formation of the Hel Graben
(Figure 9b). The new seismic data also suggest that the footwall of the Hel Terrace was exposed and pene-
plained during this period. Notably, we discovered evidence of earlier pulses of magmatism (intra-
Paleocene) in the Hermod Basin compared to the main early Eocene volcanic event recognized in the
Vøring Marginal High. This early phase of magmatism is witnessed by older vent complexes that developed
in the Paleocene successions and genetically linked with deeper sill intrusions (Figure 9b).

The subbasalt Grimm High (Figures 4 and 10) has been defined based on a previous integrated seismic-grav-
ity-magnetic interpretation of the volcanic margin (Abdelmalak, Planke, et al., 2016). It coincides with a grav-
ity high that correlates with a positive magnetic anomaly, suggesting a shallow basement beneath the basalt
(Figures 2 and 10). The anomalies also correlate well with a structural high interpreted at the top and base
basalt levels at the Vøring Marginal High (Abdelmalak, Planke, et al., 2016). The Grimm High has a thin

Figure 8. Seismic tie from the Vigrid Syncline to theHel Graben revealing the deep configuration of the basin formedunder-
neath thick Paleocene successions: (a) uninterpreted and (b) interpreted lines. The Hel Graben and the adjacent Hermod
Basin are structurally divided by a deep-seated structural high. The common legend for the sedimentary part is shown in
Figure 4. The abbreviations for the horizons are given in section 3.1. The location of the seismic line is shown in Figure 1a. The
50 km high-pass-filtered Bouguer gravity (G50) and magnetic (M50) anomalies are shown. Data courtesy of TGS.
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basaltic cover (Abdelmalak, Planke, et al., 2016), reflecting its relatively high elevation when subaerial volcanic
sequences were deposited in the earliest Eocene. Notably, the gravity high observed at that level also fits a
high-amplitude reflection observed at 15 km in the deep part of the Grimm High (Figures 4a, 4b, and 10).
The deep reflection coincides spatially with the deep and faulted T-Reflection described and defined in the
outer Vøring Basin (Abdelmalak et al., 2017; Gernigon et al., 2003, 2004). At the level of the Grimm High,
the new seismic data revealed tilted fault block system below the volcanics (Figure 10), with a structural
style similar to that observed in the adjacent North Gjallar Ridge (Gernigon et al., 2003, 2004; Ren et al.,
2003). The upper synrift feature could represent the equivalent of the Campanian-Maastrichtian Springar
Formation penetrated by well 6704/12-1 in the North Gjallar Ridge (Fjellanger et al., 2005; Gernigon
et al., 2003).

Figure 10. A part of the studied depth-converted transect (see Figure 4a) adjacent to continent-ocean boundary showing subbasalt configuration of the GrimmHigh.
Tilted fault blocks belowvolcanics could developwithin Cretaceous sequences on the analoguewith theNorthGjallar Ridge (seeGernigon et al., 2003). At about 15 km
deep and faulted crustal reflection (T-Reflection) is observed. The Base Tertiary and Base Cretaceous Unconformities are shown in dashed green and dotted red,
respectively. Data courtesy of TGS.
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4.2. Regional Development of the Main Cretaceous-Paleocene Tectonostratigraphic Units

Having described the present margin geometry, we here infer its evolution based on different isochore maps
(Figure 11). We organize this from oldest to youngest, focusing on thickness trends and onlap patterns
around major subbasins and flanking structural highs.
4.2.1. Unit K10 (Valanginian to Mid-Albian)
The Valanginian to mid-Albian sequence K10 defined in this study is rather reinterpreted as a synthinning
sequence and not a postrift as suggested in previous publications (Færseth & Lien, 2002; Vergara et al.,
2001). The isolated rounded depocenter in the Någrind Syncline reflects the Neocomian (Barremian-
Aptian?) faulting/rifting activity observed on the eastern flank of the Nyk High (Figures 7 and 11a).
However, no prominent and concomitant depocenter is identified within the Træna Basin (Figure 11a).
The strata of the K10 sequences onlap the deep terraces imaged in the southern part of the Træna
Basin and along the northwestern flank of the Nordland Ridge, which was already an elevated feature
at that time (Figure 11a). The uplift of the Nordland Ridge was also associated with lateral subsidence
of and sedimentation within the Helgeland Basin, which tends to deepen in the northeastern direction
(Figure 11a). As previously interpreted (Blystad et al., 1995; Brekke, 2000), the Lower Cretaceous succes-
sion thins toward the Utgard High, suggesting that a local and central horst configuration was already
initiated at the early stage of the Vøring Basin formation. Slight thinning and local absence of the K10
sequence on top of the Utgard High is confirmed by our seismic observations (Figures 6 and 11a).

Figure 11. Isochore maps of seismic sequences K10 through P10 showing general distribution and migration of the basin depocenters in time and space. Present
structural outline of the main structural highs is shown in transparent white. The red line shows a landward limit of basalt flows Extent of the maps is shown in
Figure 1a. GrH = Grønøy High, HB = Helgeland Basin, HG = Hel Graben, HmB = Hermod Basin, HT = Hel Terrace, NGR = North Gjallar Ridge, NH = Nyk High,
NS = Någrind Syncline, RFZ = Rym Fault Zone, TB = Træna Basin, UH = Utgard High, VS = Vigrid Syncline.
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Nevertheless, rather thick Lower Cretaceous sediments are also confirmed by well 6608/2-1S in the northern
Utgard High. This reflects a complex structural topography at the early stages of the high formation.

The absence and thinning of the Valanginian to mid-Albian K10 sequence in the southern and central Nyk
High suggests NE striking basement/BCU highs, which were already emerged at that time. Several minor
depocenters are observed at the transition between the North Træna Basin and the adjacent Lofoten-
Vesterålen Margin (Figure 11a).
4.2.2. Unit K20 (Mid-Albian to Mid-Cenomanian).
Similar depositional pattern can be deduced from the mid-Albian to mid-Cenomanian isochore map (unit
K20, Figure 11b). Clear erosion is seen on the Nordland Ridge and partly on the deep terraces mapped in
the southeastern part of the Træna Basin (Figure 11b). According to the sediment thickness distribution,
the Træna Basin was still characterized by a slow sedimentation rate during the K20 deposition. Thinning
of the sequence K20 is also interpreted toward the Utgard High (Figure 11b). However, locally poor quality
of seismic imaging there makes such interpretation a bit uncertain. We identified several scattered depocen-
ters blanketing the Någrind Syncline and its transition to the Vigrid Syncline and partly the Nyk High
(Figure 11b). We also observe significant thickening of the K20 at the transition between the Någrind
Syncline and the Lofoten-Vesterålen Margin.
4.2.3. Unit K30 (Mid-Cenomanian-Early Coniacian)
Deposition of the mid-Cenomanian-Early Coniacian unit K30 mainly occurred in the Træna Basin, which
defined a deep (up to 1.7 s TWT), prominent and NE-SW elongated (100 × 25 km), fault-controlled depocenter
that deepened toward the southern Rås Basin (Figure 11c). The depocenter-related normal faults tended to
develop over older fault systems observed on both flanks of the Træna Basin (Figure 4a). Both seismic obser-
vations and isochores indicate that the synthinning subsidence shifted northeastward from the Rås Basin.
During the same period, a large and relatively thick rounded depocenter (55 × 45 km; up to 1–1.5 s TWT thick)
developed in the adjacent Någrind Syncline. Thinning of the K30 unit is observed on the SE flank of the North
Gjallar Ridge and in the Utgard Ridge, indicating their relatively high structural position during this period
(Figure 11c).
4.2.4. Unit K40 (Coniacian to Mid-Campanian)
Rapid subsidence and accommodation of a large, NW-SE elongated (150 × 30 km) thick depocenter (up to
2.9 s TWT or 6 km thick) during the Coniacian to mid-Campanian K40 period (Figure 11d) concentrated in
the Træna Basin. Based on seismic observations, we suggest that fault-driven tectonic subsidence ceased
around Santonian and then the Træna Basin was passively infilled during the early to mid-Campanian.
Thinning and erosion of the K40 unit on both flanks of the Utgard High confirm its shallow bathymetric con-
figuration at that period (Figure 11d). Rather high sediment accumulation rates persisted along the axis of the
Någrind Syncline with the deposition of the Nise Formation sourced from NE Greenland (Morton & Grant,
1998). In the Campanian, the North Gjallar Ridge was still in a relative high position and shallow marine set-
ting as illustrated by the absence and/or pinch out of the K40 unit on its SE flank as confirmed by well
6705/10-1 (Asterix). Furthermore, thinning of the unit K40 toward the Hel Terrace (Figure 11d) also indicates
a shallower structure in that domain.
4.2.5. Unit K50 (Mid-Campanian to Base Tertiary)
A dramatic depocenter shift of the unit K50 occurred from the mid-Campanian to the beginning of the
Tertiary (e.g., the Base Tertiary Unconformity). The main sedimentation axis moved northwestward from
the Træna Basin to the Någrind Syncline (Figure 11e). The depocenter shape mimics the preexisting basin
configuration developing in between deep-seated structural highs (Figure 11e). In the SW Någrind
Syncline and its transition to the Vigrid Syncline, the depocenter is seemingly not fault controlled.
However, subsidence and higher sedimentation in the NE segment of the Någrind Syncline could be
enhanced by additional reactivation of the SE dipping faults locally observed on the flank of the adjacent
Nyk High (Figure 4a). The sequence K50 is thinned significantly along the Nyk High and the North Gjallar
Ridge, which were both uplifted during this period. Smaller thicknesses of K50 are also observed on the
Utgard High. Notably, the Hel Terrace was still in a shallower position with K50 onlaps onto its southern flank,
suggesting a structural evolution quite similar to the adjacent North Gjallar Ridge.
4.2.6. Unit P10 (Paleocene)
Another marked change in sedimentation pattern happened during deposition of the sequence P10 in the
Paleocene, when the depocenter suddenly migrated northwestward toward the Hel Graben and the
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Hermod Basin (Figure 11f). In the central part of the outer Vøring Basin, faulting migrated progressively
toward the volcanic domain growing at the same period (Gernigon et al., 2004). In the Hel Graben and the
Hermod Basin deposition and subsidence were largely controlled by a collapse of the NW flank of the Nyk
High and facilitated by a slip along the Rym Fault Zone. Additional evidence for later Paleocene
faulting/rifting is seen in the northern part of the basin (e.g., the Hel Terrace) (Figures 9c and 9d).

Minor depocenters in the Vigrid/Någrind syncline axis and near the Lofoten-Vesterålen Margin (Figures 7
and 11f) are not fault controlled; instead, they are likely interpreted as sedimentary bodies (e.g., fans) sourced
from the neighboring eroded highs. Erosion of the sequence P10 in the Utgard High is possibly the result of
late stages of subsequent Early Tertiary strike-slip reactivation along the Fles Fault Complex as previously
noted by Blystad et al. (1995).

4.3. Potential Field Modeling of the Regional Transect and Crustal Configuration

The 2-D forward potential field modeling of the northern Vøring transect (Figures 4a and 4b) was carried out
to better constrain the crustal architecture and basement properties underlying the complex depocenter sys-
tem previously described in this study. The initial crustal parameters used in the potential field modeling are
shown in Table 1 (see also Appendix B).

While the Moho configuration in the Trøndelag Platform is constrained by several ESPs (Planke et al., 1991),
the depth of top basement was entirely obtained from the new seismic reflection data, where the expected
top basement surface represents a well-defined seismic marker. The total crustal thickness decreases down to
10 km in the axial part of the platform, where we have to presume attenuated upper to lower crust and exhu-
mation of the high density, lower crustal body (3,100 kg/m3) at 15 km depth; an interpretation consistent with
the high velocities (around 7.1 km/s) and depth estimations was taken from the available ESP data (Planke
et al., 1991).

The transition zone to the Træna Basin corresponds to an abrupt thinning of the continental crust over less
than 40 km from thickness in 18 km at the Nordland Ridge to 4–5 km in the central axis of the Traena Basin

Table 1
Density and Magnetic Properties of the Units Modeled in the Present Study

Layers
Density
(kg · m�3)

Susceptibility
(SI units)

Remanence
(A/m)

Water 1,450 0 0
Mid-Pliocene to Holocene 1,800–1,900 0 0
Mid-Miocene to Mid-Pliocene 2,000 0 0
Eocene to Mid-Miocene 2,050 0 0
Basalts/SDR 2,550 0.01 -1 (Upper); +1 (Lower)
Paleocene 2,225 0 0
Intra Mid-Campanian to Maastrichtian 2,400 0 0
Lower Campanian to Intra Mid-Campanian 2,400–2,525 (deep sag) 0 0
Mid-Coniacian to Upper Santonian 2,525–2,575 (deep sag) 0 0
Mid-Cenomanian to Lower Coniacian 2,525–2,600 (deep sag) 0 0
Mid-Albian to Mid-Cenomanian 2,550–2,675 (deep sag) 0 0
Valanginian to Mid-Albian 2,550–2,700 (deep sag) 0 0
Pre-Cretaceous (Und) 2,650–2,775 (deep sag) 0 0
Callovian to Berriasian 2,500 0 0
Toarcian to Bathonian 2,550 0 0
Hettangian to Pliensbachian 2,559 0 0
Upper Triassic 2,575 0 0
Mid-Triassic 2,585 0 0
Mid-Permian to Lower Triassic 2,600 0 0
Upper Devonian? -Permian 2,700 0 0
Upper crust (approximately Caledonian nappes) 2,750 0.01 0
Middle crust 2,850 0.03 0
Lower crust 2,950 0.005 0
High-density lower crust (LCB) 3,100 0.005 0
Ultrahigh density lower crust (ULCB) 3,200 0.015 0
Mantle 3,300 (Lower)–3,250 (Upper) 0 0
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(Figure 4b). As suggested by Maystrenko et al. (2017), the first necking of the rift system is located in this
position. The Moho shallows from 25 km to 20 km in the Utgard-Træna area (Mjelde et al., 1998; Planke
et al., 1991).

The northern Utgard High forms themost prominentmagnetic and gravity signals along the profile (Figure 4b).
In order to fit the prominent gravity signature and surrounding refraction data, we assumed a thick (10–12 km),
ultrahigh-density body (ULCB) (3,200 kg/m3) from Moho level to relatively shallow position (8–10 km) in the
lower and upper parts of the crust. Based on our modeling results, we have to assume 1 km thick midcrustal
lenses, which are most likely preserved on both flanks of the structure and almost in contact with the meta-
sedimentary prerift and synrift rocks. According to our seismic observations, the top of the ULCB deduced
from potential field modeling correlates well with the UH-Reflection (Figures 4b and 6) implying a significant
impedance (density/velocity) contrast at that level. The basement below the Træna Basin necessitates mas-
sive and very high density and magnetic rocks (Figure 4b). Our modeling results do not support the presence
and/or preservation of deeper Mesozoic sedimentary rocks in depth. Accordingly, we suppose that the thin
and ultrahigh-density lower continental crust may directly underlie the basin possibly coinciding with the
strong reflection observed within pre-Cretaceous fault blocks (Figure 5).

Aminimum crustal thickness of 5–6 km in the deep-sag Någrind Syncline is expected at the connection to the
NW flank of the Utgard High (Figure 4b). The top of the basement is reliably defined in reflection seismic and
correlative with refraction data lying at 13 km at the cross point with OBS line 7-96 (Mjelde et al., 1998). The
basement shallows to 7.5 km toward the Nyk High and forms a prominent paleohigh with total crustal thick-
ness in 13–15 km also confirmed by OBS line 7-96 (Mjelde et al., 1998) and ESP data (Planke et al., 1991). Lens-
shaped bodies of middle, lower crust and a dense LCB (1 to 3 km thick apiece) are required there to fit the
observed potential field data.

The axial part of the Hel Graben is not crossed by any refraction profiles (Figures 2b and 4b). Wemodeled that
the Moho rises to 18 km depth, which corresponds to a drastic thinning of the crust reduced to 3–4 km thick
in the central part of the Hel Graben. Since we believed that the BCU was confidently interpreted at the posi-
tion of the transect, we made structural corrections for the pre-Cretaceous configuration in the central Hel
Graben (Figure 4a). Based on our modeling, we had to agree on extremely thin or no pre-Cretaceous sedi-
ments below this unconformity in order to get a better fit with the observed gravity (Figure 4b). As a result,
the Cretaceous sediments most likely lie directly on top of a high-density lower crust also expected in the
central part of the Hel Graben (Figure 4b). This crustal configuration also implies that upper to lower crust
is most likely substantially delaminated or absent there. The presence of pre-Cretaceous sediments is not
totally excluded, but if present, these metamorphosed sequences are extremely compacted and/or highly
deformed. With realistic magnetic susceptibility values in the basement, we have not been able to reach a
solid fit with the observed magnetic anomalies at the Hel Graben (Figure 4b). This discrepancy could be
explained by the magnetic influence of the large shallow sill complex observed in the Hel Graben (e.g.,
Berndt et al., 2000) but is not considered in our study.

Presence of the deep-seated continental basement block underneath the Vøring Marginal High within the
subbasalt Grimm High (Abdelmalak, Planke, et al., 2016) is in agreement with our modeling results
(Figure 4b). A crustal fragment with a thickness of more than 10 km is expected there. The Moho beneath
the Grimm High is also relatively well constrained at 25 km from previous OBS and ESP data (Mjelde et al.,
1997, 1998; Planke et al., 1991) and then shallows to less than 20 km toward the continent-ocean “boundary”.
The prolongation of the T-Reflection expected at that level partly corresponds to the boundary between the
lower crust and the LCB bodies modeled in the distal part of the transect (Figures 4a and 4b). To fit the gravity,
our model also suggests that up to 3 km of pre-Cretaceous strata could be preserved above the continental
basement expected underneath the basalt.

5. Discussion
5.1. Origin and Geophysical Properties of the Lower Crustal Bodies (LCBs)
5.1.1. Origin of the Utgard Ultrahigh-Density Body (ULCB)
Below the Utgard High our modeling suggests the presence of an up to 12 km thick, ultrahigh-density
(3200 kg/m3) lower crustal body (Figure 4b), the top of which is located almost at the level of the
UH-Reflection. The shallowing of the UH-Reflection in the central and northern parts of the Utgard High fits
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well with the main magnetic and gravity signals (Figures 6c and 6d). The nature of these potential field
anomalies has been extensively discussed. Earlier models (Planke et al., 1991; Skogseid et al., 1992)
speculated on the crustal origin of the anomaly, implying that it most likely represents an old, Caledonian,
high-density basement block with Mesozoic or pre-Mesozoic age of emplacement. Our observation shows
(Figures 6c and 6d) that the UH-Reflection corresponds to the top of the local LCB and has been affected
by a series of Mesozoic (and older?) faulting events. Consequently, we also considered that the Utgard
High LCB (or part of it) is most likely an inherited basement structure.

Mjelde et al. (2013, 2016) also proposed that the basement here partly consists of lower crustal eclogites with
a density of up to 3,500 kg/m3. These eclogites may be related to a sliver of the Caledonian suture zone (e.g.,
Petersen & Schiffer, 2016). In a recent 3-D lithospheric model of the Lofoten-Vesterålen margin and adjacent
parts of the Vøring Margin, a thick high-density lower crustal layer of Caledonian origin, with high densities
varying from 2,985 kg/m3 to 3,070 kg/m3, has also been considered beneath the Utgard High (Maystrenko
et al., 2017).

Reynisson et al. (2010), based on their regional 3-D potential field modeling, interpreted part of the LCB
within the Utgard High as heavily (and synrift) serpentinized mantle, assuming very thin crust underneath
the high. Our modeling and observations suggest, however, that the Utgard High was an old crustal horst
partly shielded from drastic thinning (Figures 4 and 12), compared to the surrounding subbasins (e.g.,
Traena Basin and Nagrind Basin). The clear correlation with the central horst system acting as a thick tectonic
buffer since the early stage of rifting in the northern Vøring Margin suggests that the high-density rocks were
most likely part of the prerift basement even before the onset of drastic thinning of the crust. Wangen et al.
(2011) also got unrealistic rates of extension in their tectonic modeling run with a shallow and thin crust at
the position of the Utgard High. Therefore, we suggest that the nature of the anomaly is better regarded
as a remnant of old Caledonian or Precambrian high-density crustal blocks. Speculative serpentinization
within the Utgard High is unlikely for us. This system of crustal blocks may extend toward the Lofoten-
VesterålenMargin andmerge with either the Lofoten Ridge or the Røst High, which are also expressed as pro-
minent, elongated, positive gravity anomalies. It is likely that the anomaly could also be amplified by signifi-
cant intrusion of breakup-related, high-velocity, dolerite sills (>7.0 km/s) as suggested by Berndt et al. (2000)
and Neumann et al. (2013). The density expected at the level of the ULCB is so high (3,200 kg/cm3) and so
massive that we disregarded the possibility of preserved deep sediments at that level. This is in contradiction
with recent alternative assumptions from Osmundsen et al. (2016). Shallow magnetic source estimations

Figure 12. Cartoon illustrating Cretaceous-Paleocene evolution of the northern Vøring Margin.
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(Figure 4b) also support the presence of magnetic (basement) rock at 10–15 km and accordingly cannot
easily explain the presence of Mesozoic sediments at that level.
5.1.2. Outer LCB
To fit both the observed gravity and the high velocities also deduced from ESP and OBS data, our modeling
also requires a high-density LCB (3,100 kg/cm3) in the outer part of the northern Vøring Basin and below the
GrimmHigh (Figure 4b). This body is typically characterized by Vp velocities between 7.1 and 7.7 km/s (Mjelde
et al., 2003). The nature of the outer LCB located along continent-ocean boundary has been widely discussed
by many authors in the past. Earlier schemes suggest that LCB in the distal part of the mid-Norwegian Margin
represented mafic crust underplated during continental breakup (e.g., White & McKenzie, 1989). However,
later studies promoted a variety of alternatives on the origin and properties of LCB, ranging from high-
velocity intrusions into the lower crust (White et al., 2008, 2010), heavily serpentinized/exhumed mantle
(Osmundsen & Ebbing, 2008; Péron-Pinvidic & Osmundsen, 2016; Ren et al., 1998; Reynisson et al., 2010),
and/or a retrograde/high-grade Caledonian lower crust (Abdelmalak et al., 2017; Ebbing et al., 2006;
Gernigon et al., 2004; Mjelde et al., 2016; Petersen & Schiffer, 2016).

According to our modeling results (Figure 4b) and new observations (Figure 10), the upper boundary of the
outer LCB coincides partly with the subbasalt prolongation of the T-Reflection located at approximately
15 km depth. This high-amplitude reflection also correlates with a strong gravity signal within the Grimm
High (Figure 2a). Similar high-amplitude reflection has been earlier described and mapped within the
South and North Gjallar Ridges (Gernigon et al., 2003, 2004), where it is also interpreted as a part of an old
(possibly Caledonian) inherited piece of lower crust (Ebbing et al., 2006; Gernigon et al., 2004). The T-
Reflection influenced the basin evolution long before the onset of the breakup magmatism and as early as
the initiation of Late Cretaceous-Paleocene rifting in the mid-Late Campanian (Gernigon et al., 2003, 2004).
Furthermore, in the recent study by Abdelmalak et al. (2017), the T-Reflection in the Hel Graben was also
interpreted as the top of LCB, where it coincides with lower crustal sill intrusions and detachment faults.
An alternative interpretation of the prebreakup emplacement of this LCB may also be explained in terms
of serpentinization model in the North Gjallar Ridge (Ren et al., 1998). However, seawater penetration into
the mantle could not be easily explained if we consider the thick (8–9 km) prebreakup sedimentary package
and the associated decoupled fault system overlying the deep LCB (Figure 10). Thus, in our model we agree
that an inherited crustal origin of the LCB is most likely for this distal part of the margin.

5.2. Basin Evolution and Crustal Deformation
5.2.1. Træna Basin Revisited: Too Narrow and Deep To Be Just a Postrift Cretaceous Sag Basin?
Very few papers have described the Traena Basin in detail (Blystad et al., 1995; Gomez et al., 2004; Osmundsen
et al., 2002). According to Osmundsen et al. (2002), the Træna Basin represents a large rollover structure con-
trolled by an east dipping detachment fault along the southeast side of the Utgard High, which influenced
the subsidence of the basin and the formation of two large Lower and Upper Cretaceous depocenters. In con-
trast, Gomez et al. (2004) proposed that the Traena Basin was rather controlled by a large west dipping
detachment fault defining the NW flank of the Nordland Ridge, whereas the NW dipping flexure of the
Nordland Ridge was explained by Late Cretaceous, postrift thermal subsidence. We do not see any evidence
for a significant west dipping detachment faulting at the BCU or deeper level along the flank of the Nordland
Ridge and its transition to the Træna Basin. The Træna Basin could be initiated as a half-graben on the flank of
the Utgard High in the Jurassic-Early Cretaceous, with the Nordland Ridge being uplifted and peneplained
(Blystad et al., 1995; Brekke & Riis, 1987) as a flexural response during this rifting event, as later proposed
by Osmundsen et al. (2002). According to our observations, the subsequent formation of the elongate, nar-
row, and extremely thick Upper Cretaceous depocenter of the Træna Basin is fault controlled on both sides
of the basin but is not only structurally limited to the southeastern side of the Utgard High. Therefore, the
existence of an active and persistent west dipping detachment through the entire thinning history of the
Træna Basin is questionable.

The conjugate fault systems observed on both sides of the Træna Basin (Figure 4a) are sealed by Santonian
strata and then were moderately reactivated mainly along the Utgard High as a continuation of the Fles Fault
Complex in latest Cretaceous-Paleocene times. One could explain this faulting as a simple result of differential
compaction during a long period of postrift thermal sagging of the basin (Færseth & Lien, 2002). However, the
backstripped tectonic subsidence curve (Figure 13) calculated for the central part of the Træna Basin shows
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an abrupt transition to relatively rapid subsidence magnitude (~2.5 km) starting in the mid-Cenomanian
(~95 Ma) and ceasing at Santonian (~85 Ma). Such rapid subsidence (Figure 13), the atypical high rates of
sedimentation during this geologically short time period (10 Myr), and the narrow basin configuration
(~20 km wide) cannot be easily explained by a McKenzie-like thermal subsidence model (McKenzie, 1978)
invoking uniform and instantaneous pure shear extension. Narrow, small basins characterized by
accelerated and short-lived tectonic subsidence (2–4 km in 10 Myr) typically form in pull-apart settings,
where transtensional strike-slip regime is involved (Christie-Blick & Biddle, 1985; Xie & Heller, 2009). Typical
strike-slip basins (e.g., Dead Sea Rift (ten Brink & Ben-Avraham, 1989)) tend to lengthen rather than widen
during ongoing extension. Transtensional regimes also favor much faster and efficient thinning of the
crust, which seems to be the case in the Træna Basin according to the very thin crust expected there
(Figure 4b). Notably, Early to Late Cretaceous oblique extension and dextral strike slip have been described
in the adjacent Lofoten-Vesterålen Margin (Bergh et al., 2007).

The observed fault systems controlling the mid-Cenomanian-Santonian subsidence in the Træna Basin show
relatively steep configuration (Figure 4a). However, direct evidence for both large-scale strike-slip motions
(e.g., negative flower structures) is not well imaged along the basin. Furthermore, the backstripped tectonic
subsidence rate in 2.5 km is not uncommon for rift basins (Allen & Allen, 2013). The formation of steep-
dipping faults in a narrow rift basin could explain ongoing rapid subsidence even after rift opening had slo-
wed, as is shown in the Rio Grande Rift (van Wijk et al., 2018). In this case, local transtensional reactivation or
extension by slip on steep-dipping faults could explain the mid-Cenomanian-Santonian structural evolution
of the narrow, deep Træna Basin. Unfortunately, our observations and modeling results cannot fully discrimi-
nate between the two scenarios. Nonetheless, a local extensional component during the Cenomanian-
Santonian thinning of the Træna Basin could be concomitant with the uplift and tilting of the Trøndelag
Platform (Brekke, 2000), the Nordland Ridge (Fjellanger et al., 2005), the Lofoten Margin (Henstra et al.,
2016), and the Utgard High. Our biostratigraphic study of well 6608/2-1S in the northern Utgard High (see
appendix and Figure A1 for details) reveals the presence of a significant Turonian hiatus that could be a result
of vertical movements linked with this possible thinning event. Mid-Coniacian extensional reactivation along
the flanks of the Træna Basin was also assumed in the regional paleobathymetric model by Roberts et al.
(2009). However, the authors did not provide any structural examples for that.

In previous publications, the Træna Basin was characterized by a thick (2 s TWT) Lower Cretaceous succession
and the Base Cretaceous Unconformity lying at approximately 6–7 s TWT (Blystad et al., 1995), shallowing
toward the Lofoten-Vesterålen Margin. In previous study, Osmundsen et al. (2002) interpreted the BCU at a
deeper level (8 s TWT) but also presumed a thick Lower Cretaceous succession (up to 3 s thick TWT). Our inter-
pretation and regional seismic tie consider thinner Lower Cretaceous sediments in the Træna Basin
(Figures 4a, 5, and 11a). The absence of thick Lower Cretaceous depocenters in the Træna Basin is also in

Figure 13. Total and tectonic subsidence curves calculated by different methods (forward modeling and backstripping) on
the axial part of the Træna Basin. Extreme subsidence rates obtained for mid-Cenomanian-Santonian time are typical for
strike-slip related basins and also can be attributed to rift basins associated with steep-dipping faults. Subsidence curves
were computed using the TecMod 2-D software.
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contrast to Vergara et al. (2001), who proposed regional sediment passive infill of inherited rift-related Jurassic
lows during the Berriasian to Albian. On the one hand, the Træna Basin could have been a sediment-starved
unfilled rift system at this time. However, relatively thick Lower Cretaceous strata are also preserved on top of
theUtgard High “crustal buffer” (Figure 6d), whichwas located in a shallower position at that stage (Figure 11a).
Accordingly, we speculate that much thicker Early Cretaceous sediments would have most likely coexisted in
the adjacent subbasin. To explain such an ambiguity, we propose a crustal scenario where pre-Cretaceous
and partly pre-mid-Albian successions were most likely deposited in the proto-Træna Basin but were subse-
quently drastically stretched during the Late Jurassic-Cretaceous extensional events (Figure 12). Such a
mechanism was described onshore in the inverted Northeastern Pyrenean rifted margin (Clerc et al., 2015,
2016), where similar synrift basins developed over greatly thinned continental crust with basin floors repre-
senting locally exhumed continental lower crust. In such drastic thinning environments, Clerc et al. (2016)
show that both prerift and synrift sediments can be affected by synmetamorphic ductile deformation and
transported/delaminated together with the extended and highly thinned continental crust. This field analo-
gue could most likely apply to the Træna Basin, where the potential field modeling also supports a drastic
thinning of the crust just underneath the Cretaceous sediments (Figures 4b and 12). The thinned continental
crust in the Træna Basin predominantly consists of ultrahigh dense material of possibly Caledonian and/or
older origin. This crustal body extends and thickens northwestward in the prolongation of the seismic and
structural grain observed in the deep basement part of the Utgard High. We propose that the upper-middle
crust with prerift and synrift sediments were deformed and largely squeezed and delaminated in the central
part of the Træna Basin, during the exhumation of an old lower crust which are almost in contact with the
synsag sediments. Due to the great depth of the sediments observed in the Traena Basin, metamorphism
and associated ductile deformation is a reasonable hypothesis to propose. It may also explain the difficulty
to image any consistent seismic packages underneath the BCU. After Late Jurassic-Early Cretaceous rifting,
another active phase of crustal thinning renewed in the Træna Basin and adjacent areas during the mid-
Cenomanian-Santonian. This could explain the sudden increase of the subsidence rate suggested by
Figure 13.
5.2.2. Deformation Patterns in the Nyk-Någrind Segment and the Hel Graben
Thanks to the new TGS data, we see clear evidence for a separate Neocomian (Barremian-Aptian?) rifting
between the Någrind Syncline and the Nyk High (Figures 7 and 11a). This event succeeds the Jurassic-earliest
Cretaceous extensional phase particularly well recognized and constrained in the platform area (Blystad et al.,
1995; Brekke, 2000). Up to the mid-Cenomanian, postrift mainly concentrated within the basin low created
during the Late Jurassic-Neocomian (Barremian-Aptian?) extension. From the mid-Cenomanian to
Campanian, both increasing subsidence and deposition shifted southeastward (Figures 11b and 11c). The
depocenters appear to be partly controlled by a west dipping detachment fault along the adjacent flank of
the Utgard High (Figures 4a and 4b). This observation is partly in agreement with Skogseid et al. (1992),
who speculated earlier on a similar development of the Utgard High and its surrounding basins. The middle
crust and possible pre-Cretaceous prerift/synrift sediments in the adjunction to the Utgard High are drasti-
cally stretched along the detachment, with the total crustal thickness of 5–6 km (Figure 4b) constrained by
our 2-D potential field modeling and also in agreement with Maystrenko et al. (2017).

Previous studies (Brekke, 2000; Lundin et al., 2013; Lundin & Doré, 2011) suggest that the folded geometry of
the Någrind Syncline is not a result of a thermal subsidence following the Jurassic-Early Cretaceous rifting
phase (Doré et al., 1999) but the consequence of a large-scale lithospheric folding caused by a modest
Maastrichtian regional compression (Bjørnseth et al., 1997; Lundin et al., 2013). Parallel-bedded strata with
relatively uniform thickness below the syncline could support this interpretation (Bjørnseth et al., 1997).
However, we argue that after initial subsidence caused by a series of Late Jurassic to Neocomian extensional
events, the Någrind Syncline had a “steer’s head” basin geometry with slightly increased sedimentation in its
central part and sediment thinning toward the adjacent Nyk and Utgard Highs (Figure 11). Such a geometry is
typical for basins that experienced thermal subsidence after a stretching episode (White & McKenzie, 1988).
Subsequent reshaping of the Någrind Syncline occurred in mid-Campanian-Maastrichtian time, when the rift
axis jumped toward the Hel Graben (Figures 11e and 11f). During this renewed activity, the northwest flank of
the Nyk High started to rise and fault as a rift shoulder. The uplift of the Nyk High (Figures 4a, 5, 11e, 11f, and 12)
generated a concomitant tectonic flexure and rapid subsidence in the Någrind Syncline leading to the
formation of a deep depocenter (Figure 11e). We, therefore, prefer to attribute the present-day geometry
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of the Någrind Syncline to extensional processes rather than a compressional buckling as proposed by
Lundin et al. (2013).

Furthermore, in the outer Vøring Basin clear extension dominated in the North and South Gjallar Ridges since
the mid-Campanian (Gernigon et al., 2003; Ren et al., 2003). This late rifting event is associated with the for-
mation of clear and prominent synrift wedges (Spingar Formation) and normal faults partly cut by the Base
Tertiary unconformity (Gernigon et al., 2004). We also precise that the presence of a shallowing Turonian
(Lysing Formation) across the North Gjallar Ridge and the Fenris Graben (Osmundsen et al., 2002) is not
any longer valid since well 6704/12-1 confirms that these synrift sediments are dominantly Campanian-
Paleocene in age. In contrast to Lundin et al. (2013), we also believe that the main extension phase in the
Gjallar Ridge initiated in the mid-Campanian and not Paleocene, where most of the deformation already
migrated toward the volcanic province. In the adjacent Vigrid Syncline, as suggested by Kjennerud and
Vergara (2005), an increased sedimentation in the mid-Campanian-Maastrichtian could also be a response
to the onset of this rifting phase in the outer Vøring Basin.

Our study shows that the subbasaltic Grimm High resembles the North Gjallar Ridge. In addition to the fault-
ing shape of the T-Reflection, we also define about 8–10 km of possible pre-Cenozoic rocks capping the
reflection (Figure 10), although poorer seismic imaging below volcanics does not allow a more confident
interpretation. Similar structural styles (i.e., tilted fault blocks within Cretaceous strata) and nearly synchro-
nous vertical movements within the Grimm High area and the North Gjallar Ridge during Turonian to
Maastrichtian times (Figures 3, 11d, and 11e) suggest that they might be parts of the common structural
domain at this time.

The nature of the sudden Paleocene collapse of the Hel Graben is still debatable (Lundin et al., 2013). It is
clearly associated with the Nyk High hanging wall slipping toward the graben center, but the crustal mechan-
ism responsible for the structure formation remains unclear. Lundin et al. (2002) proposed that the Hel
Graben was formed by a Paleocene caldera eruption possibly coeval with igneous activity associated with
the extensive intrusion of high-velocity sills, which thus might have taken place prior to breakup time
(Berndt et al., 2000). Evidence for older intra-Paleocene sill intrusions is observed in the Hel Graben
(Figure 9b) and could support this interpretation, but the size and origin of such a putative caldera remain
difficult to explain. Another model (Gernigon et al., 2003) assumed that breakup-related magmatism and
thinning could provoke lateral flow of a ductile lower crust below the rift zone. This model could similarly
explain both Paleocene uplift of the Nyk High and the collapse of the Hel Graben. Later, Lundin et al.
(2013) proposed several other possibilities including similar crustal delamination and magma withdrawal
during chamber deflation (e.g., Pinel & Jaupart, 2005).

Our seismic interpretation and modeling results consider a highly thinned crust (<5 km) below the
Cretaceous-Paleocene Hel Graben (Figures 4b and 4c). We can only restore and constrain evidence of
Late Cretaceous to Late Paleocene rifting/faulting in the Hel Graben and surrounding structures.
However, it is possible that the deepest and older Cretaceous sediments rest directly upon the LCB
(Figures 4b and 4c), while middle-upper crust and pre-Cretaceous prerift/synrift deposits (if they still
exist) were totally delaminated and/or boudined in the similar mode previously described in the
Traena Basin (Figure 12). Such crustal removal could be largely controlled by a detachment faulting sys-
tem observed along the western flank of the Nyk High and possibly on the eastern flank of the Grimm
High/Hel Terrace lying on the conjugate side of the expected Paleocene rift/thinning axis (Figures 4b
and 4c). Together with the breakup-related magmatism, this thinning event could have promoted a col-
lapse of the Hel Graben and uplift of the Nyk High as proposed in the model of Gernigon et al. (2003).
Depositional patterns and the rapid Paleocene subsidence rates may indicate that the main phase of
thinning took place during the Paleocene rifting phase restricted to the Hel Graben and possibly under-
neath the basalt in the central outer part of the Vøring Margin (e.g., the Fenris Graben). Poorer seismic
imaging at greater depth in the area makes hard to estimate the amount of crustal thinning in the
earlier rifting phases. The possible presence of pre-Cretaceous sediments at the Grimm and Nyk highs
(Figures 4a and 4b) allows us to speculate that the pre-Cretaceous basin on top of the thinned crust
could also coexist within the Hel Graben, although appropriate sediments could be highly metamor-
phosed and delaminated at least during Late Cretaceous-Paleocene rifting and likely during earlier
extensional phases.
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Compared to the Hel Graben, the crustal blocks preserved on the flanks (e.g., the Grimm High and Nyk High)
show evidence of thicker continental crust (Figure 4b), less affected by the Paleocene thinning compared to
the adjacent Hel Graben. We interpret this specific crustal configuration in terms of boudinage of the crust
(Figure 12) (see Gartrell, 1997) which appears to be a key process in many other rifted margins worldwide
(Clerc et al., 2017). The Nyk and Grimm Highs most likely represent thick crustal swell or boudin in between
the subbasin (Hel Graben), where drastic thinning deformations were localized (Figure 12).

It is also important to note that the Hel Graben experienced a different tectonic history compared to the other
segments of the outer Vøring Basin. Increasing faulting events and drastic Paleocene sedimentation in the
Hel Graben (Figure 11f) are synchronous to uplift and progressive decrease of the normal faulting observed
farther south in the central segment of the outer Vøring Basin (e.g., North and South Gjallar Ridges). We pro-
pose that this difference is possibly linked with the localization and migration of the deformation during the
Paleocene. The crustal thinning estimation suggests that in the Paleocene, the Hel Graben was almost close
to the breakup stage if we assume a crustal thickness of less than 4 km (Figures 4b and 4c). However, the
breakup finally occurred 65 km farther west. It suggests that the Paleocene rift axis that almost dissected
the Hel Graben failed to propagate farther south and jumped west of the Grimm High during the earliest
Eocene breakup. The final jump is possibly explained by the onset of magmatism (Figure 12), likely leading
to extra weakening and rift localization in the western branch of this complex overlapping system. Similar
processes of rift migration/abortion triggered by magmatism and underplating are described in Yamasaki
and Gernigon (2010).

5.3. Regional and Generic Implications
5.3.1. Early (Neocomian) and Mid-Cretaceous Extension in Its Regional Context
We may identify evidence for significant Cretaceous tectonic activity in the northern Vøring Margin. While
Late Jurassic-Early Cretaceous and Late Cretaceous-Paleocene extensional phases are widely accepted and
confirmed by structural observations and drilling, Neocomian and mid-Cretaceous (Aptian to nearly
Campanian) rifting events are often neglected, rather ambiguous, and often interpreted as a passive sedi-
mentary infill during postrift thermal subsidence (Færseth, 2012; Færseth & Lien, 2002; Skogseid et al.,
2000). Recent drilling results from the Vøring Basin; for example, well 6603/5-1 at the South Gjallar Ridge
and well 6608/2-1S at the Utgard High (NPD factpages, 2017) proved much thicker Lower and Upper
Cretaceous sediments than previously believed (Blystad et al., 1995; Skogseid et al., 2000; Swiecicki et al.,
1998). Such misinterpretation in the proposed stratigraphy is primarily the results of previous underestima-
tion of the sedimentation rates throughout the Cretaceous period and consequently may explain the mini-
mization of the mid-Cretaceous extension (Færseth & Lien, 2002). However, previous evidence for
prominent early-to mid-Cretaceous extensional tectonism has been reported in the Rån and Gjallar Ridges
in the outer Vøring Basin (Gernigon et al., 2003), the Lofoten-Vesterålen Margin (Henstra et al., 2016;
Tsikalas et al., 2001, 2005), the Någrind Syncline, and the Træna Basin (Figures 7 and 12; this study).
Aptian-Cenomanian extension at the southern end of the Nordland Ridge was also suggested by Pascoe
et al. (1999). It is not impossible that this extensional deformation may have propagated north, along the
flank of the Nordland Ridge, triggering mid-Cenomanian-Santonian extensional reactivation in the Træna
Basin. Activation of the Nordland Ridge as a sand source in the Cenomanian and Turonian-Coniacian
(Lysing Formation) was also suggested by Doré et al. (1999) and Fjellanger et al. (2005). Furthermore, coeval
tectonic reactivation was observed along the onshore continuation of the Møre-Trøndelag Fault Complex
(Sømme & Jackson, 2013). Nearly coeval apatite fission track ages (since 100 Ma) of fault reactivation and
block uplift of kilometers scale within the Møre-Trøndelag Fault Complex have been reported from the
Norwegian mainland (Redfield et al., 2005). Beyond that, in the wider North Atlantic realm, we have well-
documented evidence of Early to mid-Cretaceous extension, including Aptian rifting in the SW Barents Sea
(Faleide et al., 1993; Serck et al., 2017), mid-Albian faulting activity in the NE Greenland (Whitham et al.,
1999), and Berriasian to Cenomanian synrift deposition in the Rockall Trough (Corfield et al., 1999). The pro-
minent Late Mesozoic rifting phases in the Faeroe-Shetland Basin likely occurred in the Neocomian, Aptio-
Albian, Cenomanian-Santonian, and Campanian-Maastrichtian (Dean et al., 1999), whereas minor Turonian-
Coniacian fault reactivation in the region promoted coeval sand deposition identical to the Lysing
Formation in the Norwegian Sea (Grant et al., 1999). All above mentioned structural observations make it
likely that the entire mid-Norwegian Margin and the northern Vøring Margin segment, in particular, were
subjected to similar early to mid-Cretaceous events in the regional context contrary to the quiescence
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interpretation of Færseth and Lien (2002). These events were possibly not associated with a prominent and
continuous rifting axis in the mid-Norwegian Margin but represented scattered, isolated, and migrating rift-
ing centers that were selectively reactivated along basement highs and old mobile zones (Lofoten Ridge,
Nordland Ridge, Nyk High, Surt Lineament, Jan Mayen Corridor, etc.).
5.3.2. On the Role of Crustal Inheritance in the Margin Development and the Presence of
Serpentinized Mantle in the Vøring Basin
As mentioned above, recent tectonic models suggested the presence of a partially to heavily serpentinized
mantle in the Vøring Basin (Péron-Pinvidic et al., 2013; Péron-Pinvidic & Osmundsen, 2016; Reynisson et al.,
2010; Rüpke et al., 2013). Extremely thinned crust in the Hel Graben and the Træna Basin (Figure 4b) could
favor such tectonic scenario there. Pérez-Gussinyé and Reston (2001) suggested that serpentinization can
be likely achieved in the settings with thinning (beta) factors above 3 and a crustal thickness less than
8 km. However, in addition, we have to consider the timing and duration of the main thinning phases,
decompacted sediment thicknesses during these phases, and the development of basin-scale faults in
order to understand environments that could promote or block water passage to the mantle and lead
to a partial serpentinization. All these parameters should be then estimated, integrated, and tested within
different modeling approaches to allow testing of various hypotheses. However, our tectonic model also
supports the early presence of inherited continental crust and related LCB over most of the highs
observed in the Vøring Basin (Figure 12). It is unlikely that a broad zone of exhumed mantle affected
the entire Vøring Basin, and the presence of exhumed mantle underneath the basalt cannot explain the
shallow environments suggested by new seismic interpretation and petrology derived from the ODP dril-
ling in the Vøring Marginal High (Abdelmalak, Meyer, et al., 2016, Abdelmalak, Planke, et al., 2016). If ser-
pentinization occurs, it would eventually be restricted to local windows in the deepest part of the subsag
basins involved in this boudined and mullioned type of superextension (Figure 12). Other observations
from worldwide rifted margins (Clerc et al., 2017) and also various numerical models also support the pre-
sence and persistence of inherited crust underneath similarly large sag basins (Brune et al., 2014; Petersen
& Schiffer, 2016).

The presence of older crustal grains and crustal weakness zones has a significant influence on basin develop-
ment and architecture. While analogue and numerical models deal mostly with homogenous and uniform
mode of extension in the rifted margins (Lavier & Manatschal, 2006), crustal inheritance and late magmatism
could explain complex geometries and deformation migration and localization discussed in this paper. The
inherited crustal blocks and associated structures/fabrics initiate and control the onset and development
of thinning deformations of the continental crust (Abdelmalak et al., 2017). This “boudinage style of deforma-
tion” is similar to what has been previously described and proposed by Lister et al. (1986), Gartrell (1997), or
Clerc et al. (2017). For the Northern Vøring and Lofoten-Vesterålen Margins, such a tectonic scenario was pro-
posed almost 30 years ago by Anderson (1986) who, based on gravity anomalies analysis, suggested the exis-
tence of large-scale boudinage of the continental crust which makes up the margin. Furthermore, these
weakness zones could be associated with major lithosphere structural discontinuities (e.g., sutures and
mega-shear zones). Their orientation and deformational pattern could give us better constraints in paleore-
contructions and better understand their role in the margin segmentation. Similar tectonic regimes occurred
in the development of other rifted margins (Chian et al., 2001; Clerc et al., 2017; Franke et al., 2014; Funck
et al., 2008; Gernigon et al., 2014; Sun et al., 2009). Therefore, we caution researchers to apply “classical”
hyperextended Iberian scenarios in complex tectonic settings such as the mid-Norwegian Margin. In the
mid-Norwegian Margin larger and thicker continental crustal masses with rather complex petrophysical
properties and spatial distribution are involved. Its rift development is also polyphase and shows a much
longer period of episodic rifting event compared to the Iberian rifted margin types.

6. Conclusions

1. We investigated and interpreted new seismic data in the northern Vøring Margin poorly constrained by
deep seismic data in the past. Combined with regional map production and potential field modeling,
we propose a new tectonic scenario for the mid-Norwegian Margin.

2. We argue that the northern Vøring Margin and the entire mid-Norwegian Margin were tectonically active
during mid-Cretaceous in contrast to Færseth and Lien (2002). We found seismic evidence of Barremian-
Aptian (?) faulting activity in the Någrind Syncline and mid-Cenomanian-Santonian extensional
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reactivation in the Træna Basin. This may indicate a nonuniform and nonlinear distribution of rifting cen-
ters in the Early to mid-Cretaceous within the Vøring Margin likely reflecting selective tectonic reactiva-
tions along preexisting mobile zones.

3. The Træna Basin is a narrow basin with a thin crust (4–5 km) which initiated since the Late Jurassic as a half-
graben developed on the flank of the Utgard High. Possible later mid-Cenomanian-Santonian extensional
reactivation significantly increased the basin subsidence and the thinning of the underlying continental
crust. Presynrift and partly synrift sediments together with upper-middle crustal rocks at the basin floor
might have been significantly deformed and delaminated/compacted during these extensional phases

4. According to our observations and modeling results, the crust underneath the Utgard High likely repre-
sents ultrahigh-density body (3,200 kg/m3) of Caledonian or older (Precambrian) origin. The top of this
body corresponds to the strong UH-Reflection. Detachment faults developed on the flanks of this rigid
continental block and controlled the prethinning and synthinning Mesozoic evolution of the adjacent
basins (e.g., the Någrind Syncline and the Træna Basin).

5. We see no prerequisites to explain the configuration of the Någrind Syncline as a result of compressional
buckling as previously suggested by Lundin et al. (2013). Our analysis shows that the Någrind Syncline has
been formed by a migrating sequence of extensional and postextensional events and associated vertical
movements from the Early Cretaceous to the Early Eocene.

6. The Hel Graben is a deep Cretaceous-Paleocene basin that developed in between two rigid block (“con-
tinental buffers”). The thinning deformation in the Hel Graben was controlled by detachments on the
flanks of these blocks (the Grimm High and the Nyk High) with a culmination in the Paleocene that led
to a collapse of the structure. We suggest very thin upper and middle crustal rocks and prerift and synrift
sediments in the axial part of the Hel Graben. They are most likely highly deformed and metamorphosed
along detachments. Extremely thinned crust (3–4 km) indicates that the Hel Graben was very close to the
breakup stage in the Paleocene until the rifting axes eventually jumped in the late Paleocene-earliest
Eocene toward the present continent-ocean “boundary”. We also found evidence of intra-Paleocene intru-
sive magmatism preceding the main magmatic event during the earliest Eocene continental breakup.

7. The T-Reflection observed underneath the North Gjallar Ridge extends toward the Grimm High and might
be of the same origin, that is, old inherited Caledonian lower crust. These structures could be part of a
common structural trend before the Paleocene extensional phase.

8. We do not expect wide zones of mantle exhumation and serpentinization in the Vøring Basin; however,
local areas of serpentinization could eventually develop in deep subbasins with significantly thinned crust
(Træna Basin and Hel Graben). Nonetheless, in our opinion, the mid-Norwegian Margin represents a
unique type of a volcanic rifted margin, where large inherited crustal blocks define a long and polyphase
development and a complex deformation distribution. Combined with the presence of SDRs along the
continent-ocean transition, it has very little in common with the Iberian nonvolcanic rifted margin types.

Appendix A: Stratigraphic Comment on Well 6608/2-1S, Utgard High
This appendix provides a detailed stratigraphic comment on the selected Cretaceous intervals and log pat-
tern interpretation of well 6608/2-1S. The well 6608/2-1S has been analyzed by RPS Ichron. The raw results
of biostratigraphic analyses and wireline logs have been provided by the Norwegian Petroleum
Directorate (NPD) viathe Diskos National Data Repository. After review and integration, these data formed
the basis of stratigraphic interpretation.

A1. Early Cretaceous Intervals

The Early Cretaceous interval is dated in both the main hole and ST2 bypass where the sidewall core samples
have been analyzed providing stronger age confidence (Figure A1).

The top of the Langebarn Formation is defined with the use of the change in the log pattern and is supported
with the presence of Caudammina ovula crassa foraminifera (Figure A1). The Albian interval of the formation
is characterized with the sparse palynological assemblage, consistent with the interpretation, with rare pre-
sence of Batioladinium micropodum, Muderongia asymmetrica, and taxa of a broad Early Cretaceous range.
The presence of Aptea polymorpha is considered to be characteristic of the Albian period in the northern lati-
tudes (Nøhr-Hansen, 1993).
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The Late Aptian section of the well is characterized by the prominent gamma log pattern (Figure A1), sug-
gesting the paleoenvironments with the decreased level of oxygen typical for this age. The presence of
Cerbia tabulata and Aptea eisenacki and increase in A. polymorpha confirm the dating for the interval
(Costa & Davey, 1992). The presence of Vesperopsis mayi is typical for the northern latitudes (Nøhr-Hansen,
1993) and tentatively suggest stressed environment (Harding & Allen, 1995).

The Early Aptian is confirmed with the presence of the red stained foraminifera and LAD of Ctenidodinium
elegantulum, Sirmiodinium grossii, and Pseudoceratium pelliferum (Costa & Davey, 1992). The pronounce spike
increase in gamma (Figure A1), together with abundant influx of bisaccate pollen grains and sapropelic
organic in core, confirms the presence of OAE1 sediments, representing Selli event (Ainsworth et al., 2000).
This interval is an equivalent to Fischschiefer bed in North Sea. The presence of Subtilisphaera perlucida is
additional evidence of anoxic environment and confirms the age interpretation.

The presence of Barremian sediments within the section is supported with the downward change of the log
pattern (Figure A1) and is confirmed with the LAD of Aptea anaphrissa and Nelchinopsis kostromiensis,
together with the base of abundant presence of P. cretaceum and overall assemblage change (Costa &
Davey, 1992).

A2. Coniacian-Albian Interval

The Lysing Formation, typically representing Turonian-Late Coniacian strata, is not prominently expressed
in the log profile and has not been analyzed for biostratigraphy (Figure A1). The underlying interval is
characterized by the rich assemblage indicative of Turonian age, present in two samples (Figure A1).
The cooccurrence of acme event of Palaeohystrichophora infusorioides together with abundance of

Figure A1. Well 6608/2-1S and ST2 bypass. Biostratigraphy summary chart of Barremian to Coniacian intervals. Formation names after NORLEX (Gradstein et al., 2010).
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Cauveridinium membraniphorum is indicative of latest Turonian (Costa & Davey, 1992; Olde et al., 2014).
The cooccurring Stephodinium coronatum and Apteodinium maculatum serve as important markers as
their LAD are observed at top Turonian boundary (Costa & Davey, 1992), specifically for North Træna
and Møre Basins (Radmacher et al., 2015; Smelror et al., 1994). The cooccurring Heterosphaeridium difficile
is known to have its FAD within the Turonian (Costa & Davey, 1992), specifically in the North Træna Basin
(Radmacher et al., 2015). The influx of Surculosphaeridium longifurcatum, observed in the sample below, is
known to be characteristic of mid-Turonian strata (Costa & Davey, 1992; Radmacher et al., 2015).

Due to its lower thickness in comparison to the known sections of the basin, the Turonian interval of the well
is considered to be either condensed or possessing a stratigraphic unconformity. Since the studied assem-
blages possess strong Middle-Late Turonian marker events and lack any Early Turonian events, this negative
evidence is tentatively suggesting the presence of unconformity with the Early and partly Middle Turonian
intervals missing from the section.

The underlying part of the Blålange Formation is characterized by extensively expanded section with its age
defined in two samples from the upper part of the studied interval (Figure A1). The assemblage in these sam-
ples is represented by the abundant presence of Subtilisphaera kalaatii and other peredinoid cysts such as
Palaeoperidnium cretaceum and Palaeohystrichophora infusorioides, together with increase of common
Chlamydophorella nyei and single occurrences of Rhombodella paucispina and Ovoidinium scabrosum.
These events suggest the correlation to the Palaeohystrichophora infusorioides-Paaeohystrichophora
palaeoinfusa Interval Zone in the sense of Radmacher et al. (2014) and are indicative of Middle-
Late Cenomanian.

The presence of the assemblages dominated with peridininoid cysts, specifically Palaeoperidinium cretaceum
and Subtilisphaera kalaatii, in Cenomanian strata is characteristic for North Træna Basin (Radmacher et al.,
2015), southwestern Barents Sea (Radmacher et al., 2014), and East Greenland (Nøhr-Hansen, 1993, 2012).

Appendix B: A Comment on the Petrophysical Properties Used in the 2-D Potential
Field Modeling of the Northern Vøring Transect
All potential field studies combine a priori constraints such as physical property data, geological mapping, or
seismic interpretations to limit the infinite number of possible theoretical solutions (Saltus & Blakely, 2011).
Some of the modeling assumptions derivedmostly (1) from local onshore-offshore correlations of some grav-
ity and magnetic anomalies, (2) the nature of the rocks expected, (3) the correlation with Vp values from
refraction/OBS data, and (4) the conclusion of the potential field modeling itself.

Rock property data from onshore (see NGU database) (e.g., Olesen et al., 2010) and local offshore density logs
also provide local constrains, but mostly limited to the upper part of the sedimentary basin and/or the prox-
imal part of the margin. We assume that the density in the deepest part of the basin does not exceed an aver-
age value of 2,750 kg/m3, which also fits conventional Vp/density function. This threshold value was also
voluntarily chosen to reach the maximum of crustal thinning we could expect along the transect.

Sedimentary rocks are also almost nonmagnetic (e.g., Olesen et al., 2010), and we assumed, accordingly, that
most of the magnetic sources source from the crystalline basement or the basalt in the outer part of
the margin.

Review of the onshore measurements (see Olesen et al., 2010) shows a large variation of the rock properties.
However, all rocks from the upper part of the crust (e.g., the Caledonian nappes) have, in average, lower den-
sity and lower magnetic susceptibilities (<0.01–0.02 SI) compared to the pre-Cambrian crust showing higher
density and much higher susceptibilities (>0.03 SI). Previous modelings have shown that a simple crustal
model with an upper crust dominated by rocks equivalent of the Caledonian nappes and a magnetic middle
crust associated with pre-Cambrian types of rocks could easily explain the observed gravity andmagnetic sig-
nature of the mid-Norwegian Margin (e.g., Ebbing et al., 2006; Gernigon et al., 2015; Maystrenko et al., 2017;
Olesen et al., 2010; Reynisson et al., 2010). The lower to the upper crust with Vp velocities higher than 7 km/s
are most likely characterized by high-density material as confirmed by our modeling (e.g., the prominent
gravity anomaly of the Utgard High). In general, the crustal densities are also realistic and remain in the range
of average crustal values measured at specific depth on the Earth (Christensen & Mooney, 1995; Herzberg
et al., 1983).

Tectonics 10.1002/2017TC004655

ZASTROZHNOV ET AL. 27



In addition to the forward modeling, we also consider Werner independent deconvolution techniques to esti-
mate the potential field sources directly from measured anomalies without appeal to specific assumptions
about the source distributions. When finally combined with seismic data, the final potential field model fits
all observations and geophysical data available (e.g., seismic, gravity, and magnetic). Therefore, if a model
produces results that agree with data, we will regard it as successful until new data and understanding allow
us to modify or even reject modeling results. The parameters in Table 1 just show the best parameters
required to fit all the data and observations. Without extra constrain, a sensitivity analysis will only result in
a minor variation of the relative crustal properties involved.
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A B S T R A C T

Lithospheric stretching is the key process in forming extensional sedimentary basins at passive rifted margins.
This study explores the stretching factors, resulting extension, and structural evolution of the Møre segment on
the Mid-Norwegian continental margin. Based on the interpretation of new and reprocessed high-quality seismic,
we present updated structural maps of the Møre margin that show very thick post-rift sediments in the central
Møre Basin and extensive sill intrusion into the Cretaceous sediments. A major shift in subsidence and deposition
occurred during mid-Cretaceous. One transect across the Møre continental margin from the Slørebotn Subbasin
to the continent-ocean boundary is reconstructed using the basin modelling software TecMod. We test different
initial crustal configurations and rifting events and compare our structural reconstruction results to stretching
factors derived both from crustal thinning and the classical backstripping/decompaction approach. Seismic
interpretation in combination with structural reconstruction modelling does not support the lower crustal bodies
as exhumed and serpentinised mantle. Our extension estimate along this transect is ~188 ± 28 km for initial
crustal thickness varying between 30 and 40 km.

1. Introduction

The Møre Margin is a segment of the Mid-Norwegian passive con-
tinental margin and is located between 62° and 65°N and 0° and 6°E
(Fig. 1). It is separated from the Vøring Margin by the Jan Mayen
Corridor in the north and by the north-westward extension of the
Tampen Spur from the Magnus Basin in the south. The Møre continental
margin comprises of the deep sedimentary Møre Basin, which is
bounded to the Møre Marginal High by the Faroe-Shetland-Escarpment
to the west and the Møre Trøndelag Fault Complex to the east. The
Møre Margin is divided into several sub-basins and highs (Fig. 1) and
includes the Møre Trøndelag Fault Complex and the Slørebotn Subbasin
in the east.

The Mid-Norwegian margin has been studied extensively for hy-
drocarbon exploration and consequently large amounts of seismic data
have been acquired. Many studies that address similar stretching and
extension estimates focused on the Vøring Margin (e.g. Gernigon et al.,
2003; Reemst and Cloetingh, 2000; Theissen and Rüpke, 2010; Wangen
and Faleide, 2008; Wangen et al., 2011). However few studies address

the Møre continental margin segment specifically (Gabrielsen et al.,
1999; Gomez et al., 2004; Skogseid et al., 2000). This study focuses on
stretching factors and extension along a seismic profile crossing the
entire Møre continental margin. We further discuss the implication of
different modelling approaches, seismic interpretation, rifting events,
and initially assumed crustal configuration. The modelling tool TecMod
and the classical backstripping/decompaction method are used to re-
construct the stratigraphy and calculate stretching and extension. The
stretching factor (beta) is compared to estimates from crustal thinning,
where beta is estimated by dividing the assumed initial crustal thick-
ness prior to rifting by the today's thickness.

2. Geological setting

The Mid-Norwegian margin developed through several rift episodes
since the collapse of the Caledonides in the Devonian. The final rift
phase during the Upper Cretaceous eventually led to breakup between
Greenland and Eurasia in the Eocene (Talwani and Eldholm, 1972).

Several early rift phases during Late Palaeozoic-Early Mesozoic have

http://dx.doi.org/10.1016/j.tecto.2017.09.009
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been suggested for the Norwegian-Greenland rift system (Grunnaleite
and Gabrielsen, 1995). The earliest rift episode that can be observed in
the seismic sedimentary strata at the Mid-Norwegian margin is Per-
mian-Triassic in age. Evidence for this event has been described at the
Trøndelag Platform and the Halten Terrace (Tsikalas et al., 2012).
During this early rift phase Caledonian basement trends were re-
activated and rifting was oriented ENE-WSW (Gomez et al., 2004).

The major rift event during which the crust was highly thinned took
place during Late Jurassic–Early Cretaceous and was mainly non-
magmatic (Brekke, 2000) with minor magmatic activity suggested by
evidence for Cretaceous seamounts and the presence of pyroclastic
rocks (Lundin and Dore, 1997) in the Vøring Basin. Both tectonic and
thermal subsidence during the Cretaceous led to the accumulation of up
to 8 km of sediments in local depocenters in the Vøring and Møre basins
(Scheck-Wenderoth et al., 2007). The extension direction during Late
Jurassic-Early Cretaceous shifted to a NW-SE direction and the final
opening occurred almost perpendicular to the present day coastline
(Doré et al., 1999; Mosar et al., 2002). A separate rift event during the
mid-Cretaceous is debated; Grunnaleite and Gabrielsen (1995) suggest
a mid-Cretaceous rift event, while other studies conclude that no
stretching occurred during the mid-Cretaceous (Faerseth and Lien,
2002).

A last stretching event during Late Cretaceous-Palaeocene is con-
strained by seismic data from the Vøring margin and it has been

suggested that the main rift event was initiated during Late
Maastrichtian (Ren et al., 1998) or mid-Campanian time (Gernigon
et al., 2003; Ren et al., 2003). The Campanian-Palaeocene rifting is less
pronounced in seismic data from the Møre Margin, but evidence for
brittle deformation is observed close to the Tertiary lava flows. Final
lithospheric separation was accompanied by voluminous magmatism
resulting in numerous sill intrusions, lava flows and characteristic
seaward dipping reflectors (SDR), that cover large areas towards and
over the continent-ocean boundary (COB) (Berndt et al., 2001; Planke
et al., 2005; Ren et al., 2003 and Fig. 1). Breakup was initiated during
the Palaeocene-Eocene transition (C24r, (Gernigon et al., 2012)).

Lower crustal bodies (LCBs) with high P-wave velocities (> 7 km/s)
are characteristic for the outer parts of the Mid-Norwegian margin.
LCBs occur below or are part of the lower crust and are observed be-
neath the marginal highs and the volcanic provinces. They continue to
the east below the stretched and thinned crust of the deep Vøring and
Møre basins. The LCBs have been imaged in most of the parts of the
Møre Basin and are described to be 2–5 km thick with thickening be-
neath the intrabasinal highs (Faleide et al., 2008; Kvarven et al., 2014;
Lundin and Dore, 2011; Mjelde et al., 2009). Traditionally the LCBs in
the outer part of the Møre and Vøring margins have been interpreted as
breakup related magmatic underplating (Mjelde et al., 2009; Olafsson
et al., 1992; White and McKenzie, 1989), but alternative magmatic and
non-magmatic origins (e.g. a post Caledonian metamorphic core

Fig. 2. Top (a–c) row shows time-structure maps of the Cretaceous units. Time-thickness maps are plotted at the bottom (d–f). The blue and red lines mark the continent ocean boundary
(COB) and the extent of the volcanics, respectively. The COB is defined as seaward termination of the K-reflector (Abdelmalak et al., 2016a) The thick red line shows the location of the
key profile. EH = Ervik High; FH = Frøya High; GH = Grip High; GNU = Gnausen High; GSH = Gossa High; HD = Haysule Dome; HHA = Helland-Hansen Arch; HT = Halten Terrace;
ID = Isak Dome; KH = Kinn High; KRH = Kiran High; MA= Modgunn Arch; MB = Marulk Basin; MR =Manet Ridge; OH = Ona High; OLD = Ormen Lange Dome; RB = Rås Basin;
SMA = Southern Modgunn Arch; SR = Slettringen Ridge; SS = Slorebotn Subbasin; VH = Vigra High. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

S. Theissen-Krah et al.



complex, a sill complex intruded into the lower crust or serpentinised
mantle rocks) have been suggested and discussed (Dore et al., 1997;
Gernigon et al., 2006; Gernigon et al., 2004; Osmundsen and Ebbing,
2008; Reynisson et al., 2010). The concept of mantle serpentinisation
during continental rifting is based on the observations from the non-
volcanic Iberian margin (Perez-Gussinye et al., 2001) and similar pro-
cesses have been suggested for the inner parts of the LCB at the Nor-
wegian margin (Lundin and Dore, 2011). Prerequisite for serpentini-
sation is a complete embrittlement of the crust and the presence of
fluids. Rüpke et al. (2013) showed that despite the thick sedimentary
cover that lead to higher temperatures in the lower crust compared to
basin with thin sediment thicknesses, serpentinisation is possible above
a critical stretching factor. The critical stretching factor depends on
sedimentation rate and rift duration, but is generally high, e.g. above 6
for an average sedimentation rate of 0.2 mm/yr. The nature and origin
of the LCB and in particular the question if serpentinisation can effec-
tively occur at volcanic (and rifted) passive margins, and to what extent
a comparison between volcanic and non-volcanic margins is valid
(Peron-Pinvidic et al., 2013) or not (Geoffroy et al., 2015; Gernigon
et al., 2015), is an ongoing debate.

3. Seismic interpretation

The study area comprises approximately 600 new and reprocessed
seismic reflection and refraction data. The key seismic reflection lines
cross the Møre Basin in northwest-southeast direction approximately
perpendicular to the line of breakup. The main tectonic features are
well imaged by the seismic data set, including several intra-basinal
highs (Grip High, Vigra High, Ona High and Giske High), and the
Slørebotn Subbasin. The southern extensions of the Modgunn Arch and
Ormen Lange Dome are imaged in the northern part of the study area

(Figs. 1b, 2, and 3).
Structures and sedimentary layering are well recognised in the

south-eastern part of the Møre Basin, whereas interpretation of the
north-western part is hindered by numerous sill intrusions and lava
flows close to the COB. The sedimentary units were tied to wells
available in the Møre and southern Vøring area (Fig. 1b). Data of the
deeper parts of the Møre Basin are limited and only 5 wells are drilled
through Late Cretaceous or older formations, two of which are located
in the Slørebotn Subbasin. The depth to the basement is therefore dif-
ficult to constrain in some parts of the area, and earlier studies define
the depth of the Møre Basin to be the base Cretaceous level (Blystad
et al., 1995). The new and reprocessed data set allows better inter-
pretation of the depth to the basement in the proximal part of the
margin. In the distal domain we used the lithosphere model from
Scheck-Wenderoth and Maystrenko (2008) for the interpretation of the
top basement.

Most of the seismic sections show the existence of thick sedimentary
strata below the base Cretaceous reflection down to the recorded depth
of 10 s TWT. The ages of this succession remain unknown since the base
Cretaceous has never been drilled in the deep Møre Basin, but it is likely
that these sediments correlate to the pre-Cretaceous sequences that
have been drilled on the platforms and in the Slørebotn Subbasin.

A strong reflector within the Cretaceous sequence interpreted to be
of intra-Cenomanian age can be followed on all seismic profiles in the
study area. The depth to this reflector is about 5.5 to 6 s TWT in the
central part of the basin (Fig. 2). Another prominent reflector inter-
preted as the base Cretaceous unconformity (BCU), defines Jurassic-
Cretaceous syn-rift to post-rift transition reaches depth to 8 s TWT in
the deep basins. This reflection is however not as distinct on all profiles
as the intra-Cenomanian and different interpretations are possible
(Grunnaleite and Gabrielsen, 1995). In addition to the intra-Cretaceous

Fig. 3. a) Seismic reflection of the Møre transect (red line in Fig. 1b). The red area in the western part indicates the breakup lave flows. b) Geological interpretation of a). The question
mark and dashed lines show the locations where the interpretation of the pre mid-Cretaceous strata are difficult and uncertain due to the widespread sill intrusions. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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and the base Cretaceous marker, the reflection corresponding to the
Top Cretaceous level has been identified on all profiles, which allows us
to estimate the thickness of the Cretaceous sequence in the entire Møre
Basin (Fig. 2).

The present-day relief of the BCU is shown in Fig. 2a. The BCU is
deepest, up to 8 s TWT on the western flank of the major structural
highs and faults in the central basin (e.g. Vigra High, Grip High, Slet-
tringen Ridge). The BCU shallows again towards the COB, which is also
expressed in the Møre Marginal Plateau, a shallow platform, which can
be interpreted as a northern continuation of the Faroe Platform. As
suggested by Gernigon et al. (2015) this shallow platform (Møre Mar-
ginal Plateau) could represent a continental and marginal plateau that
existed prior to continental breakup. In this case the plateau can be
directly related to the prolongation of the Jan Mayen Microcontinent
(JMMC) which was initially part of the Møre Basin between the Faroe
Platform and the outer Vøring Basin (Gaina et al., 2009; Gernigon et al.,
2012). From potential field modelling and the resulting pre-drift con-
figuration, Gernigon et al. (2015) suggested that Mesozoic and possibly
Palaeozoic sediments could be present beneath the outer Møre Margin
and underneath a large part of the Møre Basin.

The mid-Cenomanian map represents the basin configuration after
~40 m.y. of syn-rift. The depth to this reflector increases from the
Slørebotn Subbasin towards the central Møre Basin with maximum
depth of 6–6.5 s TWT west of the Vigra and Grip highs, and shallows
again towards the Møre Marginal High. Mid-Cenomanian reflector is
absent on the Manet Ridge, Frøya High and in the western part of the
Halten Terrace. The deepening of this reflector west of Vigra and Grip
high, and the Slettringen Ridge is comparable to the BCU map (Fig. 2a).
In contrast to the configuration at the base Cretaceous, the deepening of
the Mid-Cenomanian reflector extends further to the west in the central
parts and towards the COB. This subsidence suggests that minor
faulting occurred during that time, probably due to reactivation of the
old fault systems.

The Top Cretaceous (Fig. 2c) map shows a different pattern with a
rather uniform depth except the prominent low in central basin and
along the margin (Fig. 2b). Thick lava flows covering the western
margin and post-breakup thermal subsidence is likely to have caused
the deepening of the Top Cretaceous layer at the margin close to the
COB. In the northern part (Møre-Vøring transition) the Top Cretaceous
level seems to thin slightly towards the COB. Glacial loading and the
corresponding high sedimentation rates have probably caused further
subsidence seen in the central part.

The Late Cretaceous sediments are affected by the formation of
domes during the Mid-Miocene compression (Grunnaleite and
Gabrielsen, 1995; Lundin and Dore, 2002) and are distinct features on
the Mid-Cenomanian (Ormen Lange dome, Isaak dome, Helland Hansen
Arch) and Top Cretaceous time-structure maps (Fig. 2b,c).

Fig. 2d–f show the cumulative sediment thickness of the Cretaceous
units and the evolution of the depocenters in the Early and Late Cre-
taceous. Several depocenters, up to 6 s TWT thicknesses, trending
NNW-SSE are observed along the western flanks of major faults. Two
prominent depocenters with up to 6.3 s thickness are present, one in the
southern part of the central Møre Basin and a second depocenter that is
located in the northern part at the transition to the Vøring Basin
(southern Rås Basin). The comparison of the thickness distribution of
the upper and Lower Cretaceous reveals a major shift in depositional
environment during the mid-Cretaceous. The depocenters that were
initiated during the main rift event in the Jurassic/Cretaceous are filled
with thick Lower Cretaceous sediments (Fig. 2e). Very thin or absent
Lower Cretaceous strata (e.g. Vigra, Ona, and Frøya High) is probably
caused by non-deposition and/or erosion due to footwall uplift and
rotation of the central and continental rafts preserved in the deep part
of the Cretaceous Møre Basins.

The thickness distribution of the Upper Cretaceous (Fig. 2d) shows a
different pattern with nearly uniform sediment thickness in the central
Møre Basin. Subsidence and significantly higher sedimentation occur in

the northern part towards the transition to the Vøring Basin, which
suggests different tectonic environments in the Møre Basin during the
Late Cretaceous with only minor tectonic activity at the Møre margin.

Using average interval velocities proposed by Scheck-Wenderoth
et al. (2007) for layer depth conversion allows thickness and depth
estimates for the different sedimentary units. The Cenozoic succession
is around 2 km thick in the Slørebotn Subbasin and increases to a
maximum depth of over 4 km west of Vigra High. The base of the Upper
Cretaceous reaches its maximum with 7.6 km in the sag basin between
the Vigra and Grip highs. In average the central Møre Basin consists of 3
to> 4 km of Upper Cretaceous sedimentary strata.

Our data agree with previous interpretations that the Møre Basin is
a deep sedimentary basin with thick Cretaceous sequence (e.g. Gomez
et al., 2004). Particularly in the depocenters on either side of Vigra
High thick sedimentary wedges are imaged down to 10 s TWT (corre-
sponding to depths of 15–16 km). Additionally the new seismic data
suggest, that the Møre Margin also contains thicker layers of possibly
pre-Cretaceous strata and not shallow basement or an outer zone of
exhumed continental mantle as suggested by (Peron-Pinvidic et al.,
2013).

3.1. Modelling

We use the basin modelling software TecMod (Rüpke et al., 2008)
for the reconstruction of the Møre transect. TecMod couples a forward
model to an inverse modelling algorithm to fit a specific basin strati-
graphy. The forward model is based on pure-shear kinematics and re-
solves for basin scale, e.g. sedimentation and compaction, and litho-
sphere processes, such as rifting, heat transfer, and flexural isostasy on
a Lagrangian finite-element mesh. The advantage of this reconstruction
is that in each time step, new sediment packages are deposited to be
part of the computational domain for the following time steps. The
sediments are therefore included in the thermal calculations to account
for thermal blanketing effects which may lead to considerable differ-
ences in heat flow and subsidence history compared to the results of
method that decouple both thermal and structural processes (Theissen
and Rüpke, 2010; Wangen, 1995). During the inversion the stretching
factors and palaeo-water depths values are iteratively updated until the
forward modelling results match the observed input stratigraphy.
During the fitting process only the thickness and the location of sedi-
ment packages are used to update the forward parameters and well data
such as present-day temperature, vitrinite reflectance data and esti-
mates of palaeo-water depth can therefore be used to verify the corre-
sponding model results. Further details of the automated basin re-
construction method are described in Rüpke et al. (2008, 2010).

3.2. Møre transect

Our key profile across the Møre margin consists of a new TGS
seismic line (Fig. 3a) and line M-M′ (MB-6-92) in Blystad et al. (1995) to
the southeast. Fig. 3b shows our geological interpretation of the Møre
profile. The seismic line LOS 99-002 overlaps with this transect for
~25 km and runs from the Møre Marginal High to the extinct Aegir
Ridge (Fig. 4). The deep crustal interpretation for this part of the profile
is taken from Breivik et al. (2006).

The transect runs from the continental shelf to the Møre Marginal
High and images the sedimentary strata in the Møre Basin and the ty-
pical lava flows and SDR approaching the continent-ocean boundary in
the northeast. This profile can be subdivided into structural highs se-
parating the sedimentary depocenters from southeast to northwest,
these are: Giske High, Ona High and Vigra High. In addition to the main
highs the new data show narrow and deep sub-basins, each of around
10 km width and up to 14 km deep between the Vigra and Ona highs.
Small basins bounded by rotated fault blocks can be identified in the
northeast whereas the normal faults dip mainly towards northwest.
Several sill intrusions within the Lower Cretaceous sequence are present
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between km 100–150 (Fig. 3a). The eastern part the Møre Basin dis-
plays a basin shape with sedimentary sequences dipping to the east,
whereas in the western part the Upper Cretaceous and Cenozoic se-
quences run nearly horizontal towards the Møre Marginal High.

In contrast to previous interpretations (Faerseth and Lien, 2002;
Gomez et al., 2004) which describe no evidence for tectonic activity in
the Cretaceous, we observe normal faults in the western part of the
transect that cut at least through the lowermost Cretaceous sediments,
suggesting rifting or tectonic activity during Early Cretaceous time. As
mentioned above large areas approaching the COB are covered with
lava flows and sill intrusions, which makes interpretation of the western
part of the profile difficult (0–70 km). Our interpretation in this part
agrees well with published interpretation mainly based on wide-angle
seismic data (Faleide et al., 2008; Kvarven et al., 2014; Nirrengarten
et al., 2014).

3.2.1. Model setup
Two sets of models are investigated. The first set focuses on the

structural evolution of the Møre Basin (Fig. 3), while in the second the
whole transect to the Aegir Ridge (Fig. 4) is reconstructed to investigate
the impact of the breakup and spreading in the modelling.

Commonly used pre-rift crustal thicknesses for the Norwegian
margin are between 30 and 40 km (Gernigon et al., 2006; Rüpke et al.,
2013; Theissen and Rüpke, 2010; Wangen and Faleide, 2008). The
choice of the initial crustal thickness influences the stretching factors
necessary to create a sedimentary basin of a given depth and we
therefore investigate the effect of different initial crustal thicknesses,
i.e. 30 to 40 km. All input parameters and material properties are listed
in Table 1. Additionally we introduce initial crustal heterogeneities and
lower crustal bodies at various locations to fit the observed gravity and
OBS data. The details of these models are described in the gravity
section below. We assume the following three rift phases for our re-
ference setup:

(1) Permian/Early Triassic rifting from 270 to 250 Ma to account for

the early stretching episodes, prior to the main phase during
(2) Late Jurassic/earliest Cretaceous (170–145 Ma).
(3) A final rift phase starting in Late Cretaceous (80 Ma) until breakup

at 55 Ma.

We also test a longer second rift phase extending until Aptian time
(115 Ma), which is observed at the central and outer Vøring Margin.
Due to the number of and ages applied to the sedimentary layers in our
stratigraphy this alternative scenario leads to a Jurassic/Cretaceous rift
phase from 170 to 115 Ma.

The temperature is fixed to 5 °C at the seafloor and 1300 °C at the
boundary between lithosphere and asthenosphere. The lithosphere-
asthenosphere boundary is considered to be the isostatic compensation
depth and is at 125 km in all model setups. Radiogenic heat production
in the crystalline crust exponentially decreases (e-fold length = 20 km)
with depth from 2 μW/m3 in the upper crust and 0.18 μW/m3 in the
lower crust. The effective sediment conductivities are computed as the
geometric average between matrix and pore fluid conductivities.

Serpentinisation can potentially occur in all our model setups. The
requirement is that high stretching leads to a complete embrittlement of
the crust (Rüpke et al., 2013), which allows us to test if the LCB ob-
served along the Møre profile could be serpentinised mantle and how
the initial configuration influences the possibility of serpentine forma-
tion.

The second setup is the extended profile shown in Fig. 4 that runs to
the Aegir Ridge and the reconstruction focus on the extension of the
Norwegian part of the Norway-Greenland rift system. Material prop-
erties, rift phases and initial crustal thicknesses described above are the
same in both setups. Breakup at 55 Ma is included and spreading in the
Norway Basin is active until 28 Ma and produces 9 km thick oceanic
crust. All models assume flexural isostasy with a necking depth of
15 km and an effective elastic thickness of 5 km.

3.2.2. Gravity modelling
Gravity modelling is performed to test different interpretation and
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possible locations of the known LCBs that are used as input parameter
for the reconstruction modelling. TecMod's gravity modelling is based
on the computation of the gravitational acceleration due to a 2-di-
mensional body described by Talwani et al. (1959) and the re-
formulated algorithm by Won and Bevis (1987).

TecMod's finite-element mesh is used to calculate the gravity
anomalies. This method allows for computing the changes in gravity
anomaly along a reconstructed profile, which can then be compared to
measured gravity anomaly changes. We compare observed free-air
gravity anomaly data provided by TGS, which are comparable to the
Word Gravity Map (WGM2012) that is freely available from the Bureau
Gravimétrique International (BGI) http://bgi.omp.obs-mip.fr/ (The
International Gravimetric Bureau, 2012) with our modelling results for
the profile across the Møre Basin (Fig. 3).

The gravity comparison consists of three steps of modelling: (1) the
profile (Fig. 3b) is reconstructed with TecMod as described above to
compute the necessary stretching factors to create the Møre Basin. This
setup does not include any initial heterogeneities or lower crustal
bodies. (2) The actual gravity comparison is performed with TecMod's
forward modelling scheme due to the faster computation compared to
the reconstruction. Stretching factors resulting from step 1 are used as
input parameters. In this step we introduce high-density bodies to
mimic the lower crustal body. The initial heterogeneities together with
the LCBs give a close match with the observed gravity anomalies. In the
last step (3), we run again the full basin reconstruction including the
LCB and the heterogeneous initial crust to verify the results from the
initial reconstruction. We test different densities and locations for an
inner and outer LCB based on our interpretation and suggested in
various publications (e.g. Kvarven et al., 2014; Nirrengarten et al.,
2014). The density is 3300 kg/m3 and 3100 kg/m3 for the inner and
outer LCB, respectively. With this assumption we do not specify the
nature of the LCBs, but the LBCs are treated as crustal heterogeneities.
In an alternative setup the outer LCB is treated as magmatic underplate
coming into the model at 55 Ma. Additionally, it is assumed that the
tectonic evolution at the Norwegian margin before mid-Permian (the
starting age in our model) led to a heterogeneous crust where the initial
thicknesses of the upper and lower crust vary horizontally. It should be
noted that the heterogeneities and the LCBs do not change the total
initial crustal thickness; it changes the density distribution throughout
the crust due to varying proportions of upper and lower crust, and the
implemented higher density LCBs/underplate. The total initial thick-
ness is varied between 30 and 40 km.

The best fit of the gravity data is achieved with an inner LCB be-
tween 565 and 615 km with a maximum thickness of 4.5 km was
needed to fit the gravity observations in the south-eastern part of the
transect (Fig. 5). The outer LCB or alternatively magmatic underplating

occurs from the north-western start of the profile to the intrabasinal low
between Vigra and Ona High. A thicker magmatic underplate is needed
to fit the gravity data, compared to the outer LCB as part of the lower
crust.

4. Modelling results

4.1. Stratigraphy, well comparison and crustal configuration

All reconstructions were run for 30 iterations and the input strati-
graphy is fitted well for all models. To calibrate the results we compare
computed temperature and maturity with available measurements from
wells (Fig. 6). Vitrinite reflectance data (%Ro, Sweeney and Burnham,
1990) as indicator for maturity is sensitive to the temperature-time
evolution and therefore well suited to verify the thermal solution of the
reconstruction. For four wells temperature and vitrinite reflectance data
were available: well 6302/6-1 and well 6403/10-1 in the Møre Basin
are located ca. 30 south and 24 km north of the transect, respectively.
The other two boreholes are also ca. 30 km north of the profile and have
been drilled in the Slørebotn Subbasin, which can explain the local
mismatch in temperature data. Nevertheless the overall computed
temperature and maturity data match the present-day measurements
well (Fig. 6), which confirms that the modelled thermal evolution
(temperature and heat flow through time) provide valid solutions and it
constrains the thermal parameter choice (radiogenic heat production,
sediment conductivities).

In addition to the stratigraphy comparison we compare the com-
puted crustal configuration with results inferred from our seismic data
and potential field modelling (Faleide et al., 2008; Kvarven et al., 2014;
Nirrengarten et al., 2014). At the end of the reconstruction the crust in
the central basin is considerably thinned. The best fit is achieved with
initially 32–35 km thick crust, also regarding the depth of the Moho,
which lies in 20 km depth beneath the sag basins in the center and
shallows to ~17 km towards the north-western end of the profile
(Fig. 5).

Although the reconstruction only aims at matching the basin stra-
tigraphy by pure shear deformation without considering faults in the
crust, the resulting crustal thicknesses and Moho depth are comparable
to interpretations from potential field modelling and wide-angle seismic
data. The discrepancies in LCB thickness are also due to the modelling
focus on sedimentary basin reconstruction, but as shown below, the
consideration of such heterogeneities is important for the calculation of
stretching factors and therefore the estimation of extension at con-
tinental margins.

Table 1
Material properties of the crust, mantle, and stratigraphic layers.

Matrix density
(kg m−3)

Thermal
expansion (K−1)

Radiogenic heat
(W m−3)

Conductivity
(W m−1 K−1)

Heat capacity
(J kg−1 K−1)

Surface
porosity (%)

Compaction length
(km−1)

Mantle Peridotite 3340 3.2 × 10−5 0 3.5 1000
Lower Crust Diabase 2850 2.4 × 10−5 1.8 × 10−7 2.6 800
Upper Crust Granite 2750 2.4 × 10−5 2 × 10−6 2.6 800
Quaternary Sandstone 2650 7 × 10−7 3.95 855 41 0.31
Neogene Sandstone 2700 7 × 10−7 3.95 855 41 0.31
Palaeogene Shale 2700 2 × 10−6 1.64 860 70 0.83
Upper Cretaceous Organic rich

shale
2610 2 × 10−6 1.54 880 70 0.83

Lower Cretaceous Shale 2700 2 × 10−6 1.64 860 70 0.83
Upper Jurassic Sandstone 2720 7 × 10−7 3.95 855 41 0.31
Lower Jurassic Marl 2700 1 × 10−6 2 850 50 0.5
Triassic Siltstone 2710 1 × 10−6 2.01 940 55 0.51
Permian Sandy shale 2700 1.71 × 10−6 1.84 860 65 0.83
Inner LCB 3300 2.4 × 10−5 1.8 × 10−7 2.6 800
Outer LCB/magmatic underplate 3100 2.4 × 10−5 0 2.6 1000
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4.2. Stretching factors and extension

The second (breakup) setup is used to investigate stretching factors
between Norway and the Aegir Ridge. The stretching factors calculated
by the stratigraphy reconstruction are shown in Fig. 7. Fig. 7a shows the
cumulative crustal stretching factor and stretching factors for each rift
phases for an initial crustal thickness of 35 km. High stretching occurs
at the deepest depocenters, e.g. on either side of the Vigra High with a
maximum stretching factor β= 3.3 in the center of the basin after three
periods of rifting. The highest thinning factors are computed in the
north-western part at the breakup location, but it should be noted that
the depth of the depocenter here is not well resolved due to the over-
lying volcanics. Stretching decreases towards the southeast with beta
factors below 2. Major thinning took place during the first two rift
episodes between Triassic and Early Cretaceous. The final rift phase
that eventually led to breakup accounts only for ~35% of lithospheric
stretching.

Assuming an initial crustal thickness of only 30 km the average β-
factor is higher (3.9) with maximum values of 5 in the deep sub-basins.
Lower values are computed for a thicker initial crustal thickness of
40 km, 2.2 and 2.7 for average and maximum stretching, respectively
(Fig. 7b). Including LCBs as magmatic underplate or initial hetero-
geneities requires higher stretching factors compared to models that do
not include any heterogeneities in the crust (Fig. 7b).

The computed stretching factors required to fit the input strati-
graphy of all setups are lower than the critical value to favour brittle
deformation and hence serpentinisation.

In the setup that includes the extended Cretaceous rift phase yield
the same total stretching factors, only the distribution is different.
Compared to the models where stretching ceased in the Early
Cretaceous, these setups show slightly less stretching during the last
and final rift event, but higher beta factors during the Jurassic/

Cretaceous (170–115 Ma) rift phase.
Crustal extension can be calculated by integrating crustal thinning

(γ) along the profile length, where crustal thinning is defined by
= −γ 1 1

β . The resulting extension is 188 ± 28 km (215 for 30 km
crust and 160 for 40 km crust) for the models with an initial crustal
thickness of 30–40 km.

5. Discussion

The results from new and reprocessed seismic data allow for de-
tailed mapping of the Cretaceous and Cenozoic sedimentary successions
in the Møre Basin. The major rift event during Jurassic/Early
Cretaceous created several deep depocenters along the Møre Margin
that are filled with thick Cretaceous and underlain by pre-Cretaceous
sediments. The clear shallowing of the Base Cretaceous unconformity
towards the Møre Marginal High and the shallow platform (Møre
Marginal Plateau) highlighted by the new seismic data suggest that the
crust is moderately thinned and that crustal fragments are still pre-
served and probably too thick to favour both mantle exhumation and
serpentinisation to occur, which is in agreement with recent results
from potential field modelling (Gernigon et al., 2015; Nirrengarten
et al., 2014). Our stratigraphy reconstruction of the Møre transect
supports this interpretation with a final crustal thicknesses of minimum
5–8 km (> 10 km in the vicinity of the inner LCB) and no serpentine
formation. This result is in contrast to the suggestion that the inner LCB
could represent serpentinised mantle (Lundin and Dore, 2011; Rüpke
et al., 2013) because our seismic interpretation and stratigraphy cali-
bration is different compared to those studies. The location of the outer
LCB seems to correlate to the location of sill intrusions (Abdelmalak
et al., under review) and we therefore prefer an interpretation for the
outer LCB as magmatic underplate or magmatic intrusion into the
preserved lower crust.

The thickness distribution of the Upper and Lower Cretaceous units
(Fig. 3e,f) reveal that subsidence and sediment deposition shifted
northwards towards the outer Vøring Margin after Cenomanian. The
Møre Basin experienced subsidence and sedimentation mainly during
the Early Cretaceous and less tectonic activity in Late Cretaceous,
comparable to the observation by Scheck-Wenderoth et al. (2007), who
suggested that fault activity is reduced in the Møre Basin during Late
Cretaceous.

A comparison with previously published stretching factors and ex-
tension estimates is difficult because most studies focus only on post
middle Jurassic rifting. Gomez et al. (2004) and Skogseid et al. (2000)
estimated stretching and extension for the Møre margin by crustal
thinning. Gomez et al. (2004) used only the upper crust for re-
construction and their results highly depend on the assumed pre-Cre-
taceous crustal thickness, i.e. the crustal thickness after earlier
stretching episodes and it requires proper identification of the Base
Cretaceous sediments and basement rocks. In the preferred model of
Gomez et al. (2004) the pre-Cretaceous rift crustal thickness is already
thinned to 20 km during earlier stretching episodes. Both studies sug-
gest an extension of ca. 140–150 km since the middle Jurassic, which is
comparable to the results of this study. However the distribution of
extension is different, the final rift phase in our study only accounts for
ca. 35%, which corresponds to ca. 60 km, whereas Skogseid et al.
(2000) suggested 87 km for Maastrichtian/Palaeocene rifting and in an
earlier study calculated an extension of 90 to 111 km during Late
Cretaceous/Palaeocene (Skogseid, 1994).

Roberts et al. (2009) proposed increasing stretching factors from 1
(unstretched) at the Mid-Norwegian margin to up to 4 at the Møre
Marginal High for breakup related stretching during Palaeocene from
flexural backstripping. They assumed an average β= 1.4 for the Base
Cretaceous. A study (Rüpke et al., 2013) using the same modelling
approach, but different seismic data suggests very high stretching
(β > 8) for the deep sub-basins for the rift phase(s) prior to breakup
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related stretching. Our cumulative β (maximum 5 for 30 km crust) for
these rift events is lower because we assume slightly shallower basins
and apply the onset of the last rift phase during mid-Late Cretaceous
and therefore do not need to create all the accommodation space for the
Cretaceous sediments already during the Jurassic rift phase.

The determination of stretching factors and therefore also the esti-
mated extension is not only dependent on the accuracy of geological
interpretation, e.g. stratigraphy, crustal thickness or the assumed initial
crustal thickness, but also highly affected by the method used to de-
termine the stretching factors.

Fig. 8 shows a comparison of total stretching factors for the Møre
transect calculated with three different methods for an initial crustal
thickness of 35 km: the classical backstripping and decompaction ap-
proach (Steckler and Watts, 1978), stretching estimated by crustal
thinning, and the computed β-factors from the reconstruction model-
ling. In the backstripping approach individual sediment packages are
consecutively decompacted to recover the subsidence history (Steckler
and Watts, 1978) and the stretching factors can be calculated from the
resulting tectonic subsidence (Stewart et al., 2000):

= −

−

−

−β 1
S (ρ ρ )
t (ρ ρ )

,1 tec m w

c0 m w (1)

where Stec are total tectonic subsidence, tc0 the initial crustal thickness
prior to rifting, and ρm, ρw, and ρc are densities of the mantle, water, and
crust, respectively. Stretching factors derived from the subsidence
analyses are usually lower and are likely to be underestimated because
stretching/thinning of the sediments is not included (Theissen and
Rüpke, 2010; Wangen and Faleide, 2008). In our case the calculated
sediment thicknesses are up to 50–60% lower for certain sediment
packages (e.g. between 115 and 145 Ma) if the sediments are only
backstripped and decompacted but not thinned during the formation of
the basin, compared to the reconstruction modelling where thinning of
the sediments is included. Crustal stretching inferred by crustal thin-
ning is poorly constrained because only the initial thickness is com-
pared to the crustal thickness observed today and both values itself are
subjected to large uncertainties. This method does not include any fault
reconstruction or area balancing and often gives large discrepancies if
compared to other methods (Ranero and Perez-Gussinye, 2010). The
stretching factors are higher compared to the reconstruction modelling
due to the thicker crust at the end of the reconstruction compared to
what has been observed. Despite the discrepancies in crustal config-
uration and thickness of the LCB's between the our modelling results
and the initial seismic interpretation the influence of implementing
LCBs is seen in the computed stretching factors with higher stretching
required in models that include crustal heterogeneities.

By applying an initial crustal thickness of 32–35 km thickness,
compared to the even thicker (~40 km) crust observed close to the
Norwegian mainland (Kvarven et al., 2014), we assume that the crust
has already been partly thinned during the episodes of stretching prior
to the Permian/Early Triassic rift phase. Despite all research, also
driven by the hydrocarbon industry the mechanism that leads to highly
thinned crust is not fully understood. Osmundsen and Ebbing (2008)
suggested that the crust is thinned along large low-angle detachment
faults that thin the crust from initial thicknesses of up to 40 km to<
10 km. This mechanism is compared to the ‘thinning mode’ (Lavier and

Manatschal, 2006) derived from the Iberian margin. Although we do
not see large basin flank detachment fault in our profiles across the
Møre Basin it is possible that low-angle normal faults play an important
role in thinning the crust but are in our case overprinted by the thick
sedimentary cover and sill complexes. This is also in agreement with
Lavier and Manatschal (2006) who describe that the thinning mode
often affects parts of the margin that are usually buried under thick
sediments. However, we also find a comparison with the Iberian margin
difficult because the major rift phase during Late Jurassic/Early Cre-
taceous, responsible for the highly thinned crust, most likely aborted
during mid-Cretaceous and was not a continuous process leading to the
Eocene breakup. An alternative model to stretch the crust has been
suggested by Ranero and Perez-Gussinye (2010) who showed that very
high thinning of the crust can be explained by normal faulting if the
faults are active sequentially in time.

In plate reconstruction studies extension is quantified by the overlap
of the continent-ocean boundary and has been estimated to be
~400 km between Greenland and the Mid-Norwegian margin, which
corresponds to an average stretching factor of at least 2 (Torsvik and
Cocks, 2005; Torsvik et al., 2001). Using recently published rift velocity
(Brune et al., 2016) the total extension between Greenland and Norway
at the location of our transect of ~440 km between 200 Ma and
breakup. Our model data fit with the proposed stretching estimates
derived from plate reconstruction studies (Brune et al., 2016; Torsvik
et al., 2001), if we assume that about half the extension between the
Norway and East Greenland takes place at the Møre Margin and the
other half is distributed between the Jan Mayen Microcontinent and the
conjugate East Greenland Margin.

Very high stretching factors of about 4–5 (maybe locally higher)
characterize the deepest sub-basin. A more precise estimation of
stretching and extension derived from stratigraphy reconstruction is
only possible if sub-volcanic imaging/interpretation is improved and if
deeper well data allow for better age constraints.

6. Conclusions

New and reprocessed seismic data from the Norwegian passive
margin allow for better interpretation of the seismic stratigraphy in the
central Møre Basin. To derive stretching and extension that occurred
during several episodes of rifting we have reconstructed the Møre Basin
using different methods. Gravity modelling supports two LCBs along the
transect and suggests the existence of heterogeneous thickness of the
upper and lower crust prior to the first applied stretching event during
Permian/lower Triassic.

The reconstruction study fits well the present-day stratigraphy,
temperature, and maturity data derived from boreholes. The key points
of our study are:

• The central Møre Basin is a deep basin with thick post-rift sedi-
mentary strata following the main rift episode during Late Jurassic/
Early Cretaceous. The sedimentary infill has locally maximum depth
of 10 s TWT (corresponding to 15–16 km). Cretaceous depocenters
are concentrated along the western flank of the structural highs. A
major shift of subsidence and deposition to the north towards the
Møre-Vøring transition occurred during mid-Cretaceous.
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• The estimation of extension highly depends on the method.
Compared to the reconstruction modelling, stretching evaluated by
crustal thinning gives very high values, while the classical back-
stripping approach yields lower beta factors due to the under-
estimation of sedimentation. Up to ~60% more sedimentary infill is
necessary if the sediments are also stretched during reconstruction
of the present-day stratigraphy. This leads to higher stretching fac-
tors compared to the decompaction/backstripping calculations.

• Our result does not support the interpretation of the LCBs as ser-
pentinised mantle along most of the reconstructed profile. The ob-
served and modelled crustal remains too thick for complete mantle
exhumation and high rate of serpentinisation required to explain the
P-waves values of the LCB. We prefer a model where the outer LCB is
related to magmatic intrusion into the pre-existing inherited lower
crust and/or magmatic underplating.

• The extension along the reconstructed profile across the Møre Basin
is estimated to 188 ± 28 km. It is comparable to estimations from
plate reconstruction studies. The main thinning phase occurred be-
fore the final and separate rift episode leading to breakup.
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A B S T R A C T

The Møre and Vøring basins of the mid-Norwegian volcanic passive margin are characterized by thick accu-

mulations of Cretaceous to Paleocene sedimentary strata. They were formed during a series of Late Mesozoic-

Early Cenozoic extensional events and represent vast underexplored areas with a limited number of wells.

Recently, a new generation of long-offset 2D seismic reflection lines and 3D seismic data, together with new well

data, has permitted a significant improvement in the regional understanding of the Møre and Vøring basins. This

has enabled much better imaging of the deep Cretaceous subbasins and sub-basalt structures. In light of this

significant data improvement, we performed a regional tectonostratigraphic synthesis of the pre-breakup de-

velopment of the Møre and Vøring basins. We have interpreted eight regional Cretaceous and Paleocene horizons

and constructed a series of structural and thickness maps. The new interpretations allow us to examine the

sequential evolution of the Cretaceous to Paleocene sedimentary infill and to discuss its relationship to the deep

crustal structures and regional tectonic events. We conclude that the long and polyphased development of the

Møre and Vøring basins is partly controlled by deep-seated structural highs. We show that active deposition in

the Early Cretaceous was mainly focused in the Møre Basin, while the main Cenomanian and subsequent Late

Cretaceous-Paleocene depocentres developed principally in the Vøring Basin and migrated sequentially west

towards the present continent-ocean boundary. We argue that the outer Møre and Vøring basins are likely

underlain by a relatively thick continental crust compared to the inner part of the regional sag basin. In this

setting our observations do not support evidence for a large zone of exhumed upper mantle, which has pre-

viously been proposed to have formed before magmatism and breakup.

1. Introduction

The transition from rifting to drifting is a fundamental geodynamic

process within Earth Sciences (Wilson, 1966). Important issues include

the mechanisms of sedimentary basin formation and the modes of li-

thospheric thinning that predate oceanic rifting (e.g. Lavier and

Manatschal, 2006; Van Avendonk et al., 2009; Reston, 2009; Huismans

and Beaumont, 2011; Brune et al., 2014). Generic models of rifting have

difficulty explaining the diversity of continental margins worldwide. In

particular, under scrutiny are the impacts of different deformation

modes, structural inheritance and magmatic additions during rifting

and breakup (e.g. Chenin et al., 2015; Ligi et al., 2018; Simon et al.,

2009; Petersen and Schiffer, 2016; Guan et al., 2019; Nirrengarten

et al., 2020; Schiffer et al., 2019).

The mid-Norwegian margin is a well-studied example of a volcanic

passive margin that illustrates the complexity of rifting, sedimentary

basin development and breakup processes (Gaina et al., 2009; Gernigon

et al., 2019). The formation of the mid-Norwegian margin is the result

https://doi.org/10.1016/j.marpetgeo.2020.104269
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of a long history of Paleozoic and Mesozoic rifting in the NE Atlantic

region (Doré et al., 1999; Tsikalas et al., 2012) that culminated with the

rupture of the lithosphere in the Early Cenozoic (Talwani and Eldholm,

1977; Skogseid and Eldholm, 1989). The Møre and Vøring rifted margin

segments of the mid-Norwegian margin are prolongations of the North

Sea and the Faroe-Shetland margin and preserve a series of N and NE-

trending deep Cretaceous basins, flanked by paleo-highs, terraces and

shallow platforms (Blystad et al., 1995; Brekke, 2000) (Fig. 1).

A characteristic feature of the rift-to-drift transition of the mid-

Norwegian margin is its widespread volcanism that is part of the North

Fig. 1. An updated nomenclature map of the mid-Norwegian margin with pre-breakup structural elements. The fault pattern is mainly based on this study and

modified from Blystad et al. (1995), Gernigon et al. (2003) and Zastrozhnov et al. (2018). Regional transects A-H (Fig. 8) are shown in light purple solid lines.

Locations of seismic close-ups are shown in white solid lines. The ocean-continent boundary (OCB) is defined as the inner edge of the true oceanic crust. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Atlantic Igneous Province (Saunders et al., 1997; Meyer et al., 2007;

Abdelmalak et al., 2016a, 2016b; Millett et al., 2020). The volcanism

characterizes it as a volcanic passive margin. The main characteristics

of volcanic passive margins are: (1) thick volcanic wedges of seaward

dipping reflector sequences (SDRs) emplaced along the proto-breakup

axes (Hinz, 1981; Mutter et al., 1982; Eldholm et al., 1989; Berndt

et al., 2001; Planke et al., 2017); (2) massive emplacement of sill and

dyke intrusions in the sedimentary basins (Planke et al., 2005); and (3)

presence of a high-VP and high density lower crustal bodies (LCB)

(Breivik et al., 2014; Mjelde et al., 2002, 2016; Abdelmalak et al.,

2017).

Despite widespread consensus on these geophysical observations, an

understanding of the rifted structure and evolution up to the onset of

magmatic breakup remains incomplete and debated in the outer and

distal parts of the mid-Norwegian margin, which are the Møre and

Vøring basins. A particular point of contention is whether the final

phase of extension of the mid-Norwegian margin evolved similarly to

magma-poor margins in continuous extension from necking to breakup

(Péron-Pinvidic et al., 2013; Péron-Pinvidic and Osmundsen, 2018), or

if the mid-Norwegian margin evolved in a fundamentally different

polyphased manner consisting of discrete pulses of extension and final

magmatic weakening (Zastrozhnov et al., 2018; Gernigon et al., 2019;

Guan et al., 2019). In this context, the regional and geophysical un-

derstanding of the geometry of deep offshore sedimentary basins of the

mid-Norwegian margin is important to constrain, so as to properly

evaluate and determine the 3D structure and 4D evolution of the

complex rifted system, and to what extent the mid-Norwegian margin

can be compared to Iberian magma-poor type margins.

We use new and reprocessed long-offset 2D seismic reflection pro-

files and large 3D surveys covering the entire study area. In addition,

we re-evaluated the biostratigraphy of released wells drilled in this

under-explored area in order to calibrate and perform our regional

seismic-to-well ties. This new dataset allows us to better visualize and

confidently interpret the deep structures lying beneath the thick

Cretaceous Møre and Vøring basins, although some of the deep struc-

tures remain poorly imaged below the breakup-related basalts. In turn,

we better constrain the main phases of tectono-stratigraphic develop-

ment and the structural geometries of the Møre and Vøring basins since

the initial Late Jurassic-earliest Cretaceous rifting event until the onset

of continental breakup. We therefore re-evaluate the timing of uplift of

the structural highs and establish a series of new isopach maps to il-

lustrate the spatio-temporal evolution of the main depocentres, asso-

ciated with the sag-basins and structural highs. The new seismic data

also reveal new structures within distal volcanic provinces. Together

with extensive seismic interpretation, an updated chronostratigraphic

event chart is presented in terms of the tectonostratigraphic evolution

of the entire rifted margin. We find that the mid-Norwegian margin

formed in a polyphased manner and represents a specific type of passive

margin, where basin distribution and development are largely con-

trolled by pre-existing crustal blocks and where the outer domain is

underlain by a relatively thick continental crust.

2. Geological setting

The mid-Norwegian margin experienced several post-Caledonian

extensional episodes, which ultimately resulted in the complete se-

paration between Greenland and Norway in the earliest Eocene

(Talwani and Eldholm, 1977; Brekke, 2000; Faleide et al., 2008). The

large and thick More and Vøring basins of the mid-Norwegian margin

formed during the Late Jurassic-earliest Cretaceous and Late Cretac-

eous-Paleocene rifting phases (Blystad et al., 1995; Brekke, 2000;

Faleide et al., 2008). One additional extensional event was suggested

for the mid-Cretaceous (Bjørnseth et al., 1997; Lundin and Doré, 1997;

Pascoe et al., 1999; Gernigon et al., 2003; Roberts et al., 2009;

Zastrozhnov et al., 2018), although this period has also been considered

tectonically quiet (Færseth and Lien, 2002; Lien, 2005; Færseth, 2012).

After the final rifting episode in the Late Cretaceous-Paleocene, con-

tinental breakup initiated and was accompanied with extensive and

voluminous intrusive and extrusive magmatic activity (Eldholm et al.,

2002; Planke et al., 2005; Abdelmalak et al., 2016a, 2016b). The sub-

marine and subaerial volcanic sequences partially cover the Late Cre-

taceous-Paleocene and older structures which are likely to be present in

the outer Møre and Vøring basins (Fig. 1).

The Møre Basin is limited to the east by the narrow pre-Cretaceous

Møre Platform (Fig. 1). The southern limit of the Møre Basin is located

where the NE-SW trending Møre-Trøndelag Fault Complex truncates

the sub-meridional trends of the northern North Sea (Brekke, 2000). To

the west, towards the ocean-continent ‘boundary’ (OCB), which we

define here as the inner edge of the true oceanic trust, the Møre Basin is

bordered by the wide and shallow, pre-Cretaceous Møre Marginal

Plateau (Gernigon et al., 2015; Theissen-Krah et al., 2017; Manton

et al., 2018; Millett et al., 2020). To the north, the transition to the

Vøring Basin is defined by the Jan Mayen Corridor, which is interpreted

to be a complex long-lived inherited crustal transfer system that in-

directly influenced the segmentation of the oceanic domain (Gernigon

et al., 2012, 2015; Nirrengarten et al., 2014). The Møre Basin is char-

acterized by high rates of subsidence and sedimentation during the

Early Cretaceous with less tectonic activity in the Late Cretaceous

compared to the outer Vøring Basin. The major shift of subsidence and

deposition to the north towards the Vøring Basin occurred during the

Cenomanian (Theissen-Krah et al., 2017).

The Vøring Basin is limited to the east by the large Trøndelag

Platform and the Halten and Dønna terraces (Fig. 1). The outer portion

of the Vøring Basin most likely extends towards the proto-oceanic do-

main to the west. It is characterized by a series of structural highs

(Gjallar Ridge, Nyk High, Grimm High, Skoll High) and associated

subbasins (Hel Graben and Fenris Graben) formed during the Late

Cretaceous-Paleocene rifting phase preceding the onset of breakup

(Gernigon et al., 2003; Ren et al., 2003; Zastrozhnov et al., 2018). The

Bivrost Lineament separates the Vøring Basin from the narrow and

elevated Lofoten-Vesterålen Margin to the north (Brekke, 2000;

Maystrenko et al., 2017a; Tsikalas et al., 2019). The Fles Fault Complex,

which entirely dissects the Cretaceous-Paleocene sedimentary package,

is a NE-SW trending, elongated boundary fault system that splits the

Vøring Basin into western and eastern parts (Blystad et al., 1995;

Brekke, 2000).

3. Dataset and methods

3.1. Seismic data and interpretation

In this study, we used over 150,000 km of new and reprocessed

vintage 2D seismic reflection lines acquired with a line spacing ranging

from 0.2 to 2 km covering the entire mid-Norwegian margin

(260,000 km2) (Fig. 2). This large dataset was time migrated and dis-

plays a positive amplitude at the seabed. Overall, the data are of good to

excellent quality, allowing us to tie confidently seismostratigraphic

units.

In addition, we also fine-tuned our interpretation based on two re-

cent large 3D seismic surveys acquired by TGS in 2017–2018 (Fig. 2).

The Atlantic Margin North (AMN17) seismic survey covers c.

16,000 km2 in the southern Vøring Basin. The Atlantic Margin South

(AMS17-18) seismic data covers c. 31,000 km2 in the Møre Basin.

Together with both 2D and 3D seismic data, we use an interpolated

3D seismic volume (e.g. Whiteside et al., 2013), called J-Cube MN,

compiled by TGS from a dense grid of 2D and 3D seismic data on the

mid-Norwegian margin. The advantage of using J-Cube includes the

ability to better constrain basin-wide seismic-to-well ties by creating

arbitrary and composite lines in any direction. The interpretation

workflow is the same as for conventional 3D seismic volumes. However,

the level of imaging quality of J-Cube is heavily dependent on the line

spacing, and hence the quality varies locally.

D. Zastrozhnov, et al.



The regional seismic interpretation presented in this paper focuses

on stratigraphic intervals from the Early Cretaceous to Near Top

Paleocene (Fig. 3). The seismic interpretation was carried out using the

IHS Kingdom suite, DUG Insight and Petrel software. Eight regional

seismic horizons were picked and tied to the available well dataset and

mapped out across the entire study area. These horizons are the Base

Cretaceous Unconformity (BCU), mid-Albian (MA), mid-Cenomanian

(MC), Near Top Turonian (NTT), intra-mid-Campanian (IMC), the Base

Paleogene Unconformity (BPU), Near Top Paleocene (NTP) and Base

Basalt (BP) (Figs. 3 and 4). A few additional Cenozoic horizons in-

cluding Top Tare (TT) and Base Naust (BN) horizons were mapped lo-

cally along the profiles. The final grids of the interpreted regional

horizons represent a merge from all 2D and 3D seismic datasets avail-

able in this study (Fig. 2).

For integration purposes, we used the potential field data as pseudo-

horizons, which were loaded into the seismic projects by scaling the

values to fit the two-way travel time of the seismic data. We used 50 km

high-pass-filtered Bouguer gravity and magnetic data (Fig. 5), both of

which were processed and filtered by TGS. This integrated seismic-

gravity-magnetic approach (e.g. Abdelmalak et al., 2016b, 2017;

Zastrozhnov et al., 2018) helps us to better constrain the crustal con-

figuration below the thick sedimentary cover, and further identify

poorly imaged deep-seated structural basement highs below breakup

basalts and sill intrusions. High-pass filtering of the gravity data

(Fig. 5a) enables the differentiation of regional gravity anomalies

caused by shallow basement structures from density variations in the

deepest crust and the upper mantle. Cut-off wavelengths of 50 km

usually emphasize density contrasts with source depths of< 10 km.

With the exception of the volcanic domains, the 50 km high-pass fil-

tered magnetic data (Fig. 5b) provides information on deep-sourced

anomalies often related to basement rocks which floor non-magnetic

sedimentary basins. In the volcanic province, the magnetic data cor-

relates very well with the different volcanic facies identified within the

seismic data.

3.2. Well data and correlation principles

All key wells used for the Møre and Vøring basins (Fig. 6) were

reviewed and interpreted based on the data available in the Diskos

National Data Repository. The established marker events were inter-

preted with the integration of recent zonation schemes for the mid-

Norwegian shelf, Barents Sea, and onshore northeast Greenland. The

local marker events may not provide a key to regional ties or precise

dating but indicate events and surfaces of correlative value. For the rest

of the available wells, we followed the lithostratigraphic formation tops

as defined by the NORLEX group (Gradstein et al., 2010; http://nhm2.

uio.no/norlex).

The stratigraphic interpretation of the key wells (see Fig. 6 and

Appendix 1) is based on the identification of correlatable biostrati-

graphic zones together with log interpretations. The calibration of the

biostratigraphic data against the wireline logs, lithostratigraphy and

seismic data helped to constrain and link together the assemblage al-

terations to chronostratigraphic events. The different biostratigraphic

zones are defined using the downhole occurrence of key marker taxa

and changes in assemblage composition. Locally, reworked taxa were

identified with the interpreted clastic sediments, and contaminated

caved assemblages were identified based on taxa distribution patterns

and the geological history of the basins.

The biostratigraphic zonation of Radmacher et al. (2015) was used

as the reference regional biostratigraphic scheme, because it is the most

recent link between the Norwegian and the Barents seas taxa. In ad-

dition, we used the zonation of Duxbury (2001) as calibration for Early

Cretaceous events on the Norwegian Continental Shelf and North Sea

basins, and of Radmacher et al. (2014) for tying the Late Cretaceous

basins close to the Barents Sea. We further combined the zonations of

Nøhr-Hansen (1993, 1996, 2012) for understanding the correspondence

Fig. 2. Geological and geophysical dataset used in this study: black dots

– available exploration wells; solid light grey lines – 2D reflection

seismic; polygons AMN17 and AMS17-18 – recently acquired large TGS

3D cubes; J-Cube MN – regional interpolated 3D volume. Bathymetry

Data – Gebco 2014 grid merged with J-Cube seabed grid.
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between palynological assemblages of the Barremian to Paleocene

within the Greenland-Norwegian Seaway. We also used the zonation of

Powell (1992) for Northwest Europe to constrain the overall Early

Cenozoic biostratigraphic framework.

4. Results

4.1. Characteristics of the main regional seismic horizons

4.1.1. Base Cretaceous Unconformity (BCU)

The BCU (Fig. 7) forms the floor of the Møre and Vøring basins and

the isochron map illustrates the first order configuration of the mid-

Mesozoic rift system which was affected by regional extension during

the Late Jurassic-earliest Cretaceous period. The BCU shows great re-

gional variability that reflects the different structural position of the

main basin elements as well as regional variations influenced by basin-

scale tectonic, thermal and/or isostatic process and global sea level

variation.

The BCU mostly represents a composite surface (e.g. unconformity

complex) rather than a single erosional event (e.g. KyrkjebØ et al.,

2004). The BCU is mostly defined as a clear onlap surface on the ter-

races as well as on the deep-seated structural highs in the basin pro-

vince (Brekke, 2000, Fig. 4a). This structural criterion was the main

factor in identifying BCU. In general, the reflection is mostly soft (ne-

gative amplitude), but varies depending on the character of underlying

seismic facies (Fig. 4a). The BCU is difficult to interpret along deep

basin axes where the surface appears as a paraconformity. Locally, the

BCU is inconsistent between 2D seismic lines due to edge effects and

poor migration along fault/detachment complexes, terraces, and deep-

seated structural highs. The western limit of the mapped BCU horizon is

located where extrusive and intrusive volcanic sequences are entirely

masking the pre-breakup geology. Underlying pre-Cretaceous seismic

facies vary from coherent to incoherent reflections. Overlying Lower to

Upper Cretaceous successions represent coherent to semi-coherent and

incoherent reflections of moderate to high amplitudes (Fig. 4a).

Numerous wells penetrated the BCU on the terraces (eg. on the

Halten and Donna terraces) and platform domains, but no wells reached

the BCU in the central and outer Vøring and Møre basins. Although

wells 6603/5-1 S (Dalsnuten) on the South Gjallar Ridge (Fig. 6) and

well 6608/2-1 S (Sverdrup) in the northern Utgard High targeted deep

pre-Cretaceous sequences (> 5000 m b.s.l), both were abandoned in

Early to Late Cretaceous sequences, thus indicating that the BCU is

much deeper than previously thought in interpretations pre-dating the

drilling (Blystad et al., 1995; Swiecicki et al., 1998; Brekke, 2000;

Skogseid et al., 2000).

4.1.2. Mid-Albian horizon (MA)

The mid-Albian seismic horizon is a strong hard reflection (positive

amplitude) sandwiched between thick soft reflections (Fig. 4b). In

general, the mid-Albian horizon is poorly imaged within domes, deep

basins (e.g. the Rås and Træna basins, Vigrid Syncline), and below sill

intrusions and basalts. The mid-Albian horizon terminates at the edge of

the proximal terraces. The western extent of the mapped mid-Albian

horizon is again limited by the overlying volcanic sequences. The

overlying seismic facies are of high amplitude, mostly coherent to semi-

coherent, continuous to semi-continuous reflections (Fig. 4b).

Numerous wells penetrated the mid-Albian unit along the eastern

flank of the Vøring Basin in the Halten and Dønna terraces, but only one

well (6608/2-1 S) reached this level in the basin province on the wes-

tern flank of the Træna Basin in the northern Utgard High (Zastrozhnov

et al., 2018). However, we cannot firmly assign the age of this horizon

using these wells since common onlaps, truncations, and hiatuses sug-

gest that the Lower Cretaceous section is condensed on the flanks of the

terraces and structural highs, thus resulting in a poor age estimation for

the top of the unit. The mid-Albian age of this horizon is instead based

on well 6205/3-1 R, which was drilled in the central part of the
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Slørebotn Subbasin (Fig. 6). The Lower Cretaceous succession in this

basin is well imaged on the seismic data, appears to be complete, and is

less affected by tectonic and stratigraphic hiatuses. In well 6603/5-1 S

on the South Gjallar Ridge (Dalsnuten prospect), the Norwegian Pet-

roleum Directorate indicates an Early Cretaceous (Aptian) age for the

deepest Cretaceous interval drilled in the outer Vøring Basin. However,

our biostratigraphic re-evaluation of the drilling results (Fig. 6) shows

that the well rather terminates at Cenomanian level. Another important

biostratigraphic age estimation comes from the North Træna Basin in

the Lofoten-Vesterålen Margin, where this horizon was reached by

shallow boreholes 6710/03-U-01 and 6711/04-U-01 (e.g. Hansen et al.,

1992; Henstra et al., 2016).

4.1.3. Mid-Cenomanian horizon (MC)

The mid-Cenomanian seismic horizon is a distinct hard reflection

(Fig. 4c), also poorly imaged within the domes, highly faulted structural

highs (South and North Gjallar ridges) and volcanic areas. In the deep

subbasins of the Møre Basin (Slørebotn, Runde, Vigra and Grip sub-

basins), this horizon represents locally a strong and double reflection

similar to the typical appearance of the mid-Albian horizon (Fig. 4c).

Overlying seismic reflections are variable from semi-coherent to in-

coherent facies of moderate to low amplitude in the deepest basinal

area.

Numerous wells reached the Cenomanian interval on the Halten and

Dønna terraces but are not always applicable for the basin-wide cor-

relations due to their marginal setting. In the Vøring Basin only two

wells are reported to reach Cenomanian level: well 6603/5-1 S

(Dalsnuten) in the South Gjallar Ridge (Fig. 6) and well 6608/2-1 S

(Sverdrup) on the Northern Utgard High (Zastrozhnov et al., 2018).

However, due to complex faulting geometries within these structural

highs and generally poor seismic imaging, this horizon cannot be con-

fidently tied away from the wells into the deep basin setting. Like the

mid-Albian, the age of the horizon was interpreted principally on the

biostratigraphy results of well 6205/3-1 R in the Slørebotn Subbasin

Fig. 4. Typical manifestation of the main regional seismic horizons mapped in this study: (a) – Base Cretaceous Unconformity (BCU), (b) – mid-Albian (MA), (c) –

mid-Cenomanian (MC), (d) – Near Top Turonian (NTT), (e) – intra-mid-Campanian (IMC), (f) – Base Paleogene Unconformity (BPU), (g) – Near Top Paleocene (NTP).

Seismic examples are from AMN17 and AMS17-18 3D cubes. Data courtesy of TGS.
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(Fig. 6) and shallow boreholes in the Lofoten-Vesterålen Margin.

4.1.4. Near Top Turonian horizon (NTT)

The Near Top Turonian reflection is a distinct and mostly soft re-

flection that is sandwiched between relatively thick hard reflections

(Fig. 4d). Seismic facies above are usually faulted, display moderate

amplitudes that are semi-coherent to incoherent. Seismic imaging is

degraded mainly within the Cenozoic domes (Helland-Hansen Arch,

Ormen Lange Dome) and below the volcanic sequences.

Numerous wells intersect the Turonian interval on the terraces, but

only a few wells reached this level in the basin province. Here, we used

wells 6504/5-1 S, 6605/8-1, 6605/10-1 and 6403/6-1 in central basin

settings to set a well-constrained seismic tie (Fig. 6). The Near Top

Turonian horizon fits well with the top of the Lysing Formation.

However, the biostratigraphic assemblages could not pin-point the top

Turonian boundary, which is often complicated by the diachronous late

Turonian-early Coniacian development of the Lysing sands along the

mid-Norwegian margin (Gradstein et al., 2010, NORLEX; Fig. 6; see also

Appendix 1).

4.1.5. Intra-mid-Campanian horizon (IMC)

The intra-mid-Campanian horizon is a distinct reflection when

compared to the relatively incoherent unit above, although its character

is highly variable, ranging from a strong hard to strong soft reflection

(Fig. 4e). The intra-mid-Campanian horizon, where present and well

defined, is generally the first coherent reflection below the Base Pa-

leogene Unconformity. The intra-mid-Campanian horizon is usually

highly faulted, and the seismic imaging of the unit is rather complex

within the domes and below sill intrusions.

This horizon correlates well to the top of the Nise Formation in the

outer Vøring Basin (Figs. 3 and 6), which has been reached by several

wells in the Vøring and Møre basins (e.g. 6704/12-1; 6605/8-1; 6403/

6-1, 6505/10-1, 6405/7-1). The intra-mid-Campanian age of this hor-

izon is very well constrained and is expected to mark the onset of the

last rifting episode preceding the breakup of the mid-Norwegian margin

(Kittelsen et al., 1999; Gernigon et al., 2003; Ren et al., 2003; Fjellanger

et al., 2005; Gradstein et al., 2010, NORLEX; NPD, 2019).

4.1.6. Base Paleogene Unconformity (BPU)

The Base Paleogene Unconformity, or top Cretaceous horizon, is

defined by a regional unconformity, which mostly appears as a clear

and hard reflection (Fig. 4f). However, this reflection cannot be traced

confidently to the west into the volcanic domain but can be interpreted

tentatively below thin basalt flows. Seismic facies above the BPU have

coherent reflections in the Paleocene succession.

This horizon represents an erosional surface along the flanks of the

Møre and Vøring basins (Brekke, 2000; Gjelberg et al., 2005). However,

our biostratigraphy analysis also suggests a continuous stratigraphic

development throughout the Late Cretaceous and early Paleocene in the

central and deepest parts of the Vøring (6705/10-1, 6603/12-1, and

6505/10-1; Fig. 6), and Møre basins (6302/6-1 and 6403/6-1; Fig. 6;

see Appendix 1). This is in agreement with the interpretations of

Hjelstuen et al. (1999) and Gjelberg et al. (2005).

4.1.7. Near Top Paleocene (NTP)

The Near Top Paleocene horizon represents a hard high-amplitude

reflection with a thick soft below (Fig. 4g). This horizon often appears

as an onlap surface along the flanks of the Mímir High, Ygg High,

Gjallar Ridge, Nyk High, and Hel Graben (Naglfar Dome). Overlying

seismic facies are relatively continuous, parallel to sub-parallel and of

high amplitude (Fig. 4g).

Our regional seismic-tie shows that the Near Top Paleocene corre-

sponds to the HV1 horizon described at the well 6302/6-1 (Tulipan) in

the Møre Basin (Kjoberg et al., 2017; Schmiedel et al., 2017). HV1 is a

paleosurface showing numerous craters of uppermost hydrothermal

vent complexes emplaced at the Paleocene-Eocene boundary. The

horizon merges into the Inner Flows facies in the volcanic domain in the

outer Vøring Basin (cf. Hjelstuen et al., 1999; and Planke et al., 2005),

Fig. 5. Potential field data for the mid-Norwegian margin. Transparent white polygons with dashed outline are main structural highs. (a) 50-km high-pass filtered

Bouguer data. (b) 50-km high pass filtered magnetic data. Data courtesy of TGS.
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but extends over the Inner Flows in the southwestern Vøring Basin (cf.

Hjelstuen et al., 1999), and onlaps onto the Faeroe-Shetland Escarp-

ment in the outer Møre Basin.

The age of the horizon is not very well-constrained. According to the

NPD nomenclature (Dalland et al., 1988), the top of the Paleocene

corresponds to the top of the Tang Formation. However, based on the

detailed biostratigraphic re-evaluation of the Tulipan well (6302/6-1),

Kjoberg et al. (2017), showed that this horizon corresponds to the top of

a “transition zone” between the Tang and Tare formations, which they

estimated to be of earliest Eocene in age. Eventually, given these stra-

tigraphic uncertainties, we name this horizon “Near Top Paleocene”. In

order to illustrate the structural and basin configuration of the volcanic

domain prior to breakup time, we merge the Near Top Paleocene and

Base Basalt horizons northwest of the volcanic escarpments.

4.1.8. Base Basalt horizon (BB)

The Base Basalt horizon represents the base of the volcanic se-

quence, and as such is restricted to the outer Møre and Vøring basins.

The Base Basalt horizon is characterized by a soft reflection with

moderate amplitude (Fig. 4h) thus interpreted to be the downward

transition from high-velocity/high-density hyaloclastites into pre-

breakup sedimentary sequences. Interpretation of this horizon was

commonly challenging and in some cases was aided by more sub-

jectively picking of the horizon above the first occurrence of clear

saucer-shaped sills emplaced into sub-basalt sediments. The nature of

the Base Basalt surface is defined by the volcanic seismic facies above,

ranging from submarine (Lower Series and Inner Flows), to coastal

(Lava Delta) and subaerial (Landward Flows and Inner SDR) (e.g.

Abdelmalak et al., 2016b).

Fig. 6. Regional correlation of the Cretaceous-Paleocene succession across the key wells in the Vøring and Møre basins. Correlations lines are the main seismic

horizons: BCU - Base Cretaceous Unconformity, MA - mid-Albian, MC - mid-Cenomanian, NTT - Near Top Turonian, IMC - intra-mid-Campanian, BPU – Base

Paleogene Unconformity, NTP - Near Top Paleocene. Blg – Blålange Formation, spg – Springar Formation, tg – tang Formation.
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4.2. Structure of the Møre and Vøring Basins

In this section, we describe the configuration of the Møre and

Vøring basins using a series of time-structure maps based on the in-

tegration of our BCU, Base Paleogene and Near Top Paleocene horizons,

as well as regional transects and seismic close-ups. The updated map-

ping allowed us to define and image better a set of new structural

elements along the mid-Norwegian rift system, which is crucial to de-

scribe and present in order to form a basis for the updated regional

tectonostratigraphic framework. The geometry of the BCU mostly re-

flects the regional architecture of the Vøring and Møre basins affected

by Late Jurassic-earliest Cretaceous rifting. The geometries of the Base

Paleogene Unconformity and Near Top Paleocene time-structure maps

are used to characterize the configuration of the outer Vøring Basin,

Fig. 7. Time-structure map of the Base Cretaceous Unconformity (BCU). Landward extent of late Paleocene-early Eocene lavas is shown in solid red line. Note that the

interpretation below the lavas is less confident due to poorer seismic imaging. Expansion of abbreviations used on the map is given in Appendix 2. (For interpretation

of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

D. Zastrozhnov, et al.
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which was mostly affected by a distinct Late Cretaceous-Paleocene re-

newed rifting episode (Gernigon et al., 2003; Ren et al., 2003;

Zastrozhnov et al., 2018).

4.2.1. Møre Basin

As shown in Fig. 7, in the Møre margin segment the BCU deepens

from 2 to 2.5 s on the western flank of the Møre Platform down to

7.5–8 s in the Runde Subbasin. The western part of the Runde Subbasin

is bounded by a NE-SW trending ridge, informally called the Ervik

Ridge. The Ervik Ridge is a new 125 × 20 km NE-SW elongated

structural element defined by a shallowing of the BCU level up to

4.5–5 s associated with positive gravity and magnetic anomalies

(Figs. 1, 5, 7, 8a and 9). The Ervik Basin, which is located further to the

west towards the present OCB, forms the basin on the NW flank of the

Ervik Ridge (Figs. 1, 7, 8a and 9). We interpreted the Ervik Basin as a

major supra-detachment basin controlled by west dipping low-angle

faults active up to Albian time (Figs. 8a and 9).

The outer Møre Basin exhibits a shallow BCU level defined as the

Møre Marginal Plateau (Figs. 1, 7 and 8a-d). The Møre Marginal Plateau

extends from the Jan Mayen Corridor in the north down to the Bren-

dan's Dome in the south. Further south in the UK sector, the Møre

Marginal Plateau likely merges with the terraces on the eastern flank of

the Faroe-Shetland Basin (Millett et al., 2020). The eastern flank of the

Møre Marginal Plateau represents a large east-dipping monocline that is

locally dissected by a set of west-dipping fault systems similar to those

at the Rån Ridge in the southwestern Vøring Basin (Figs. 1, 7 and 8a-d).

The faults are delimiting relatively small NE-SW oriented rotated fault

blocks (e.g. the Bara and Hrann highs; see Figs. 1, 7 and 8b-c) and half

grabens defined at the BCU level. Both the Bara and Hrann highs

formed at the northeastern flank of the Møre Marginal Plateau and are

observed at the edge of the Inner Flows.

Seismic interpretation within the shallow Møre Marginal Plateau is

challenging due to the development of the Early Cenozoic lava flows

and sill intrusions. Nonetheless, potential field data shows the presence

of a prominent positive gravity anomaly along the western flank of the

Møre Marginal Plateau (Figs. 5a and 8a-d). The new AMS17-18 3D data

at this setting supports the presence of tilted fault blocks with internal

layered units below the shallow BCU (Fig. 9). We refer and name this

new sub-basalt structure as the Bylgja Ridge. The NE-SW strike of the

Bylgja Ridge coincides with the strike of the Faroe-Shetland Escarp-

ment, which developed just above the Bylgja Ridge. A deep-seated

crustal reflection beneath the Bylgja Ridge follows the structural geo-

metry of the ridge (Fig. 9). This deep crustal reflection has a similar

form to the gravity anomaly likely contributing to its occurrence

(Fig. 9). The western flank of the Bylgja Ridge is associated with a

prominent west-dipping normal fault system that controlled the ac-

commodation space of the adjacent sub-basalt Bylgja Basin (Fig. 1).

These faults likely terminate in the Late Cretaceous-Paleocene sequence

(Fig. 9).

Further north towards the Jan Mayen Corridor, the BCU defines NE-

SW trending structural highs (the Kiran and Vigra highs) and adjoining

subbasins (the East and West Kiran subbasins, and Vigra subbasins) in

the Møre Basin (Figs. 1 and 7). These structural highs also correlate

with strong positive gravity and magnetic anomalies (Fig. 5).

4.2.2. Jan Mayen Corridor and southern Vøring Basin: regional transfer

domain

The most prominent manifestation of the Jan Mayen Corridor is

observed at the BCU level as the sudden change of structural trend at

the northern termination of the Vigra High, switching from a NE-SW

trend typical for the Møre Basin to a nearly N-S direction in the

southern Vøring Basin (Figs. 1 and 7). The structural trends are defined

by the Grip High and Slettringen Ridge, where the BCU shallows up to

4.5 s and 5 s respectively. Both structural highs correlate to positive

gravity and magnetic anomalies (Figs. 5a and 8d-e), while the strike of

the Jan Mayen Corridor is expressed by a gravity low (Fig. 5). These

structures are adjacent to prominent subbasins, including the Holmen,

Grip, Golma, and Slettringen subbasins, all characterized by deeper

BCU levels (Fig. 7). Notably, the Holmen Subbasin and a small subbasin

in between the Grip High and Slettringen Ridge have NE-SW trends

typical for the Møre and central Vøring basins (Figs. 1 and 7). This trend

is also prominent on the Halten Terrace (Fig. 1) and is expressed by a

number of small graben structures (e.g. the Grinda Graben).

On the BCU map, a NW-SE lateral ramp between the Vigra and Grip

highs is evident along the Jan Mayen Corridor (Fig. 7). This transfer

zone seems to extend to the east and merges with a NW-SE segment of

the Klakk Fault Complex at the southern termination of the Frøya High.

Also, the northern part of the Slettringen Ridge strikes to the NE-SW

repeating a dominant structural trend in the Møre and central Vøring

basins and is visually segmented by a NW-SE dextral lateral ramp from

a N-S trending part of the ridge to the south. This transfer zone coin-

cides with the location of the Hevring Lineament newly defined in this

study (Figs. 1, 5 and 7). This lineament extends to the east towards the

Halten Terrace, where the Klakk Fault Complex is segmented at the

southern termination of the Sklinna Ridge (Fig. 7). In between these

transfer zones both the Slettringen and Golma subbasins have an ap-

parent rhomboidal shape as depicted on the BCU map (Fig. 7).

Towards the north, we interpret the Hevring High (Figs. 1 and 7) as

a horst structure characterized by a west-dipping detachment fault on

its western flank. This fault controlled the creation of accommodation

space for the Early to mid-Cretaceous Hevring Subbasin (Figs. 1, 7, 8e

and 11). The eastern flank of the Hevring High corresponds to the east-

dipping faults of the Fles Fault Complex (Figs. 1 and 9).

In the outer southern Vøring Basin, the rapid shallowing of the BCU

is observed at the Kolga High (up to 3.8–4 s), which coincides with the

western termination of the Jan Mayen Corridor and northern pro-

longation of the Møre Marginal Plateau (Figs. 1 and 7). The Kolga High

is also a newly defined structural element characterized by a positive

gravity anomaly (Figs. 5a, 8d and 10). Generally, the pattern of the

Bouguer gravity anomalies corresponds to the geometry of a deep

crustal reflection beneath the high (Fig. 10). The Kolga High has a very

thin, even locally absent volcanic cover (Manton et al., 2018; Millett

et al., 2020), and our seismic interpretation indicates that its structure

is defined by a series of decoupled tilted fault blocks that developed

both in pre-Cretaceous and Late (?) Cretaceous sequences (Fig. 10). The

deepest structures of the Kolga High are reminiscent of those at the Rån

Ridge located further north along the same regional trend (Figs. 1 and

7).

The Rån Ridge represents the most prominent BCU high in the

southern Vøring Basin (Gernigon et al., 2003) and is the northern ter-

mination of the Jan Mayen Corridor (Fig. 7). It is characterized by a

positive gravity anomaly (Figs. 5a, 8e and 11). The structure of the Rån

Ridge is defined by fault blocks and detachment faults, which are

capped by the BCU and likely detached along evaporite layers (of po-

tentially Triassic age) (Fig. 11) or along similar intra-crustal weakness

zones. Local Early to mid-Cretaceous normal faults on the western flank

of the Rån Ridge control the accommodation space for the Rån Basin

(Gernigon et al., 2003; Abdelmalak et al., 2017). The western flank of

the Rån Basin is delimited by the small Dufa High (Figs. 1, 7 and 8e).

The thin basalt flows covering the Dufa High did not degrade

Fig. 8. Regional time-transects across the Møre and Vøring basins. Location of the transects is shown on Fig. 1. Transects B-H are from conventional 2D seismic

survey, while transect A is extracted from the J-Cube MN volume. Main detachment faults are shown in thick dashed red line. 50-km high-pass filtered Bouguer and

50-km high pass filtered magnetic data are displayed on each transect as pseudo-horizons in thick solid brown line and thick solid blue line respectively. Data

courtesy of TGS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

D. Zastrozhnov, et al.



F
ig
.
8
.
(c
o
n
ti
n
u
ed
)

D. Zastrozhnov, et al.



significantly the resolution of the seismic data, allowing interpretation

of a likely pre-Cretaceous tilted fault block below the BCU (Fig. 8e).

Similar to the Rån Ridge, the Dufa High also corresponds to a clear

positive gravity anomaly (Figs. 5a and 8e).

4.2.3. Central and northern Vøring basins

The change of the nearly meridional structural trends typical for the

southern Vøring Basin to the dominant NE-SW direction in the central

and northern Vøring Basin occurs just north of the Hevring High and

Rån Lineament (Figs. 1 and 7). In the central and northern Vøring

Basin, the BCU is much deeper than in the other segments of the mid-

Norwegian margin and reaches a maximum depth at around 8–9 s

which is observed in the Træna and Rås basins (Figs. 7 and 8f-h). There,

the western flank of the basins is marked by a prominent chain of deep-

seated NE-SW trending structural highs along the Fles Fault Complex,

corresponding to the newly defined Hevring, Unn and Vimur highs, and

the well-studied Utgard High (Figs. 1, 7, 8g-h and 11). All the highs are

characterized by distinct gravity anomalies (Figs. 5a, 8g-h and 11)

suggesting the presence of underlying basement highs. The average

BCU depth along these highs is at approximately 6 s, with a minimum

depth of 4.5 s at the Utgard High.

Further to the northeast along the Fles Fault Complex, we interpret

the Unn High, which is a small deep-seated horst structure (Fig. 1).

Finally, the Vimur High is a deep-seated footwall block of the SW-

dipping Fles Fault Complex (Fig. 8g).

Towards the northern Vøring Basin along the Surt Lineament, the

northern Vimur High changes its strike to the E-W direction forming a

lateral ramp in connection to the Utgard High (Figs. 1 and 7). Both

southern parts of the Utgard and Nyk highs attached to the Surt

Lineament are N-S oriented defining the rhomboidal geometry of the

southern Någrind Syncline (Fig. 7). The wide and deep Vigrid Syncline

forms the eastern flank of the entire Gjallar Ridge reaching maximum

dimensions (Figs. 1, 7 and 8f-g) in between the North Gjallar Ridge and

Vimur High.

4.2.4. Outer Vøring Basin

The BCU shallows towards the outer Vøring Basin, with areas above

6 s defining the NE-SW trending South and North Gjallar ridges and the

previously described structural elements called the Skoll and Grimm

highs (Figs. 7 and 8g; e.g. Abdelmalak et al., 2016b; Planke et al., 2017;

Fig. 9. A seismic line extracted from AMS17-18 3D volume showing configuration of the southwestern part of the Møre Basin and its transition to the Northern North

Sea: (a) uninterpreted and (b) interpreted. Notably, the Near Top Paleocene horizon overlies the volcanic Inner Flows facies and onlaps onto the volcanic escarpment.

White arrows on the uninterpreted profile show deep crustal reflection (T-Reflection?) in the outer Møre Basin below the Bylgja Ridge, whereas blue arrows highlight

possible configuration of the BCU which caps deep-seated fault blocks with tilted reflections and syn-rift wedges. Note how gravity anomaly pattern mimics the

configuration of the deep structures (BCU, deep reflections). Horizon abbreviation expansions are given in Fig. 4 and in section 3.1. The common legend for the main

tectonostratigraphic units is shown on Fig. 8. G50 - 50-km high-pass filtered Bouguer anomaly pseudo-horizon; M50 – 50-km high pass filtered magnetic data pseudo-

horizon. Location of the seismic line is shown on Fig. 1. Data courtesy of TGS. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Zastrozhnov et al., 2018).

The relatively shallow BCU highs below the North and South Gjallar

ridges are clearly segmented at the Gleipne Saddle (Fig. 7). The North

and South Gjallar ridges consist of a NE-SW trending system of rotated

fault blocks eroded at the Base Paleogene level (Fig. 8f–g and 12–15)

(e.g. Blystad et al., 1995; Gernigon et al., 2003; Ren et al., 2003). No-

tably in both structures along their southeastern flanks, we observe low-

angle faulting, which affects deeper stratigraphic levels and is sealed by

the mid-Albian level (Figs. 13 and 14). Furthermore, we observe Cen-

omanian-Turonian syn-extensional wedges at the western flank of the

North Gjallar Ridge (Fig. 15). Both the southern and northern segments

of the Gjallar Ridge correlate with a relatively low amplitude magnetic

signature, but pronounced gravity anomalies (Figs. 5, 8f-g, 13 and 14),

which are interpreted to originate mostly from the deep crustal T-Re-

flection. This deep, lower crustal and inherited structure controlled the

observed segmentation of the outer Vøring Basin before the onset of

breakup related magmatism (Gernigon et al., 2003, 2004; Abdelmalak

et al., 2017).

In the northwestern part of the Vøring Basin, the Nyk High re-

presents an uplifted and eroded footwall fault block of the collapsed

Late Cretaceous-Paleocene Hel Graben (e.g. Lundin et al., 2013;

Zastrozhnov et al., 2018). The northern flank of the Hel Graben is de-

fined by the Hel Terrace (Figs. 1 and 12), which is mostly characterized

by a series of southward dipping growth faults developed in Upper

Cretaceous-Paleocene strata and possibly detached within over-pres-

sured Cretaceous mobile shales (Zastrozhnov et al., 2018).

Towards the OCB, the Skoll and Grimm highs correspond to ele-

vated areas at the Base Basalt/Near Top Paleocene level (Fig. 16). The

BCU configuration of the Skoll High remains uncertain due to poor sub-

basalt seismic imaging (Figs. 7 and 8g). The sub-basalt Grimm High

corresponds to a prominent positive gravity anomaly (Fig. 5a) which

was previously attributed to a relatively shallow BCU high based on

integrated seismic-gravity-magnetic interpretation (Abdelmalak et al.,

2016b; Zastrozhnov et al., 2018).

4.3. Sediment thickness distribution

A series of updated isochore (time-thickness) maps (Figs. 17–19)

shows the main subbasin trends and distribution, and inter-relation-

ships with adjacent structural highs and terraces. The isochore maps are

particularly useful to illustrate the tectonostratigraphic evolution of the

Møre and Vøring basins from the Early Cretaceous to Paleocene.

Fig. 10. A seismic line extracted from AMN17 3D volume showing configuration of the southern Vøring Basin and Jan Mayen Corridor: (a) uninterpreted and (b)

interpreted. Our seismic tie from the basin part towards the Kolga High shows that it is primarily the Late Cretaceous-Paleocene structural high underlain by a deep-

seated pre-Cretaceous block and lower (?) crustal dome expressed by the T-Reflection. Note how gravity anomaly pattern mimics the configuration of the deep

structures (BCU, deep reflections). Horizon abbreviation expansions are given in Fig. 4 and in section 3.1. G50 - 50-km high-pass filtered Bouguer anomaly pseudo-

horizon; M50 – 50-km high pass filtered magnetic data pseudo-horizon. The common legend for the main tectonostratigraphic units is shown on Fig. 8. White arrows

on the uninterpreted profile show deep crustal reflection (T-Reflection?) in the southern Vøring Basin. Location of the seismic line is shown on Fig. 1. Location of the

seismic line is shown on Fig. 1. Data courtesy of TGS.
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4.3.1. BCU to mid-Albian (unit K10)

The K10 thickness map (Fig. 17a) shows the depositional trends

from the Base Cretaceous to the mid-Albian time. The maximum sedi-

ment thickness focused in the Møre and southern Vøring basins. Sig-

nificant minimization of thicknesses occurred to the north of the Rån

Lineament (Fig. 17a). Four individual depocentres formed in the NE-SW

trending Runde and Slørebotn subbasins, the round-shaped East Kiran

Subbasin, and the N-S trending Golma Subbasin. The main depocentres

are structurally controlled by dominantly west-dipping detachment

faults observed on the flanks of the adjacent deep-seated structural

highs and main breakaways (Fig. 8a–e and 17a). Above these highs, the

K10 sequence significantly thins or is absent. In addition, prominent

thinning and pinch-out of the K10 sequence is also observed towards

the Møre Marginal Plateau and along the Møre-Trøndelag Fault Com-

plex, both of which were standing in a high position during this period.

4.3.2. Mid-Albian to mid-Cenomanian (unit K20)

During the mid-Albian to mid-Cenomanian period, the main depo-

centre of the unit K20 was located in the Rås Basin (Fig. 17b). This

depocentre is confined to the northwest by the structural highs along

the Fles Fault Complex, where the unit K20 is thinner. Its southwestern

termination is confined by the Rån Lineament (Fig. 17b). In the outer

Vøring Basin, additional local depocentres of the unit K20 developed

along the southeastern flank of the South and North Gjallar ridges

(Fig. 17b). Thicker deposition is also observed in the adjacent Rån Basin

and is controlled by a major west-dipping fault/detachment system

partly decoupled from the basement structures (Fig. 8e; e.g Gernigon

et al., 2003, 2019). The Rån Ridge is characterized by a very thin

package or even an absence of the K20 on its top. In the southern

Vøring Basin and almost the entire Møre Basin, K20 shows a nearly

uniform thickness (Fig. 17b) except at the basin flanks, above the deep-

seated structural highs and along the Møre-Trøndelag Fault Complex

where it gradually becomes thinner and locally pinches-out (Fig. 17b).

4.3.3. Mid-Cenomanian to Near Top Turonian (unit K30)

The unit K30 displays a nearly uniform thickness in the Møre Basin,

with slight thinning and ultimate pinch-out towards the western and

eastern basin flanks (Fig. 18a). The main depocentres of the unit K30

mostly developed in the Rås Basin and the Hevring Subbasin and appear

to be wider (100 km wide) and less focused compared to the older K10

and K20 depocentres (width lower than 50 km). Thick deposits of the

unit K30 are also observed at the southwestern Træna Basin (Fig. 18a).

The unit K30 significantly thins along the northwestern flank of the

Træna Basin (which is the Utgard High), whereas it thickens over the

Fig. 11. A seismic line extracted from AMN17 3D volume showing configuration of the Rån Ridge and adjacent subbasins in the southern Vøring Basin: (a)

uninterpreted and (b) interpreted. Main detachment faults in the Rån Ridge and Hevring High could develop along the Permian-Triassic evaporites as proposed by

Gernigon et al. (2003). Note how gravity anomaly pattern mimics the configuration of the deep structures (BCU, deep reflections). Horizon abbreviation expansions

are given in Fig. 4 and in section 3.1. G50 - 50-km high-pass filtered Bouguer anomaly pseudo-horizon; M50 – 50-km high pass filtered magnetic data pseudo-horizon.

The common legend for the main tectonostratigraphic units is shown on Fig. 8. Location of the seismic line is shown on Fig. 1. Data courtesy of TGS.
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structural highs along the Fles Fault Complex and further towards the

Vigrid Syncline and Hevring Subbasin. To the west, unit K30 thins and

pinches-out over the Rån and Gjallar ridges. The increased thickness of

K30 is interpreted in the southern Vøring Basin over the Slettringen

Ridge and adjacent areas (Fig. 18a).

4.3.4. Near Top Turonian to intra-mid-Campanian (unit K40)

The unit K40 was deposited between the Near Top Turonian and

intra-mid-Campanian horizons. The main depocentre of the unit is ob-

served in the Vøring Basin. The unit K40 shows a localized maximum

thickness in the Rås and Træna basins (Fig. 18b), where it is confined in

between the Rån and Bivrost lineaments (Fig. 18b). The thickest part of

this large depocentre increases northeast towards the Træna Basin. An

Fig. 12. Time-structure map of the Base Paleogene Unconformity (BPU). Landward extent of late Paleocene-early Eocene lavas is shown in solid red line. Expansion

of abbreviations used on the map is given in Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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important secondary depocentre is also located in the Någrind Syncline

between the Utgard and Nyk highs. The K40 unit thins along the Fles

Fault Complex, Utgard High and Gjallar ridges. Compared to the Vøring

Basin, the K40 unit deposition in the Møre Basin is nearly uniform with

slight thinning and pinch-out towards the basin flanks (Fig. 18b).

4.3.5. Intra-mid-Campanian to Base Paleogene (unit K50)

The mid-Campanian-Maastrichtian main sedimentation axis moved

north-westward from the Træna and Rås basins to the Någrind Syncline,

where the main depocentre of the unit K50 is located (Fig. 19a). The

main depocentre merges with a thinner one located in the Vigrid Syn-

cline and Gleipne Saddle. Another distinct depocentre with thinner unit

K50 developed in the Hel Graben, which is separated from the Vigrid

Syncline by the Rym Fault Zone (Fig. 19a). The unit K50 also thins

towards the Nyk High, the North and South Gjallar ridges, along the

Fles Fault Complex and the Utgard High. Like the K40 unit, the

southern Vøring and Møre basins are characterized by a relatively

uniform thickness showing a gradual thinning towards the basin flanks

(Fig. 19a).

4.3.6. Paleocene (unit P10)

A marked change in sedimentation patterns happened during the

deposition of the unit P10 in the Paleocene (Fig. 19b). From the Late

Cretaceous to Paleocene, the main depocentres migrated further north-

westward toward the Hermod Basin, Hel Graben and likely to the sub-

basalt Fenris Graben. The southwestern termination of the Hel Graben

depocentre is clearly controlled by the Surt Lineament (Fig. 19b). The

P10 unit is very thin and nearly absent along the entire Gjallar Ridge,

the Nyk and Utgard highs. It was partly eroded during this period. The

southern Vøring Basin is characterized by a small and nearly uniform

thickness of the unit P10. In the Møre Basin prominent depocentres

developed both on the western and eastern basin flanks, while in the

central part of the basin the thickness of the P10 unit is small and does

not show any significant fluctuations (Fig. 19b).

5. Discussion

5.1. Implications for the møre and Vøring Basins evolution

This section aims to discuss and compare our observations in the

context of the published regional models of the development of the

Fig. 13. A seismic line showing configuration of the South Gjallar Ridge and adjacent basins: (a) uninterpreted and (b) interpreted. White arrows on the unin-

terpreted profile show deep crustal T-Reflection, whereas blue arrows highlight possible configuration of the BCU which floors a deep basin in the Vigrid Syncline and

slightly shallows towards the South Gjallar Ridge. Note how gravity anomaly pattern mimics the configuration of the deep structures (BCU, T-Reflection). Note a

prominent intra-Paleocene lava flow package which is developed in the Vigrid Syncline and reflects earlier stages of the breakup-related magmatism along the mid-

Norwegian margin. Horizon abbreviation expansions are given in Fig. 4 and in section 3.1. G50 - 50-km high-pass filtered Bouguer anomaly pseudo-horizon; M50 –

50-km high pass filtered magnetic data pseudo-horizon. The common legend for the main tectonostratigraphic units is shown on Fig. 8. Location of the seismic line is

shown on Fig. 1. Data courtesy of TGS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. A seismic line showing configuration of the North Gjallar Ridge and adjacent basins: (a) uninterpreted and (b) interpreted. White arrows on the unin-

terpreted profile show deep crustal T-Reflection, whereas blue arrows highlight possible configuration of the BCU which floors a deep basin in the Vigrid Syncline and

shallows towards the North Gjallar Ridge. Note how gravity anomaly pattern mimics the configuration of the deep structures (BCU, T-Reflection). Horizon ab-

breviation expansions are given in Fig. 4 and in section 3.1. G50 - 50-km high-pass filtered Bouguer anomaly pseudo-horizon; M50 – 50-km high pass filtered

magnetic data pseudo-horizon. The common legend for the main tectonostratigraphic units is shown on Fig. 8. Location of the seismic line is shown on Fig. 1. Data

courtesy of TGS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 15. A seismic example showing structural style of the North Gjallar Ridge. The syn-extensional growth strata and rollover anticlines are observed in the

Cenomanian-Turonian interval on the western flank of the North Gjallar Ridge. Horizon abbreviation expansions are given in Fig. 4 and in section 3.1. Location of the

seismic line is shown on Fig. 1. Data courtesy of TGS.

D. Zastrozhnov, et al.



Møre and Vøring basins, which are summarized on Fig. 20. Our detailed

tectonostratigraphic framework is summarizied on Fig. 3.

5.1.1. Early Cretaceous stage: transition from syn-rift to post-rift or basin-

wide extension?

The Early Cretaceous stage in the Møre and Vøring basins was

preceded by a regional basin-wide Late Jurassic-earliest Cretaceous

rifting event. This event resulted in the formation of the deep Møre and

Vøring basins which became distinct from the platforms and terraces

(Blystad et al., 1995; Brekke, 2000; Faleide et al., 2008). Subbasins

formed during this stage are characterized by large sediment thick-

nesses, especially in the Møre and southern Vøring basins, and their

distribution is apparently controlled both by large west and east-dip-

ping detachments on the bounding flanks of the major structural highs

Fig. 16. Time-structure map of the Near Top Paleocene horizon merged with the nearly concomitant Base Basalt horizon in the outer mid-Norwegian margin. Merge

location is a white solid line. Landward extent of late Paleocene-early Eocene lavas is shown in solid red line. Expansion of abbreviations used on the map is given in

Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and terraces (Figs. 8 and 17a).

In the outer Møre Basin, the new imaging also supports the presence

of an isolated elevated domain (the Møre Marginal Plateau). The dis-

tribution of depocentres and lateral pinch-outs of the Cretaceous se-

quences show that the distal sub-platform defined as the Møre Marginal

Plateau was standing in a higher position and did not experience severe

subsidence during most of the Cretaceous when compared to the central

Møre Basin (Figs. 17–19). Likewise, a wide and shallow continental

block also coexisted in the outer Vøring Basin at that time before its

subsequent dislocation in the Late Cretaceous-Paleocene. The remnants

of the dislocated marginal crustal block in the outer Vøring Basin are

now represented as deep terraces (Fig. 1) and were mapped out there

based on the proposed BCU configuration (Figs. 7, 13 and 14). The

distribution of the K10 unit also suggests that major subsidence/sedi-

mentation focused in the central Møre and southern Vøring basins

during the Early Cretaceous (Fig. 17a). These domains coincide with the

main thinning of the crust observed between the edge of the main

terraces (e.g. the crustal necking) and the structural highs observed in

the central axis of the Møre and southern Vøring basins (Kvarven et al.,

2016; Maystrenko et al., 2017b).

We suggest that the major extensional event did not cease around

the Late Jurassic-earliest Cretaceous transition in the Møre and Vøring

basins, as was proposed earlier (Blystad et al., 1995; Brekke, 2000;

Færseth and Lien, 2002; Lien, 2005). The Late Jurassic-earliest Cre-

taceous phase was characterized by intense regional stretching of the

upper crust, whereas since the earliest Cretaceous and up to the mid-

Albian the extension shifted from stretching to a thinning mode that

was localized in the Møre and Vøring basins along the central basin

high system (Figs. 21a and 22). The thinning mode typically shows very

little or even no evidence for upper crustal extension and faulting in the

seismic sections (e.g. Lavier and Manatschal, 2006). During the thin-

ning mode the extension is transferred to lower levels of the crust and is

accommodated along the deep-seated shear/detachment zones loca-

lized along strong crustal bodies (Péron-Pinvidic and Manatschal,

2010), which seems to be the case for the central Møre and Vøring

basins (Fig. 8). The existence of large basin-floor detachments in the

Møre and Vøring basins was also earlier discussed by Osmundsen and

Ebbing (2008) based on the analysis of sparse old 2D long-offset seismic

lines. In this context, the definition of the BCU may not reflect the

transition from syn-rift to post-rift stage of subsidence during the Jur-

assic–Cretaceous basin development (e.g. Færseth and Lien, 2002), but

a shift in crustal deformation regime from a regional stretching type of

deformation to a severe thinning regime. The idea of the Early Cre-

taceous extensional phase in the Møre and Vøring basins presented in

this study is partly aligned with the regional models of Doré et al.

(1999), Tsikalas et al. (2005), Lundin et al. (2013) and Péron-Pinvidic

and Osmundsen (2018) (Fig. 20).

Concurrently, a renewed phase of Early Cretaceous (Neocomian)

upper crustal stretching occurred locally in the outer Vøring Basin

(Figs. 13, 14 and 21a), where normal faulting with significant dis-

placement affected the western flank of the Rån Ridge (Gernigon et al.,

2003), the proto-Gjallar Ridge and Vigrid Syncline, and the eastern

flank of the proto-Nyk High (Zastrozhnov et al., 2018). It may reflect

mild pulses of regional Early Cretaceous extensional reactivation

documented in the NE Atlantic within the Faroe-Shetland Basin (Dean

et al., 1999; Stoker, 2016; Schöpfer and Hinsch, 2019), NE Greenland

(Whitham et al., 1999), the Lofoten-Vesterålen Margin (Henstra et al.,

2016; Tsikalas et al., 2001, 2005; 2019) and the southwestern Barents

Sea (Faleide et al., 1993). In the regional context, it is tempting to

speculate that the propagation of the Faroe-Shetland Early Cretaceous

Fig. 17. Time-thickness maps of seismic sequences K10 (a) and K20 (b) showing general distribution and migration of the basin depocentres in time and space.

Present structural outline of the main structural highs is shown in dashed black line. Landward extent of late Paleocene-early Eocene lavas is shown in solid red line.

Expansion of abbreviations used on the map is given in Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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extensional branch could also have potentially affected the proto-Jan

Mayen Microplate Complex located between the outer Vøring and the

Faroe Plateau before breakup (Fig. 21a). It is not also excluded that the

hypothetical northern extensional systems from the Danmarkshavn and

Thetis basins, and the documented one from the Lofoten-Vesterålen

Margin (Henstra et al., 2016) could propagate to the south and overlap

within the northern Vøring Basin extensional systems (Fig. 21a).

5.1.2. Cenomanian-Santonian stage: thermal sagging in the Møre Basin and

increased subsidence and structurally controlled deposition in the central

Vøring Basin

The mid-Cretaceous period (post-Albian) has often been interpreted

as a period of relative tectonic quiescence (Færseth and Lien, 2002;

Lien, 2005, Fig. 20). Færseth and Lien (2002) assumed that a regional

increase of “post-rift” sedimentation took place both in the Møre and

Vøring basins during most of the Early Cretaceous and during the

Cenomanian-Santonian. Our study shows, however, that the subsidence

rate is extremely variable between the Møre and Vøring Basin. The

subsidence rate increased in the central Vøring Basin and is moderate in

large parts of the Møre Basin (Fig. 18a–b). We interpret this difference

in terms of tectonic regime variation. After the mid-Albian, the main

thinning phase seemed to have failed in the Møre Basin and the whole

central Møre Basin likely switched to a classic post-rift thermal sub-

sidence mode (Fig. 21b) reflected by aggradational infill of the post-

Albian sequences (Fig. 8a–h). Likewise, in the Vigrid Syncline, the

minor mid-Albian-mid-Cenomanian depocentres followed local zones of

Early Cretaceous stretching and reflect a transition to a thermal sub-

sidence mode in that part of the basin.

Active sedimentation and subsidence in the Cenomanian to

Santonian took place in the Rån and Træna basins and is restricted in

between flanking deep-seated highs and terraces (Fig. 18a–b). Ac-

cording to Færseth and Lien (2002) and Lien (2005), increased Cen-

omanian-Santonian subsidence in the Møre and Vøring basins is the

result of thermal contraction of the lithosphere and an increased sedi-

ment input. These authors explain this sudden sediment load as a result

of smoothing of the basin topography by the Cenomanian time, leading

to subsequent redistribution of sediment fairways from the hinterland

to the deep basins. An isostatic response due to the sediment load

caused flexure and subsequent regional uplift and erosion of the basin

flanks of the NE Greenland and mid-Norwegian margins (Lien, 2005).

Both emerged areas were provenance regions for a sand-rich deep-

water fan succession of the Lysing Member (Brekke et al., 2001;

Fjellanger et al., 2005). This uplift and erosion of the basin flanks

formed a pronounced Turonian/Coniacian unconformity (Brekke et al.,

2001; Sømme and Jackson, 2013).

However, based on our regional mapping, the magnitude of the

tectonic subsidence at that time in the Træna Basin is estimated to be in

the order of 0.2–0.4 km/Myr (Zastrozhnov et al., 2018). Such a loca-

lized and accelerated subsidence rate is too high to be explained by a

classical thermal relaxation process (McKenzie, 1978), but is typical for

rift or strike slip-basin regimes (Allen and Allen, 2013). Moreover, the

short wavelengths of the deep and restricted Cenomanian-Santonian

depocentres in the Rås and Træna basins (~30–50 km; Fig. 18) is dif-

ficult to reconcile with a large-scale topographic influence on the se-

dimentation rate and/or a large-scale flexure or cooling of the litho-

sphere without involving processes assuming a continental lithosphere

instability. We propose that the thick Cenomanian-Santonian sedi-

mentation is the result of a renewed, but local thinning episode in the

Vøring Basin, which could be attributed to ductile boudinage of the

underlying attenuated continental crust (e.g. Zastrozhnov et al., 2018)

Fig. 18. Time-thickness maps of seismic sequences K10 (a) and K20 (b) showing general distribution and migration of the basin depocentres in time and space.

Present structural outline of the main structural highs is shown in dashed black line. Landward extent of late Paleocene-early Eocene lavas is shown in solid red line.

Expansion of abbreviations used on the map is given in Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 19. Time-thickness maps of seismic sequences K50 (a) and P10 (b) showing general distribution and migration of the basin depocentres in time and space. Near

Top Paleocene surface is merged with the Base Basalt horizon in the outer mid-Norwegian margin. Merge location is shown in solid white line on figure (b). Present

structural outline of the main structural highs is shown in dashed black line. Landward extent of Late Paleocene-Early Eocene lavas is shown in solid red line.

Expansion of abbreviations used on the map is given in Appendix 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Fig. 20. Diagram comparing previously published tectonostratigraphic models of the Møre and Vøring basins and the model presented in this study. Note, that only

major tectonic events are shown. The detailed tectonostratigraphic model, which is based on the results of this study, is shown on Fig. 3.
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and subsequently ductile lateral escape of the lower crust (Fig. 22). A

flow through ductile lower crust away from the rift centre in the Rås

and Træna basins towards the future breakup axis in the outer Vøring

Basin may further explain the observed relatively quick (~10 Myr) rift

jump (see Tetreault and Buiter, 2018). Such “depth-dependent” thin-

ning mechanism may also explain the absence of prominent Cen-

omanian-Santonian syn-rift wedges and accompanying strong upper

crustal faulting in the Rås and Træna basins.

In addition, the western flank of the Gjallar Ridge (Fenris Graben)

experienced renewed phase of minor extensional activity in the

Cenomanian-Turonian (Figs. 15 and 21b). The concomitant footwall

uplift and thinning of the Turonian strata mark the first evidence of the

rise of the Gjallar Ridge (Figs. 13, 14 and 18a). This extensional system

could propagate from the Thetis Basin in the north and extend to the

Rån Basin/Dufa High in the south (Fig. 21b), where minor faulting

affected Cenomanian-Turonian strata (Fig. 8e).

5.1.3. Late Cretaceous-Paleocene stage: towards break-up

Since the mid-Campanian, the main rifting zone migrated towards

the distal part of the margin and affected mostly the outer Vøring Basin.

Meanwhile, the central parts of the Vøring and Møre basins were in the

thermal subsidence mode (Fig. 23a), except local extensional re-

activation along the Fles Fault Complex (cf. Brekke, 2000). Normal

faulting developed in the Nyk High, the Grimm High (Zastrozhnov

Fig. 21. Schematic map of the distribution of main tectonic regimes acting in the mid-Norway-Greenland conjugate margins in the mid-Cretaceous (a) and in the mid-

Cenomanian-Turonian (b) times. Expansion of abbreviations used on the map is given in Appendix 2.

Fig. 22. Schematic section illustrating configuration and development of the mid-Norwegian margin by the initial seafloor spreading time in the early Eocene. The

LCB represents a mixture of exhumed high-grade Caledonian crust and breakup-related magmatic material.
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et al., 2018), South and North Gjallar ridges, the western part of the Rån

Basin. Here, dominantly west-dipping normal faults are present, partly

cut by the Base Paleogene Unconformity (Fig. 8f–g, 12, 13, 14 and 15).

At the same time, the western flank of the Hel Graben (Hel Terrace) was

affected by faults with the opposite polarity (Ren et al., 2003;

Zastrozhnov et al., 2018). The development of the main deep mid-

Campanian-Maastrichtian depocentre in the Någrind Syncline

(Fig. 19a) was a result of tectonic flexure and rapid subsidence due to

the rising of the adjacent Nyk High as a rift shoulder (Zastrozhnov et al.,

2018). Similarly, the footwall uplifts in the Gjallar Ridge system en-

hanced the subsidence and higher sedimentation of the adjacent and

poorly faulted Vigrid Syncline (Fig. 19a). Based on these observations,

we interpret the Late Cretaceous-Paleocene subsidence in the Vigrid

and Någrind synclines as a result of extensional processes rather than a

compressional inversion as proposed by Lundin et al. (2013) (Fig. 20).

The Surt Lineament at that time acted as a high-relief accommodation

zone (Ren et al., 2003) offsetting the rifting zones between the Gjallar

Ridge and the Nyk High/Hel Graben (Fig. 23a). The Surt Lineament also

reflects a change in the deformation style separating a poorly faulted

tectonic sag associated with a drastic thinning of underlying crust in the

Hel Graben and a moderate stretching phase in the uplifted Gjallar

Ridge characterized by numerous normal faults, syn rift wedges and

possibly thicker crust.

The deformation pattern within the sub-basalt Grimm High to the

north of the Surt Lineament is not easy to interpret. It could either form

a common and connected extensional domain with the Gjallar Ridge

system further south (Zastrozhnov et al., 2018), or alternatively could

reflect propagation of the extensional system from the Thetis Basin in

the north (Fig. 23a), which was already offset from the southern ex-

tensional branches of the Gjallar ridges by the Surt Lineament.

Later in the Paleocene in the central outer Vøring Basin, the main

rifting zone progressively migrated further to the OCB and localized in

the Fenris Graben (Fig. 23b). At the same time, the increased faulting

activity on both flanks of the Hel Graben led to the collapse of the

structure which was accompanied by high sedimentation rates

(Fig. 19b). Zastrozhnov et al. (2018) suggested that the Paleocene rift

axis in the Hel Graben failed to propagate further south across the Surt

Lineament, and consequently jumped west of the Grimm High during

the earliest Eocene at the onset of breakup in the Vøring Margin. This

final rift jump was further supported by the onset of the magmatism

along the nascent Vøring volcanic margin, which led to the additional

weakening of the crust (Zastrozhnov et al., 2018).

Due to the volcanic cover, the interpretation of the deformational

styles and time constraints in the outer part of the Møre and southern

Vøring basins is somewhat uncertain. Lundin and Doré (2018) sug-

gested the absence of Paleocene extension along the outer Møre Basin

involving orthogonal transform regimes in the later breakup. However,

in the regional context, lithospheric rupture without preceding Cre-

taceous-Paleocene extension is unlikely in the outer part of the Møre

Basin. Like the outer Vøring Basin, a large part of the Møre Marginal

Plateau and possibly the proto-Jan Mayen Microplate Complex was

likely affected by significant Paleocene extension prior to breakup, but

until now this large sub-basaltic domain (100–150 km) remained poorly

imaged. Based on the new 3D seismic data, we interpret the Kolga High

as a structural high primarily developed due to Late Cretaceous-Pa-

leocene faulting (Fig. 10). We also expect occurrences of Late Cretac-

eous-Paleocene rifting at the western flank of the Bylgja Ridge (Bylgja

Basin) to explain the rotated faulted structure observed just beneath the

lava flows (Figs. 8a and 9). In such a scenario, the southern Late Cre-

taceous-Paleocene extensional branch could terminate at the Jan

Mayen Corridor (Fig. 23b), which offsets it from the extensional branch

in the outer Vøring Basin along the proto-Vøring transform margin. The

proto-Vøring transform margin could act then as an accommodation

zone, facilitating sediment transfer from NE Greenland to the adjacent

Fig. 23. Schematic map of the distribution of main tectonic regimes acting in the Mid-Norway-Greenland conjugate margins in the end Cretaceous (a) and in the end

Paleocene (b) times. Expansion of abbreviations used on the map is given in Appendix 2.
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basins in the mid-Norwegian margin (e.g. Brekke et al., 2001).

Our seismic observations also support assumptions of Gernigon

et al. (2019) about diachronous breakup of the mid-Norwegian margin,

suggesting that the breakup and related magmatism along the Møre

Margin initiated somewhat earlier in the Thanetian, compared to the

earliest Eocene breakup in the Vøring Margin (Figs. 9 and 21b). The

interpretation of the diachronous breakup-related magmatism is sup-

ported by the stratigraphic position of the Near Top Paleocene horizon

over and within the Inner Flows facies in the Møre and Vøring re-

spectively, as well as by the diachronous development of the vent

complexes, where the lowermost complex observed in the upper Pa-

leocene (Thanetian?) strata (e.g. Planke et al., 2005). Earlier pulses of

sill intrusions are also described in the Hel Graben (Zastrozhnov et al.,

2018).

5.2. Deep basin configuration and the role of crustal architecture and

structural inheritance on the basin development: the need for a new model?

The configuration and nature of the crust flooring the Møre and

Vøring basins is a matter of a recent scientific discussion. Several stu-

dies have suggested structural and crustal similarities with Iberian-type

magma-poor passive margins, implying that large parts of the Møre and

Vøring basins are underlain by serpentinized/exhumed mantle domain

(Reynisson et al., 2010; Lundin and Doré, 2011; Rüpke et al., 2013;

Péron-Pinvidic et al., 2013; Péron-Pinvidic and Osmundsen, 2016,

2018; Osmundsen et al., 2016; Osmundsen and Péron-Pinvidic, 2018).

Alternative studies advocate that there is no clear geological or geo-

physical evidence to support a broad zone of mantle serpentinization/

exhumation along the mid-Norwegian margin (Mjelde et al., 2002;

Gernigon et al., 2004, 2006, 2015, 2019; Ebbing et al., 2006; Myer

et al., 2013; Nirrengarten et al., 2014; Theissen-Krah et al., 2017;

Abdelmalak et al., 2017; Zastrozhnov et al., 2018; Guan et al., 2019).

Here we discuss our new results in the context of the aforementioned

scenarios and how structural and lithospheric inheritance affects the

distribution of deformation and sedimentation in the Møre and Vøring

basins.

5.2.1. Crustal architecture of the outer Møre and Vøring basins

The crustal architecture of the outer Møre and Vøring basins is a key

topic to understand the crustal and lithospheric setting before the onset

of magmatism leading to the formation of volcanic margin and breakup.

Our new data and structural interpretation support a clear shallowing

of the BCU towards the OCB in the Møre Basin (Figs. 7, 8a-c and 9),

where it is expressed by a wide sub-basalt crustal block called the Møre

Marginal Plateau.

According to nomenclature of Lister et al. (1986), “a marginal pla-

teau” represents a relatively undeformed, high-standing region

bounded by large detachments faults. Although imaging of large de-

tachments zones is complicated below volcanics, we believe that such

“marginal plateau” was present along the outer Møre margin before the

formation of the volcanic margin (Fig. 8a–b, e.g. Theissen-Krah et al.,

2017). The later formation of the SDR sequence is proposed to be

controlled by continent-ward dipping detachment faults (e.g. Geoffroy

et al., 2015). This detachment fault system could act earlier together

with an ocean-ward detachment fault system in the central basin pro-

vince, which led to the individualization of the marginal plateau

(Fig. 22).

Our structural observations also suggest that pre-Cretaceous sedi-

ments and relatively thicker and high-standing crustal blocks could be

present within the Møre Marginal Plateau and on several deep crustal

rafts of the Møre and Vøring basins (Fig. 8a–c and 9) (e.g. Nirrengarten

et al., 2014; Gernigon et al., 2015; Theissen-Krah et al., 2017). The

Møre Marginal Plateau likely represents an intermediate and relatively

thick crustal and lithospheric domain in between the failed mid-Me-

sozoic inner rift system and the distal volcanic margin emplaced in a

weaker lithospheric region (Fig. 22) (Gernigon et al., 2019; Guan et al.,

2019). Refraction data interpretation of Kvarven et al. (2016) corro-

borates the presence of elevated and thicker continental crust domain in

the outer part of the Møre Basin. The presence of such shallow and

buoyant crustal blocks may also explain the late and wide emplacement

of the subaerial basalt in the Møre segment of the mid-Norwegian

margin. A similar (continuous?) marginal plateau may have extended in

the outer Vøring Basin before the mid-Late Cretaceous. However,

compared to the Møre Marginal Plateau, the shallow Cretaceous do-

main, expected in the outer Vøring Basin, was further dislocated during

the mid to Late Cretaceous-Paleocene rifting episode(s) (Fig. 8g–h, 13,

14 and 15). Based on structural modelling and refraction data, the ex-

istence of a wide continental block bounded from the west by a con-

tinent-ward dipping detachment fault system below the Vøring Mar-

ginal High was also earlier proposed by Walker et al. (1997) and Mjelde

et al. (2003).

In the outer Vøring Basin the nature of the underlying crust has been

extensively discussed in terms of the deep crustal reflection usually

referred as the T-Reflection (Gernigon et al., 2003; Ebbing et al., 2006;

Abdelmalak et al., 2017; Zastrozhnov et al., 2018). The T-Reflection

usually coincides with the upper part of the high-velocity (7+ km/s)

outer lower crustal body (LCB). In earlier models, the nature of the

outer LCB has been mostly interpreted and discussed in terms of mag-

matic underplating concurrent to continental breakup (e.g., White and

McKenzie, 1989). On the other hand, several amagmatic and partly

magmatic models for the nature of the outer LCB in the Vøring Basin

have been alternatively advocated including: 1) high velocity intrusions

into the lower crust (White et al., 2008, 2010), 2) heavily serpenti-

nized/exhumed/denudated mantle (Ren et al., 1998; Osmundsen and

Ebbing, 2008; Reynisson et al., 2010; Péron-Pinvidic and Osmundsen,

2016), and 3) retrograde/high-grade Caledonian lower crust (Gernigon

et al., 2003; Ebbing et al., 2006; Mjelde et al., 2016; Petersen and

Schiffer, 2016; Zastrozhnov et al., 2018.) possibly intruded by late

magmatic sills and cumulates (Abdelmalak et al., 2017).

It was shown that the deformation of the T-Reflection in the outer

Vøring Basin is decoupled from younger Late Cretaceous-Paleocene

faulting (Gernigon et al., 2003; Zastrozhnov et al., 2018). This earlier

deformation of the T-Reflection (Figs. 8e, 11, 13 and 14) implies that

the main basement faults and high-velocity blocks were already present

before final thinning of the crust and before the onset of major mag-

matism. Interpretation of a thin salt layer and local rollers (Triassic?) in

the Rån Ridge also suggest that the T-Reflection already influenced the

structural style of the ridge before and during the Cretaceous (Fig. 11).

Accordingly, it is likely that recent interpretation of controversial intra-

crustal/serpentinized mantle detachment may instead simply represent

a salt-related decollement system and not necessarily a crust/mantle

coupled system. Moreover, if the T-Reflection represented mantle

domes exhumed below the structural highs in the outer Vøring Basin,

higher magnetic susceptibility and remanence induced by high degree

of mantle serpentinization would be expected there (e.g. Oufi et al.,

2002), but the lack of prominent magnetic signature show that this is

not the case there (Figs. 5b, 8e-h, 11, 13 and 14). According to the

Iberian-type scenario (e.g. Péron-Pinvidic and Osmundsen, 2018), ser-

pentinization should occur during most of the Cretaceous period which

is characterized by several polarity changes of the magnetic field. In

this case we should expect higher regional values or at least a striped

pattern of the magnetic signal. However, the entire Møre-Vøring basin

province has generally low magnetic values (below or close to 0 nT)

except in the central highs complex area where the thicker continental

crust corresponds to a few positive magnetic anomalies. Gernigon et al.

(2015) also showed that the thinnest part of the crust can be simply

explained by a contact between the sediment and low magnetic lower

crust and/or not serpentinized mantle with no remanence and almost

no susceptibility. Although the thermal effect of the proposed magmatic

underplating in the outer mid-Norwegian margin could locally de-

magnetize the crust at the level of the T-Reflection just prior to breakup

according to the models with large final volumes of magma (Gernigon
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et al., 2006), the paleotemperatures from the wells in the outer Vøring

Basin are better explained by numerical calculations without magmatic

underplating (Fjeldskaar et al., 2009). Finally, according to

Zastrozhnov et al. (2018), serpentinized mantle, if present, could be

restricted locally within the subbasins in the northern Vøring Basin, an

area that experienced extreme thinning rates throughout Mesozoic and

Paleocene (Fig. 21) (i.e. Rås Basin, Træna Basin, Hel Graben).

Furthermore, the mid-Norwegian margin exhibits a significant time

lag of almost 100 Myr between the necking event in the Late Jurassic-

earliest Cretaceous and further lithospheric breakup in the late

Paleocene-early Eocene. In contrast, the time lag between the necking

and lithospheric breakup along the NE Atlantic magma-poor margins is

markedly lower and is about 35–45 Myr (Chenin et al., 2015). So, if the

Iberian magma-poor model worked along the mid-Norwegian margin,

the breakup conditions would have been likely achieved by the Aptian-

Albian time along the axial part of the Møre and Vøring basins. While

along the magma-poor margins the necking to lithospheric breakup

deformation period represents a continuous and regional thinning

phase, along the mid-Norwegian margin the stretching/thinning phases

were episodic (Figs. 3 and 20) and migrated both laterally along the

margin and towards the future breakup axis (Figs. 21 and 23).

Along the mid-Norwegian margin, the volcanism and breakup de-

veloped when the environment was shallow marine to subaerial (e.g.

Abdelmalak et al., 2016b; Millett et al., 2020). In contrast, continental

breakup along the Iberian magma-poor margin occurred in deep-water

conditions (Mohn et al., 2015). Mohn et al. (2015) estimated paleo-

water depth during a final rifting stage along the Galicia segment of the

Iberian margin to be in the range of 1–3 km. Thus, to explain the rapid

uplift of heavily altered serpentinized mantle in the distal part of the

mid-Norwegian margin to facilitate shallow marine and subaerial em-

placement of basalts an additional exterior force would be required.

Ren et al. (1998) favored the Iberian model for the crustal configuration

of the outer Vøring Basin and suggested late Paleocene uplift as much as

1.2 km before breakup due to tectonomagmatic factors including un-

derplating. Indeed, the uplift of this magnitude could be compatible

with subaerial environment during late stages of rifting and initial

seafloor spreading. However, later paleotemperature analyses in the

outer Vøring Basin (Fjeldskaar et al., 2009) did not favor underplating

of a magmatic body emplaced during the Early Cenozoic. Moreover,

geochemical study of breakup-related volcanics showed that magma

mixing between asthenospheric and upper crustal melts must have

occurred prior to their emplacement within the Vøring and Møre

Marginal highs (Meyer et al., 2009; Abdelmalak et al., 2016a; Bakke,

2017). Also, in their numerical modelling, Davis and Lavier (2017)

concluded that a thick continental crust preserved in the outer domain

is a favorable factor for the formation of volcanic passive margins.

In summary, taking all the above-mentioned observations and as-

sumptions into account, we find the applicability of the Iberian model

to the mid-Norwegian margin problematic, and favor the scenario

where the distal and outer Møre and Vøring basins cannot easily re-

present a large zone of exhumed continental mantle before breakup.

Most likely the volcanic margin formed on top of a distal marginal

plateau, where a significant thickness of continental crust (> 5–8 km)

was still present (Fig. 22).

5.2.2. On the role of structural and lithospheric inheritance

Both structural and lithospheric inheritance played important roles

in the along-strike variations in architecture, segmentation and

Cretaceous-Paleocene evolution and sedimentary infill of the Møre and

Vøring basins (Zastrozhnov et al., 2018; Gernigon et al., 2019). From

the Late Jurassic to mid-Albian time, active syn-thinning deposition is

well-documented in the Møre and Vøring basins along pre-existing NE-

SW trending rift valleys and were controlled by large detachment faults

developed on the flanks of the bounding structural highs (Fig. 17a). The

main tectonic sag basins developed between the proximal platforms and

the western marginal plateaus. Later Cenomanian-Santonian and

Maastrichtian-Paleocene extensional events, which developed in the

Vøring Basin, subsequently migrated sequentially towards the future

OCB and still the main rifting-related depocentres were controlled by

pre-existing deep-seated structural highs acting as crustal buffers

(Figs. 18 and 19).

We suggest that the mid-Norwegian margin represents a specific

type of passive rifted margin where large crustal blocks control the

formation and regional distribution of the thick sedimentary sag-basins

(Fig. 22). This specific configuration of the passive margin resembles

the “crustal boudinage” model Gartrell (1997) and was already pro-

posed for the Northern Vøring Margin case (Zastrozhnov et al., 2018)

and has been suggested for many other rifted margins worldwide (Clerc

et al., 2017; Jolivet et al., 2018). Here, the migration of the main de-

formational axis could be explained by the strengthening of lithosphere

(Fig. 22) resulting from the intermediate thermal relaxation/subsidence

phase (Van Wijk and Cloetingh, 2002; Gernigon et al., 2019). Van Wijk

and Cloetingh (2002) considered ~20–60 Myr as the timing of thermal

re-equilibration of the mid-Norwegian margin, which fits well with the

observations in the Møre segment. However, according to our inter-

pretation, the sharp and local relocation of the extensional axis in the

Rås and Træna basins further west to the outer Vøring Basin could occur

within just ~10 Myr and we suggest this enhancement could be the

consequence of the potential lower crustal flow (Fig. 22).

The structure and depocentres distribution described in the results

(Figs. 17–19) show that the NW-SE trending Jan Mayen Corridor, Rån,

Surt and Bivrost lineaments define a long-lived and along-strike seg-

mentation of the mid-Norwegian margin still effective during most of

the Cretaceous period. The meaning and origin of these lineaments

have been widely attributed to the Caledonian and/or pre-Caledonian

shear zones (Blystad et al., 1995; Doré et al., 1997; Skilbrei and Olesen,

2005; Mjelde et al., 2009; Schiffer et al., 2019), or density contrasts

within the upper mantle and at crustal levels (Maystrenko et al., 2017a,

2017b). The NE-SW structural trend appears to be dominant in the

Møre and Vøring basins, except for the N-S trend typical for the

southern Vøring Basin and adjacent Halten Terrace (Figs. 1 and 7). The

rhomboidal structural geometries typical for this domain are con-

strained by the Jan Mayen Corridor and Rån Lineament (Fig. 7). Doré

et al. (1999) interpreted the N-S trend as a result of E-W Jurassic ex-

tension which was then superimposed by NW-SE Early Cretaceous ex-

tension. However, Skilbrei and Olesen (2005) indicated that the in-

ternal grain of the Halten Terrace is also dissected by NE-SW trending

subbasins formed before the Cretaceous (Figs. 1 and 7). Our results

show that the NE-SW orientation of the structures is also present in the

southern Vøring Basin (Figs. 1 and 7).

Together with Færseth and Lien (2002) we also argue for a con-

sistent NW-SE Late Jurassic-earliest Cretaceous extension which re-

activated the pre-existing N-S basement grain in the Halten Terrace and

adjacent southern Vøring Basin in an oblique manner. This may have

influenced the segmentation of the Møre and Vøring basins along NW-

SE striking, extension parallel, transfer/weakness zones corresponding

to the Jan Mayen Corridor and the Hevring and Rån lineaments. Further

north, the Surt Lineament controlled the distribution of the extensional

axis during the Late Cretaceous-Paleocene (Fig. 23). The rhomboidal

geometries defined at the BCU level along the Surt Lineament support

its manifestation as a transfer zone at least since the beginning of the

Cretaceous (Fig. 7). The Bivrost Lineament has also been interpreted as

a crustal transfer zone that influenced sedimentary basin segmentation

in between the northern Vøring Basin and the Lofoten-Vesterålen

Margin (Maystrenko et al., 2017a).

6. Conclusions

This contribution illustrates the structure and Cretaceous-Paleocene

tectonostratigraphic evolution of the rift system between Norway and

Greenland. Based on new 2D/3D data and a biostratigraphic re-

evaluation of the exploration wells available, we have mapped the
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entire margin and identified new structures in the distal part of the mid-

Norwegian margin. We conclude that:

• The evolution of the mid-Norwegian margin from the Early

Cretaceous to Paleocene exhibits episodic phases of extension and

intermediate cooling events that preconditioned the margin litho-

sphere prior to the volcanic margin formation.

• After a significant Late Jurassic-earliest Cretaceous rifting event, a
deformation mode shifted from a stretching to a thinning which was

accommodated along large basin-floor detachments in the central

basin domain until the mid-Albian. Also at least until the mid-Albian

a prominent extensional branch developed in the outer domain of

the Vøring Basin, where it is observed in the Rån Basin, Vigrid

Syncline/Gjallar Ridge and on the eastern flank of the Nyk High

(Någrind Syncline).

• An additional local Cenomanian-Santonian rifting event is proposed
in the Vøring Basin to explain the atypical sedimentation rate within

the Træna and Rås basins. This event proves that the tectonic evo-

lution of rifted margins can vary significantly in space from one

margin segment (e.g. the Møre Margin) to another margin segment

(e.g. the Vøring Margin) separated by a regional crustal transfer

system (e.g. the Jan Mayen Corridor).

• The final Late Cretaceous-Paleocene rift is commonly offset from the

dominant mid-Mesozoic or older thinning axis of the mid-

Norwegian margin. Strain hardening due to Mesozoic lithospheric

cooling as well as additional enhancements from lateral lower

crustal flow may explain the migration of depocentres and/or jumps

of the rift axes over time. This may also have partly influenced the

location of the final rift and volcanic margin together with the

diachronous breakup configuration.

• The volcanic margin seems to have developed preferentially either
on thick continental ribbons or moderately thinned continental

crust. This interpretation is supported by the presence of the distal

marginal plateaus highlighted by a shallow BCU and thicker crys-

talline crust which are constrained by the most recent 2D and 3D

seismic surveys. The progressive thinning of the Cretaceous se-

quences towards the distal basin margins suggests that the marginal

plateaus remained in a relatively high position during most of the

Cretaceous period. A difference is, however, observed in the outer

Vøring Basin, where a renewed phase of Late Cretaceous-Paleocene

extension dislocated the predicted pre-existing distal plateau. This

interpretation contrasts with a previous interpretation of the distal

domain of the mid-Norwegian margin, in which a wide zone of

exhumed mantle was proposed to fit a classical magma-poor Iberian

margin scenario.

• Our regional reinterpretation of the Møre and Vøring basins shows
that the long and polyphased rift system preceding the formation of

the volcanic domain along the mid-Norwegian margin is markedly

different to sediment-starved, magma-poor passive rifted margins.

The mid-Norwegian margin has a different crustal architecture, a

different basin evolution, higher sediment rates as well as a sig-

nificant magmatic budget associated with the final lithospheric

rupture between Eurasia and Greenland.
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Appendix 1. Stratigraphic comment on the main

tectonostratigraphic units

BCU – mid-Albian

The Early Cretaceous interval of the section is not widely re-

presented in the Vøring and Møre basins due to the reason that most of

the wells in the area targeted Late Cretaceous and Tertiary structures.

The Langebarn Formation in this area is holding a transitional position

and both the Greenland-Barents Sea and North Sea/Norwegian shelf

areas have their influence on the assemblage composition. The well

6610/3-1R provides an example of confidently dated Hauterivian-

Barremian interval with such typical for the Norwegian shelf and the

North Sea indicative taxa as Cassiculosphaeridia magna,

Hystrichosphaeridium arborispinum, Kleithriasphaeridium corrugatum and

Batioladinium longicornutum (Duxbury, 2001). On the other hand, the

well 6608/2-1S (and ST2 bypass) represents much more expanded

Early Cretaceous section where the presence of typical Greenland-

Barents Sea events becomes more prominent. The Aptian interval of this

well is possessing such typical northern latitudes event as an influx of

Vesperopsis mayi, and the Albian section is characterized by the presence

of Pseudoceratium nudum, Batiioladinium micropodum and Muderongia

assymetrica which also links to northern basins. The early Aptian OAE1

Selli event is prominently expressed in this well with the Gamma sharp

increase on the log, and palynologically marked with abundant bi-

saccate pollens and sapropelic organics.

Mid-Albian – mid-Cenomanian

The early to middle Cenomanian section is well characterized

biostratigraphically in number of wells and extensively expressed in the

studied basin, reaching 1200 m thickness in the well 6603/5-1S. The

consistent and abundant presence of Sindridinium genus representatives

allows reliable intra-basinal correlation, tying the Vøring Basin to the

Greenland, Barents Sea and North Sea reference sections (Nøhr-Hansen

et al., 2017). The presence of abundant to superabundant peridinioid

cysts in this particular well, but also in the basin overall (wells 6609/6-

1, 6610/3-1R) is indicative for typical northern latitudes Cenomanian

anoxic/high productivity environment with domination of the eu-

trophic taxa representatives (Pavlishina, 2017; Olde et al., 2014). The

presence of representatives of Rhombodella paucispina in the basin is

also providing a useful link between typical Cenomanian of the North

Sea (Gradstein et al., 1999) and Greenland (Nøhr-Hansen et al., 2017).

Otherwise, the presence of such taxa as Litosphaeridium siphoniphorum
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and Epelidosphaeridia spinosa is evidence of typical European Cen-

omanian strata (Costa and Davey, 1992).

Mid-Cenomanian – Near Top Turonian

The late Cenomanian interval is represented in the studied area with

very low thickness sections while the typical Cenomanian-Turonian

boundary OAE2 event is not expressed in the basin. The Turonian

section is widely presented in the basin, reaching more than 600 m in

the well 6505/10-1 (Fig. 6) but lacks indicative marker events due to

enriched carbonated lithology. The best representation of the interval is

observed in the north-eastern wells where the relatively condensed

sections possess a characteristic assemblage. The lower part of the

section in the wells 6608/2-1S and 6609/6-1 is represented with early-

middle Turonian influx of Surculosphaeridium longifurcatum, while the

upper part of Turonian is well characterized with the presence of Ste-

phodinium coronatum, Apteodinium maculatum and increased presence of

Palaeohystrichophora infusorioides (Costa and Davey, 1992; Radmacher

et al., 2015).

Top Turonian – mid-Campanian

The interval of the section begins with the final stage of Blålange

Formation sedimentation represented with Lysing Member sands ac-

cumulation. The events of the sand deposition show substantial dia-

chrony, spanning Turonian-Coniacian boundary (Fig. 6). The oldest

phase of the event is represented in the well 6505/10-1 where the ty-

pical top Turonian marker events such as presence of Stephodinium

coronatum and increase in Apteodinium maculatum and Palaeohystricho-

phora infusorioides constantly appear in the 200 m mudstone succession

above the top of the Lysing sand. In the well 6610/3-1R we can observe

the Turonian/Coniacian boundary within the sandstone interval, sup-

ported with occurrence of Stephodinium coronatum and Apteodinium

maculatum. The more typical case for the area is represented in the well

6706/11-1 where the early Coniacian acme of Heterosphaeridium diffi-

cile is recorded just above the sand while the top Turonian events of

Stephodinium coronatum and Palaeohystrichophora infusorioides are ob-

served just below the sand, supporting early Coniacian age for the

sandstone deposition. Further sand development can be observed in the

well 6605/8-1, where the basal early Coniacian acme of Hetero-

sphaeridium difficile is observed between two phases of sand deposition,

while the presence of Spiniferites porosus and Psaligonyaulax deflandrei

just above the sand marks the top early Coniacian boundary.

The Kvitnos Formation is well biostratigraphically characterized in

the Vøring Basin area, in particular in the well 6605/8-2, with its late

Coniacian section being characterized with acme of Chatangiella “spi-

nosa” and early Santonian interval possessing such markers as

Surculosphaeridium longifurcatum and rare to common Heterosphaeridium

difficile. The only sandstone deposition event observed for this interval

is the presence of thin Tumler Member in the well 6706/11-1.

The major episode of sand deposition in the basin happened

alongside with Nise Formation sedimentation, forming the late

Santonian-Campanian Spekkhogger Member. These major sand units

are greatly developed in the north of the basin, on the Gjallar Ridge and

Nyk High and are unofficially referred to as Delfin sands. This sand-

stone deposition is observed in two stages, subdivided with early

Campanian events of Alterbidinium ioanidessii, influx of Chatangiella

niiga and acme of Trithyrodinium suspectum, generally occurring be-

tween the intervals of the sand deposition. The top part of this sand-

stone is characterized with typical Campanian events (Radmacher et al.,

2015; Costa and Davey, 1992) such as increase and acme of Hetero-

sphaeridium heteracanthum, common presence of Trithyrodinium sus-

pectum, and occurrence of Callaiosphaeridium asymmetricum in the well

6706/11-1.

Mid-Campanian – Base Paleogene

The Springar Formation is well developed in the western part of the

Vøring Basin nearby the Gjallar Ridge. The sand deposition in the area

was active during early Maastrichtian and late Maastrichtian and is

represented with Hvithval Member. The well 6604/2-1 is representing

two episodes of sand deposition: (1) the lower Maastrichtian part of the

Member is characterized with increase and acme events of Alterbidinium

acutulum and Chatangiella biapertura; (2) upper Maastrichtian section is

characterized with typical for this age occurrence and acme of

Palynodinium grallator, Trithyrodinium evittii and Impagidinium septen-

trionalis, while the bottom part of this interval can be indicated with the

increase of Cerodinium diebelii.

Base Paleogene - Top Paleocene

The Paleocene interval is represented with the Tang Formation in

the section. The Danian part of the interval is expanded in the well

6604/10-1 where it is characterized with the influx of Senoniasphaeria

inornata, followed by influx of Palaeocystodinium bulliforme and the

presence of Alisocysta reticulata (Powell, 1992; Nøhr-Hansen, 2012).

The close well 6604/2-1 is possessing also Spongodinium delitiense and

Spiniferites “magnifica” at this level. The Selandian part of the interval is

dated in the well 6604/10-1 with the increased presence of Isabelidi-

nium viborgense.

The Thanetian interval is well characterized in the basin and is re-

presented in the well 6604/10-1. The basal part of the interval is

marked with the increased presence of Glaphyrocysta ordinata group.

The interval is characterized with the presence of numerous marker

events including the presence and acme of Alisocysta margarita,

Alisocysta gippingensis, Spiniferites “membranispina” and Leptodinium

“obscurum” (Heilmann-Clausen, 1985; Powell, 1992). The top of Pa-

leocene section is marked with the presence of Palaeoperidinium pyr-

ophorum and Alisocysta margarita.

A thick studied interval in the well 6706/6-1 from first returns to TD

possesses mixed assemblage of Paleocene and Late Cretaceous taxa. The

Tertiary assemblage is represented with Selandian-Danian marker taxa

such as abundant Alisocysta margarita and Palaeocystodinium bulliforme.

The Cretaceous assemblage is represented with early Maastrichtian to

late-early Campanian succession of marker events. Although the suc-

cession of events may imply the Cretaceous age of the strata con-

taminated with cavings, we accept official NPD (NPD, 2019) viewpoint

to assign the section to Paleocene until the further drilling in the area

clarifies the stratigraphic uncertainty.

Appendix 2. Expansion of abbreviations used on the map figures

AH - Aukra High, AS – Aukra Subbasin, BH – Bara High, BL – Bivrost

Lineament, BR – Bylgja Ridge, CMB – Central Møre Basin, CVB – Central

Vøring Basin; DB – Danmarkshavn Basin, DH – Dufa High, DR –

Danmarkshavn Ridge, EB – Ervik Basin, EKB – East Kiran Subbasin, ER –

Ervik Ridge, FH – Frøya High, FG – Fenris Graben, GH – Grimm High,

GlH – Golma High, GnH – Gnausen High, GR – Gjallar Ridge, GpB – Grip

Subbasin, GpH – Grip High, GrH – Grønøy High, GS – Gleipne Saddle,

GsB – Golma Subbasin, GsH – Gossa High, HB – Hermod Basin, HG – Hel

Graben, HH – Hevring High, HL – Hevring Lineament, HlH – Holmen

High, HrH – Hrann High, HsB – Holmen Subbasin, HT – Hel Terrace,

HvB – Hevring Subbasin, IMB – Inner Møre Basin, KH – Kinn High, KlH

– Kolga High, KrH – Kiran High, JMC – Jan Mayen Corridor, JMMC –

Jan Mayen Microcontinent Complex, LR – Lofoten Ridge, LVM –

Lofoten-Vesterålen, MdS – Mardoll Subbasin, MgB – Magnus Basin, MH

– Mímir High, MMP – Møre Marginal Plateau, MR – Manet Ridge, MS –

Marmæle Spur, MTFC – Møre-Trøndelag Fault Complex, ND – Naglfar

Dome, NGR – North Gjallar Ridge, NH – Nyk High, NSR – North Sklinna

Ridge, NS – Någrind Syncline, NTB – North Træna Basin, NVB –

Northern Vøring Basin, OCB – Ocean-continent boundary, OH – Ona
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High, OLD – Ormen Lange Dome, OMB – Outer Møre Basin, OS – Orta

Subbasin, OSVB – Outer Southern Vøring Basin, OVB – Outer Vøring

Basin, RB – Rås Basin, RbB – Ribban Basin, RdB – Runde Subbasin, RH –

Røst High, RL – Ran Lineament, RnB – Rån Basin, RR – Rån Ridge, RsB –

Røst Basin, SGR – South Gjallar Ridge, SfH – Sandflesa High, SH – Skoll

High, SlB – Slørebotn Subbasin, SL – Surt Lineament, SR – Slettringen

Ridge, SsB – Slettringen Subbasin, SSR – South Sklinna Ridge, StH –

Steinen High, SVB – Southern Vøring Basin, TB – Træna Basin, TtB –

Thetis Basin, TS – Tampen Spur, UH – Unn High, UtH – Utgard High, UR

– Utrøst Ridge, VB – Vestfjorden Basin, VD – Vema Dome, VH – Vigra

High; VfH – Valflesa High, VmH – Vimur High, VS – Vigrid Syncline,

VsB – Vigra Subbasin, WKB – West Kiran Subbasin, YH – Ygg High.
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Abstract Seismic reflection data along volcanic passive margins frequently provide imaging of strong and
laterally continuous reflections in the middle and lower crust. We have completed a detailed 2-D seismic
interpretation of the deep crustal structure of the Vøring Margin, offshore mid-Norway, where high-quality
seismic data allow the identification of high-amplitude reflections, locally referred to as the T-Reflection. Using
a dense seismic grid, we have mapped the geometry of the T-Reflection in order to compare it with filtered
Bouguer gravity anomalies and seismic refraction data. The T-Reflection is identified between 7 and 10 s.
Sometimes it consists of one single smooth reflection. However, it is frequently associated with a set of rough
multiple reflections displaying discontinuous segments with varying geometries, amplitudes, and contact
relationships. The T-Reflection seems to be connected to deep sill networks and is locally identified at the
continuation of basement high structures or terminates over fractures and faults. The T-Reflection presents a
low magnetic signal. The spatial correlation between the filtered positive Bouguer gravity anomalies and the
deep dome-shaped reflections indicates that the latter represent a high-impedance boundary contrast
associated with a high-density and high-velocity body. In ~50% of the outer Vøring Margin, the depth of the
mapped T-Reflection is found to correspond to the depth of the top of the Lower Crustal Body (LCB), which is
characterized by high P wave velocities (>7 km/s). We present a tectonic scenario, where a large part of
the deep crustal structure is composed of preserved upper continental crustal blocks and middle to lower
crustal lenses of inherited high-grade metamorphic rocks. Deep intrusions into the faulted crustal blocks are
responsible for the rough character of the T-Reflection, whereas intrusions into the ductile lower crust and
detachment faults are likely responsible for its smoother character. Deep magma intrusions can be
responsible for regional metamorphic processes leading to an increasing velocity of the lower crust to
more than 7 km/s. The result is a heterogeneous LCB that likely represents a complex mixture of pre- to
syn-breakup mafic and ultramafic rocks (cumulates and sills) and old metamorphic rocks such as granulites
and eclogites. An increasing degree of melting toward the breakup axis is responsible for an increasing
proportion of cumulates and sill intrusions in the lower crust.

1. Introduction

The increased availability of high-quality seismic and potential field data, combined with deep sea drilling
and onshore analogue studies, has shown that extensional processes can lead to complex crustal configura-
tions, depending on lithospheric composition, thermal structure and heat transfer, far field stresses, exten-
sion rate and duration, mantle flow, and structural inheritance (Clerc et al., 2017; England, 1983; Koptev
et al., 2015; Kusznir & Park, 1987; Lavecchia et al., 2017; Reston, 2007; Rosenbaum et al., 2008; Ziegler &
Cloetingh, 2004). Many studies have led to a range of conceptual and numerical models of plate breakup
at magma-poor margins (Brune et al., 2017; Huismans & Beaumont, 2003; Lavier & Manatschal, 2006;
Pérez-Gussinyé, 2012). However, more than 50% of passive margins worldwide are interpreted to be
magma-rich (Coffin & Eldholm, 1994; Menzies et al., 2002; Skogseid, 2001). These are characterized by mas-
sive occurrence of mafic extrusive and intrusive rocks, emplaced before and during plate breakup (e.g.,
Abdelmalak, 2010; Abdelmalak et al., 2012; Eldholm & Grue, 1994; Geoffroy, 2005), and playing a major role
in determining the evolution and the deep structure of magma-rich margins. Seismic reflection data along
volcanic passive margins frequently provide imaging of strong and laterally continuous crustal reflections
in the middle and lower crusts (e.g., Clerc et al., 2015; Kusznir et al., 2015).

In the NE Atlantic (Figure 1A), wide-angle seismic surveying across most of the conjugate volcanic margins
revealed high-velocity layers at the base of the crust referred to as Lower Crustal Bodies (LCBs; Holbrook
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Figure 1. (A) Onshore and offshore distribution of the basalt flows in the North Atlantic Igneous Province (Abdelmalak et al., 2014). The Seaward Dipping Reflectors
(SDR) locations and different refraction profiles used in this study are indicated (see the text for data references). (B) 3-D reconstruction at C21 (~47 Ma) of the crustal
structure across the Vøring Margin (Faleide et al., 2008) and its conjugate Greenland margin in the Thetis Basin (Schlindwein & Jokat, 1999; Voss & Jokat, 2007).
The magnetic anomalies are defined using released magnetic data EMAG2 (Maus et al., 2009). The continent–ocean boundary (COB) is indicated for the conjugate
margins. Dashed black lines indicate shear zones. NGR: North Gjallar Ridge; TR: T-Reflection (dashed red line). AR: Aegir Ridge; BK: Blosseville Kyst; BVP: Boreas
Volcanic Province; DB: Danmarkshavn Basin; EGFZ: East Greenland Fault Zone; FB: Foster Basin; FVP: Foster Volcanic Province; HB: Harstad Basin; HwH: Hold with
Hope; JL: Jamson Land; JMFZ: Jan Mayen Fracture Zone; JMMC: Jan Mayen Micro-Continent; JMR: Jan Mayen Ridge; S: Shannon; TB: Thetis Basin; TØ: Traill Ø; TØIC:
Traill Ø Igneous Complex; VVP: Vestbakken Volcanic Province; WJMFZ: West Jan Mayen Fracture Zone.
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et al., 2001; Klingelhöfer et al., 2005; Mjelde et al., 2007; Mjelde, Raum, et al., 2009; Mjelde, Raum, Myhren,
et al., 2005; Roberts et al., 2009; Schiffer et al., 2016; Voss & Jokat, 2007; Voss et al., 2009; Figure 1B). LCBs
are characterized by P wave velocities (Vp) of 7.1 to 7.7 km/s and Vp/Vs ratios ranging between 1.8 and 1.9
(Mjelde, Raum, et al., 2003; O’Reilly et al., 1996). The nature and origin of the LCBs are still controversial
and probably more complex than hitherto thought (e.g., Ebbing et al., 2006; Gernigon et al., 2004; Mjelde
et al., 2016). Early studies have proposed that the anomalously high velocities in the LCBs represent massive
mafic magmatic underplating emplaced during the final stage of rifting and continental breakup. In this con-
text, LCBs could be explained bymagma showing high concentrations of MgO, which in turn may reflect high
asthenospheric temperatures and/or compositional inhomogeneities in the asthenospheric source (e.g., R. S.
White & McKenzie, 1989).

Lower Crustal Bodies are often located along the continent–ocean transition (COT; Eldholm et al., 2000) but
can extend continentward, outside the identified volcanic province (Kvarven et al., 2014; Mjelde et al., 2016;
Nirrengarten et al., 2014). In recent years, discussion about the interpretation of the LCBs focuses on its nature
in terms of magmatic versus inherited and/or serpentinized material (Ebbing et al., 2006; Fichler et al., 2011;
Lundin & Doré, 2011; Mjelde et al., 2002; Reynisson et al., 2010; Wangen et al., 2011). Given the strong overlap
of the geophysical values attributed to continental crust, as well asmafic and ultramafic rocks, the geophysical
modeling of LCBs alone does not easily permit the preference of one interpretation over the other, but
rather, the observed correlation with structure allows the discussion of scenarios and realistic hypotheses
(Gernigon et al., 2004; Ren et al., 1998; Schiffer et al., 2016). In such conditions, the architecture of rifted
margins is still the subject of debate in order to explain its structural, stratigraphic, and magmatic evolution.

On the other hand, the interactions between magmatism, deep structures, and extensional processes are also
not completely understood. Generally, transport ofmaficmagma through the upper brittle crust is widely viewed
as being dominated by dykes (Lister & Kerr, 1991; Rubin, 1995), which are often invoked as the main feeders for
floodbasalt sequences (Abdelmalak et al., 2015; Coffin& Eldholm, 1994; Ernst et al., 1995; Klausen & Larsen, 2002).
In contrast to dykes, bedding-parallel sills are widely regarded as having only a limited role in vertical magma
transport. How deep sill complexes along volcanic margin are associated with LCBs, or not, is a challenging
problem. To address these issues, it is common to supplement the reflection-based seismic interpretation with
velocity and density models derived from refraction and potential field studies (e.g., Corseri et al., 2017).

High-amplitude deep crustal reflections, located at depths >6–7 s, have been imaged in the outer Vøring
Basin. Reflections display a domal shape below the South and North Gjallar ridges and have been interpreted
as the top of a core complex of melted crust triggered by underplating and labelled “mid-crustal convex-up
reflector” (Lundin & Doré, 1997) or “MCD” for “middle crustal dome” (Ren et al., 1998) in the North Gjallar
Ridge. In later studies, these reflections have been regionally mapped along the outer Vøring Basin and
named the T-Reflection (Gernigon et al., 2001). In the North and South Gjallar ridges, Gernigon et al. (2003)
further discussed the definition and structural interpretation of the T-Reflection and suggested that it coin-
cides with the top of the continental part of the LCB geophysically modeled at approximately the same depth
based on ocean bottom seismometer (OBS) data (Mjelde, Faleide, et al., 2009; Rouzo et al., 2006; Figure 1). The
part of the LCB imaged beneath the North Gjallar Ridge appears to have been emplaced before the main vol-
canic event and influenced the faulting and distal development of the sedimentary basin at least 10–15 Ma
before the breakup and the main magmatic event (Gernigon et al., 2004).

The aim of this study was to determine the nature and origin of the deep crust along the conjugate volcanic
margins of the Norwegian–Greenland Sea. Despite expansive coverage of seismic data along the mid-
Norwegian Margin (Figure 3B), several questions about the deep structure of rifted margins remain unre-
solved: (1) What is the origin of the T-Reflection? (2) What are the relationships between the T-Reflection, basin
deformation, continental breakup, and the LCB? (3) What is the origin of the LCB in the continental and distal
parts of the riftedmargin? (4) Are LCBs fully representative of breakup-related igneous rocks? To answer these
questions, we have investigated the structure, nature, and possible origins of the T-Reflection based on the
use of new and combined geophysical data sets (reflection and refraction seismic, gravity, andmagnetic data).

2. Geological Setting

The conjugate volcanic rifted margins along the Norwegian–Greenland Sea are parts of the North Atlantic
large igneous province formed during the continental breakup in the Paleogene (Eldholm et al., 2000;
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Meyer et al., 2007; Saunders et al., 1997; Figure 1). The onset of continental breakup marked the culmination
of a ~300 Ma period of extension and basin formation subsequent to the Caledonian orogeny (Doré et al.,
1999; Skogseid et al., 2000; Tsikalas et al., 2008; Ziegler, 1988). The main extensional events occurred in
Late Paleozoic–Triassic, Late Jurassic–Early/Middle Cretaceous, and Late Cretaceous–Paleocene times
(Brekke, 2000; Eldholm & Grue, 1994; Gernigon et al., 2004; Lundin & Doré, 2005). Through the Paleozoic
and Mesozoic, lithospheric thinning resulted in the formation of large sedimentary basins controlled by
normal faults (e.g., Faleide et al., 2008; Tsikalas et al., 2012). Subsidence was especially important during
the Cretaceous, giving rise to the accumulation of up to 8 km of sediments in local depocenters in the
Vøring and Møre basins (Blystad et al., 1995; Brekke, 2000; Lien, 2005; Scheck-Wenderoth et al., 2007).

On the Vøring Margin, the Late Jurassic–Early/mid-Cretaceous extension and the Late Cretaceous extension
formed large-scale rift blocks and structural highs (Early Cretaceous ridges and highs: Rån Ridge, Utgard High;
Late Cretaceous–Early Paleocene ridges and highs: North and South Gjallar ridges, Nyk High, Ygg High,
Grimm High, and Skoll High) separated by subbasins such as the Træna Basin, the Någrind Syncline, the
Rån Basin, the Rås Basin, the Vigrid Syncline, and the Fenris Graben (Abdelmalak, Planke, et al., 2016;
Figure 2). During the Late Cretaceous–Paleocene, the locus of maximum extension migrated NW toward
the zone of the future continental separation (Skogseid et al., 2000). The final continental breakup recorded
in the Vøring Marginal High occurred at early Eocene (~56–55 Ma according to Gradstein et al., 2012, time-
scale) and resulted in voluminous extrusive and intrusive igneous activities within the adjacent

Figure 2. Simplifiedmap of themid-Norwegianmargin showing themain tectonic units, fault zones (using our new seismic interpretation andmodified from Blystad
et al., 1995; and Gernigon et al., 2003), and volcanic seismic facies units (using our new seismic interpretation and modified from Berndt et al., 2001). FG: Fenris
Graben; GH: Grimm High; HG/ND: Hel Graben/Nagfar Dome; NR: Norland Ridge; NS: Någrind Syncline; RB: Rån Basin; RR: Rån Ridge; SDRs: Seward dipping reflectors;
SH: Skoll High; TB: Træna Basin; UH: Utgard High; VS: Vigrid Syncline; YH: Ygg High.
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sedimentary basins and preexisting continental crust (Breivik et al., 2014; Eldholm & Grue, 1994; Hinz, 1981;
Mjelde et al., 2007; Mutter et al., 1982; Planke et al., 2005; R. S. White & McKenzie, 1989; Figure 2).

On the NE Greenland side, extrusive volcanism is also exposed in several places onshore (e.g., Brooks, 2011;
Geissler et al., 2016; Larsen et al., 2014; Tegner et al., 1998; e.g., Shannon Island, Blosseville Kyst area, Hold with
Hope; Figure 1A). Offshore, a thin volcanic complex, extending approximately 110 km, is mapped along the
Thetis Margin. Seaward Dipping Reflectors (SDRs) are observed east of this volcanic complex where they are
located approximately along the continent–ocean boundary (Abdelmalak, Planke, et al., 2016). The SDRs
pinch out to the south against the Foster Volcanic Province, which is bounded by the Traill Ø Igneous
Complex to the south and the Foster Basin to the north (Figure 1A). The Foster Volcanic Province consists
of thick volcanic flows draped by Eocene and younger sediments (Reynolds et al., 2017). However, it has been
classified as transitional crust by Voss and Jokat (2007). Nonetheless, we consider the Foster Volcanic Province
as an oceanic plateau. Further south, the Traill Ø Igneous Complex defines a trend parallel to the West Jan
Mayen Fracture Zone. The formation of this igneous complex is linked to the breakup between East
Greenland and the Jan Mayen Micro-Continent during the Late Eocene–Oligocene time. North of the East
Greenland Fracture Zone, the Boreas Volcanic Province is considered to be the conjugate to the
Vestbakken Volcanic Province in the SW Barents Sea (Figure 1A).

3. Data and Methods
3.1. Data

This work is based on the interpretation of a dense grid of more than 1,200 regional 2-D seismic lines with a
total length of more than 150,000 km and with a spacing ranging between 0.2 and 2 km (Figure 3A). This data
set includes recently acquired as well as reprocessed high-quality seismic reflection data that provide
improved imaging of the deeper parts of the margin. The new data include, notably, 10,000 km of the
MNR-11 seismic survey acquired in 2011 by TGS and Fugro. Our database also comprises previous long-offset
seismic surveys including in particular the VMT-95, VBT-94, and the GMNR-94 surveys, which were recorded
with 11 to 14 s (two-way travel time).

Figure 3. (A) Seismic reflection data used in this study. (B) Bouguer residual gravity anomaly, 50 km high-pass filtered. White shaded areas correspond to structural
highs. Black lines indicate faults. Gravity data courtesy of TGS. FFC: Fles Fault Complex; FG: Fenris Graben; GH: Grimm High; GS: Gleipne Saddle; HeH: Hevring
High; HG/ND: Hel Graben/Nagfar Dome; NH: Nyk High; NGR: North Gjallar Ridge; NR: Norland Ridge; NS: Någrind Syncline; MH: Mimir High; MMH: Møre Marginal High;
RB: Rån Basin; RR: Rån Ridge; SGR: South Gjallar Ridge; SH: Skoll High; SR: Slettringen Ridge; TB: Træna Basin; UH: Utgard High; UnH: Unn High; VMH: Vøring
Marginal High; VS: Vigrid Syncline; YH: Ygg High.
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In addition, more than 40 refraction profiles from the Møre, Vøring, and Lofoten-Vesterålen margins have
been used in this study (e.g., Breivik et al., 2009, 2014; Mjelde et al., 1996, 2007; Mjelde, Raum, et al., 2009;
Mjelde, Raum, Breivik, et al., 2005; Raum et al., 2002, 2006; Figure 3A). Conjugate refraction profiles from
NE Greenland (e.g., Hermann, 2013; Schlindwein & Jokat, 1999; Schmidt-Aursch & Jokat, 2005; Voss & Jokat,
2007; Voss et al., 2009; Weigel et al., 1995) and Jan Mayen (e.g., Breivik et al., 2012) margins have also been
considered (Figure 1A). These data have been used to compare the different velocity models of the crust
and the difference between the reflection and refraction seismic data.

Ship-borne gravity and magnetic data have been acquired along most of the seismic profiles of the mid-
Norwegian margin. The data have been processed and gridded by TGS. The data have been combined with
regional public grids of satellite gravity (Sandwell & Smith, 2009), magnetic compilations (Maus et al., 2009;
Verhoef et al., 1996), and bathymetry (GEBCO centenary edition). The gravity data have been Bouguer cor-
rected using a correction density of 2,200 kg/m3. Both the gravity and magnetic grids have been high-pass
filtered with cutoff wavelengths of 50, 100, 200, and 400 km.

3.2. Methods

The regional seismic interpretation was carried out using the SMT Kingdom Suite software (www.ihs.com).
Wemapped the T-Reflection horizon in the outer VøringMargin based on its strong amplitude characteristics.
The seismic line density was high enough to laterally correlate the deep crustal reflections and to
generate grids.

Bouguer-corrected gravity maps are useful for geological interpretations as the effect of water depth varia-
tions is mainly removed (e.g., Berndt, 2002). The Bouguer anomaly map mainly reflects variations in crustal
thickness. A high-pass filtered Bouguer anomaly map with a cutoff wavelength of 50 km emphasizes the
deep basin andmidcrustal density variations, with typical source depths of less than 10 km. The anomaly pat-
tern (e.g., wavelength and amplitude) provides information about fault blocks and configuration of subbasins
(e.g., Berndt, 2002; Figure 3B). Magnetic anomaly maps may reveal large tectonic trends and define oceanic
crust with characteristic sea floor spreading anomalies. High-pass filtered magnetic anomaly maps usually
highlight middle and upper crustal variations. The wavelength and amplitude of anomalies provide informa-
tion about depth to source andmagnetic properties. The high-amplitude positive magnetic anomalies on the
shelf often correspond to basement ridges or shallow igneous rocks, whereas negative anomalies are gener-
ally associated with deep sedimentary strata. High-pass filtered potential field data were scaled to two-way
travel time, converted to pseudohorizons, and loaded into the workstation to facilitate the joint interpreta-
tion of seismic and potential field data (e.g., Planke et al., 2015).

To improve the 2-D deep crustal interpretation, several key refraction profiles were time-converted (to two-
way travel time) and loaded into the workstation. This approach allowed us to display the crustal and the
velocity structure along the seismic reflection data for comparison. The grid generated from seismic horizon
picking (the T-Reflection grid) was depth converted with HiQbeTM (http://www.first-geo.com/products/
hiqbe/norway), a regional seismic velocity cube covering the mid-Norwegian margin and compiled from
536 seismic stacking velocity data sets and 230 check shots from wells and vertical seismic profile data.
The stacking velocities used for the depth conversion are constraining the velocity structure of the sedimen-
tary basin where reflections are imaged. At greater depths, a delta-anisotropy function was used for depth
conversion (e.g., Thomsen, 1986). The stacking velocities are, however, lower than the OBS velocities because
of differences in the frequency content and the paths of wave propagation (Thomsen, 1986). The HiQbeTM

velocity cube intends to replicate the velocity for true vertical wave propagation, while OBS data are modeled
with a great horizontal component often without taking into concern the anisotropic effect (horizontal being
greater than vertical velocity, in general). Consequently, the HiQbeTM is presented with average velocities
(from sea surface down to target depth), while OBS data are mostly presented as interval velocities (layer-
specific velocities) where interval velocities are often higher (~10–15%) than the average velocities.
Combined with uncertainties related to the different modeling techniques, additional errors could be
driven by uncertainties in the OBS velocity forward modeling. These considerations will lead to obvious
uncertainties and differences when comparing refraction and depth-converted reflection data. However,
by comparing the stacking velocities and OBS velocity in selected 1-D profiles in the Vøring Margin, we
found comparable results in most of the cases.
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4. Results
4.1. The Vøring Margin Structure

The 50 km high-pass filtered Bouguer gravity anomaly map reveals a complex pattern of positive and nega-
tive amplitude anomalies along the VøringMargin (Figure 3B). In the Vøring Basin, several elongated negative
gravity anomalies, striking NE–SW, are identified and correspond to the Hel Graben, Fenris Graben, Vigrid
Syncline, Någrind Syncline, Træna Basin, and Rås Basin. These different subbasins are separated by NE-SW
elongated positive anomalies, corresponding to the Nyk High, the North and South Gjallar ridges, and the
Utgard High. The Rån Ridge approximately coincides with an ENE–WSW positive anomaly. High-amplitude
rounded positive gravity anomalies are distributed along the Vøring Escarpment and correspond to positive
elongated NE-trending magnetic anomalies (Abdelmalak, Planke, et al., 2016; Planke et al., 2017). Oceanward
of the Vøring Escarpment, the gravity anomalies likely represent intra- and subbasalt structural highs. These
anomalies correspond to Skoll High, GrimmHigh, and Ygg High, as also observed on seismic data. Toward the
SW Vøring Basin, the gravity anomalies change orientation from NE–SE (Unn High) to approximately N–S
(Slettringen Ridge; Figure 3B).

4.2. Reflection Data: The T-Reflection

From reprocessed and high-quality seismic data in the Vøring Margin, a more accurate interpretation from
the shallow parts to the deeper parts of the margin, down to the T-Reflection, is now possible. Examples
of the reprocessed seismic data, shown in Figure 4, illustrate the main elements discussed in this paper.
For the shallow parts, the base Tertiary unconformity represents a regional erosional surface onlapped
by Paleogene sediments. The base Cretaceous unconformity (BCU) is robustly mapped landward of the
basalt. The BCU is generally considered to record the rift climax activity of the major Late Jurassic–Early
Cretaceous extensional phase and is often used as a key regional marker to constrain the spatial and
temporal history of the Late Jurassic-Early Cretaceous rift system (Blystad et al., 1995). Below the basalt,
the seismic imaging is of poor quality but confirms locally that volcanic basins do exist underneath the
lava flows. The BCU is deeper below the Rån Basin and the Vigrid Syncline and shallows below the
South Gjallar and Rån ridges. Several low-angle faults characterizing the Cretaceous and the pre-
Cretaceous sediments are assumed to be of at least Early Campanian–Early Paleocene age (Gernigon et al.,
2003; Ren et al., 2003). Jurassic to Early/middle Cretaceous faulting was previously observed on the Rån
Ridge area where the BCU and older syn-rift sequences could be clearly identified near the basalts
(Gernigon et al., 2001, 2003). Abundant Paleogene sill intrusions are also identified within the Cretaceous
and pre-Cretaceous sequences.

For the deeper part, the outer Vøring Basin displays a well-defined high-amplitude and strong reflection with
variable continuity and coherence referred to as the T-Reflection (Gernigon et al., 2003, 2004). This high-
amplitude deep crustal reflection is observed at depths ranging between 7 and 10 s (Figures 4 and 5). In
the seismic data, the T-Reflection is sometimes smooth and is primarily identified on a single event
(Figures 5A and 5B). Sometimes the T-Reflection is associated with a series of reflections (Figure 5D). It is
therefore discontinuous and displays distinct steep and flat segments with varying geometries, amplitude,
and contact relationships (Figures 5C and 5D).

In this paper we discuss the T-Reflection as a single characteristic feature, regardless of its shape and number
of cycles. Our seismic interpretation reveals that the T-Reflection is mainly identified in the outer Vøring Basin
and extends between the Vøring Escarpment and Fles Fault Complex and Utgard High (Figure 6A). West of
the Vøring Escarpment, the T-Reflection is difficult to map beneath the thick volcanic extrusives that give rise
to scattering of the seismic energy. The T-Reflection is clearly mapped in the North Gjallar Ridge where the
high-amplitude reflection is rather continuous, shows a smooth shape, and can be mapped laterally over
50 km (Figure 6B). In the southwest Vøring Basin, the T-Reflection can be identified over more than
150 km along the Rån Basin, Rån Ridge, and Vigrid Syncline (Figure 6B).

Beneath the northwestern parts of the North Gjallar, South Gjallar, and Rån ridges, the T-Reflection exhibits
domal shapes of more than 20 km in diameter, with its shallowest part between 7 and 8 s. Compared to
the first map of the T-Reflection (Gernigon et al., 2003), our new and denser seismic data set permits the
identification of additional subtle variations across the Rån and the South Gjallar ridges. Less prominent
T-Reflection domes (Figure 6A) are now observed below the so-called Hevring High, Unn High, and
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Slettringen Ridge (Figure 3B). The T-Reflection deepens below the Gleipne Saddle, the Vigrid Syncline, and
the Hel Graben where the top is mapped around 9–10 s (Figure 6A).

The T-Reflection near the Rån Ridge is more ambiguous and consists of multiple reflections and shows a
rough character (Figure 6B). As mentioned by Gernigon et al. (2001), the T-Reflection in this area could be cor-
related with high-velocity basement locally intruded by sills; however, its morphology is characterized by a
contrasting and ambiguous faulted geometry (Figure 4B) that differs from the smooth character observed
below the South and North Gjallar ridges (Figure 6B). Most of the overlying faults on the Rån Ridge seem
to have been active during the Early Cretaceous until the Cenomanian where they terminate and were cov-
ered by thick Upper Cretaceous sediments (Figure 4B). Older fault activities that affected the pre-Cretaceous
sedimentary succession (Triassic–Jurassic?) are also expected (e.g., Gernigon et al., 2003).

Figure 4. (A) Interpreted seismic section (in two-way travel time) showing the smooth T-Reflection along the South Gjallar Ridge, the Rån Basin, and the Rån Ridge.
(B) Interpreted seismic section (in two-way travel time) showing the discontinuous T-Reflection along the Rån Ridge. The 7+ km/s (considered as top LCB) and
the 8+ km/s (the seismic Moho) layers are extracted from refraction data and displayed on the seismic reflection data. Sill intrusions are indicated by thin red lines.
The 50 km high-pass filtered gravity (B50) and magnetic (M50) data are plotted above the seismic profiles. BCU: base Cretaceous unconformity; FFC: Fles Fault
Complex; IM: intra Miocene; TC: top Cretaceous; TO: top Oligocene; TR: T-Reflection. See Figure 6 for line location. Data courtesy from TGS.
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Locally, the T-Reflection seems to be connected to deep sill networks (Figure 7A), with evidence of venting
(Figure7B).Close toSlettringenRidge, theT-Reflectionpresents a roughshapeandmay represent thecontinua-
tion of a preexisting basement high (Figure 7C). The T-Reflection often disappears or terminates over fractures
and faults (Figure 7D).

By draping the 50 km filtered Bouguer anomaly over the T-Reflection topography (Figure 6C), a good
correlation is found. Generally, the positive gravity signature corresponds to the different T-Reflection domes
and highs, whereas the negative filtered Bouguer anomalies correspond to the deeper levels of the
T-Reflection. The well-defined correlation between the T-Reflection and the gravity anomaly confirms that
the T-Reflection represents a high-impedance boundary associated with a high-density body. No magnetic
anomalies are associated with the T-Reflection domes on the Vøring Margin (Figure 4). The seismic interpre-
tation also reveals that there is a good correlation between the basin structure (subbasins, highs, and ridges)
defined at Cretaceous level and the T-Reflection geometry.

4.3. Refraction Data: The LCB Spatial Distribution

From the seismic refraction data (Figure 3A), we compiled maps of the seismic Moho depth (Figure 8A) and
the depth (Figure 8B) and thickness of the LCB (Figure 8C). Accordingly, we picked the velocity depth values
along individual profiles and created isovelocity maps. The Moho is characterized by isovelocities higher than
8.0–8.3 km/s. The Moho depth along the coast of mainland Norway is tied to Fennoscandia profiles (Breivik
et al., 2011; Kinck et al., 1993; Kvarven et al., 2014; Stratford et al., 2009). On the Norwegian mainland, the
Moho is about 35 km deep; it becomes slightly shallower below the Vøring and Møre basins (25–27 km), dee-
pens again below the Vøring Marginal High, and rises dramatically toward the oceanic domain (9–15 km)
(e.g., Planke et al., 1991). The Moho topography shows an apparent sinistral offset along the Jan Mayen
Fracture Zone. The Moho depth increases below the Vøring Spur where thick igneous crust is identified
(up to 15 km) and is interpreted to be the result of excess melting along the east Jan Mayen Fracture Zone

Figure 5. Different shapes for the T-Reflection. (A, B) Single reflection and smooth shape. (C, D) Multiple reflections and rough shape. Black arrows indicate the
T-Reflection. See Figure 6 for lines location.
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during Early–mid-Eocene time (Gernigon et al., 2009), or alternatively during a younger Miocene magmatic
event (Breivik et al., 2014).

The top LCB (Figure 8B) is generally defined as the top of the 7+ km/s velocity layer. The top of the LCB is
deeper in the Vøring and Møre basins (depths ranging between 18 and 22 km) and becomes shallower
toward the oceanic crust (depths ranging between 10 and 12 km). In the oceanic Lofoten Basin, the top
LCB is shallower (between 10 and 16 km) compared to the Vøring and Møre margins. For the LCB thickness
map (Figure 8C), we considered Vp velocities between 7.1 and 7.7 km/s as criteria to calculate the LCB
thickness. We extended our mapping into the oceanic domain, and we defined the outer limit of the LCB
where “normal” oceanic crust (6–8 km thickness) was clearly identified at the location of magnetic chrons
C22–C23. The thickness of the LCB varies considerably, from 0 to about 8–9 km, which might be caused by
variations in the prebreakup structure and/or by the late “magmatic underplating” process that affected
the preexisting crust.

On the Vøring Margin, the thickness of the LCB changes along and across the strike of the seismic profiles.
Rounded and elongated shaped features, with thicknesses ranging between 6 and 8 km, characterize the
Vøring Basin. On the Vøring Marginal High, local increase of LCB thickness to more than 6 km could be cor-
related with location of the thicker part of the Seaward Dipping Reflectors. Near the Vøring TransformMargin,
the LCB is thinner (less than 2 km) and shows a limited extent. On the Møre Margin, our mapping shows a
more regular distribution of the LCB thickness. The thicker part (~5 km) is situated beneath the Møre
Marginal High and could be correlated with the extent of the Seaward Dipping Reflectors. The LCB thickness
decreases oceanward until disappearing west of magnetic chron C23. A local anomaly below the Vigra High is
noticed where the LCB reaches a thickness of 4 km. The LCB thickness decreases toward the limit of sill intru-
sion in the sedimentary basin (Figure 8C). On the Lofoten–Vesterålen Margin, northeast of the Bivrost
Lineament, the LCB has a very limited extent. The thicker part (~4 km) is situated along the continent–ocean
boundary, and a rapid decrease in thickness is noticed in the oceanic domain toward magnetic chron C23.

Figure 6. (A) Time-structure map (in two-way travel time) of the T-Reflection grid in the VøringMargin. (B) Shape and character of the T-Reflection. (C) 3-D view of the
50 km high-pass filtered Bouguer anomaly draped above the topography of the T-Reflection. Thin black lines indicate faults.
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5. Discussion
5.1. Comparison Between the T-Reflection and the LCB Using Seismic Data

The generation of long-offset and high-quality seismic reflection profiles acquired along most of the rifted
margins leads to the unraveling of an unexpected variety of structures (e.g., Clerc et al., 2017) and provides
unprecedented access to the processes occurring in the middle and lower continental crusts. On the
Vøring volcanic margin, offshore mid-Norway, seismic reflection data reveal the existence of strong and lat-
erally continuous reflections referred to as the T-Reflection. It has been suggested that the T-Reflection on the
North Gjallar Ridge matches with the top of the continental part of the LCB (Gernigon et al., 2004); thus,
understanding the relationship between the T-Reflection and the LCB is of first-order importance to address
the deep structure of the margin.
5.1.1. 2-D Comparison
From the time-converted refraction profiles, we have attempted a direct comparison between the seismic
reflection and refraction data as illustrated in Figure 9A. The refraction profile 11-96 was shot in a SW–NE
direction along the Fenris Graben. The different velocities modeled along the refraction profile are indicated
(e.g., Mjelde, Shimamura, et al., 2003). The LCB is indicated by velocities ranging between 7.2 and 7.5 km/s.
On the seismic reflection line covering the central part of the refraction profile 11-96, the basaltic layer con-
tributes to an imprecise image of the deeper parts of the sedimentary basin and crustal structure (Figure 9B).
The modeled P wave velocities allow the identification of different crustal structures (top crystalline base-
ment, LCB, and Moho). Along the refraction profile 11-96, the T-Reflection is located at different level (with
depths ranging between 8 and 10 s) and displaying different P wave velocities. Below the Gleipne Saddle,
the T-Reflection is deeper than the top of the LCB and shows a level close to the Moho defined by refraction
modeling (Figure 9A). Along the Fenris Graben, the T-Reflection is located within the LCB layer but often fits

Figure 7. T-Reflection and relationship to deep basin structure. (A) Possible connection between T-Reflection and the overlying sill network. (B) Possible venting
event associated with T-Reflection. White shaded area indicates possible venting event. (C) Continuation of the T-Reflection at the location of the basement
high. (D) The T-Reflection terminates along a fault. Black arrows indicate the T-Reflection, and red arrows indicate the sill intrusions. We added a transparency around
the T-Reflection to highlight it in the seismic profile. See Figure 6 for line location.
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the top of the LCB or is close to it. Along the Rån Ridge, the T-Reflection is well defined and can be mapped
continuously. On the refraction profile 6-00 (Raum et al., 2006; Figure 9C), the T-Reflection is associated with
velocities ranging between 5 and 6 km/s. However, P wave velocity of 7+ km/s have been modeled at the
level of the T-Reflection, along the same transect (Rouzo et al., 2006), showing already that OBS modeling
can produce a large range of uncertainties.

Figure 8. (A) Seismic Moho depth. (B) Top of the Lower Crustal Body (LCB). (C) Thickness map of the LCB. The different maps are compiled and interpolated using all
available seismic refraction data. The extrusive extent corresponds to the breakup related volcanics defined from the volcanostratigraphic volcanic facies units.
MMH: Møre Marginal High; VMH: Vøring Marginal High; VTM: Vøring Transform Margin; VS: Vøring Spur.
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Figure 10. (A) Depth-converted T-Reflection. (B) Difference map between top LCB and depth-converted T-Reflection. The interval difference showing values ranging
between �2500 m and +2500 m (yellow color) correspond to the area where T-Reflection and top LCB match. A positive (blue color) or negative (red, orange,
and green colors) difference indicates that the T-Reflection is deeper or shallower than top LCB, respectively.

Figure 9. (A) Time-converted refraction profile 11-96 (Mjelde, Shimamura, et al., 2003) overlain by (B) the coincident seismic profile. (C) T-Reflection plotted above the
refraction profile 6-00 (Raum et al., 2006). The 50 km high-pass filtered gravity (B50) and magnetic (M50) data are plotted above the seismic profiles.
TR: T-Reflection (red line). See Figure 6 for lines location.
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5.1.2. 3-D Comparison
The depth-converted seismic data shows that the T-Reflection depth ranges between 11 and 19 km in the
Vøring Basin (Figure 10A). The T-Reflection depth ranges between 11 and 13 km above the North and
South Gjallar ridges and the Rån Ridge. A deeper T-Reflection, between 13 and 15 km, is interpreted below
the Hevring High and the Unn High and deepens in Vigrid Syncline andHel Graben/Nagfar Dome to 15–19 km.

The difference map between the top LCB and the depth-converted T-Reflection is also shown in Figure 10B.
Locally, the differences are quite significant and can be explained by uncertainties in the different techniques
used in depth conversion (see section 3.2). Nonetheless, we consider an error of ±2500 m when comparing
the top LCB compiled from refraction data and the depth-converted T-Reflection using stacking velocities
(Figure 10B). In this context, the interval with values ranging between �2500 m and +2500 m corresponds
to the area where the T-Reflection and the top LCB likely match. This area corresponds approximately to
50% of the area where the T-Reflection is mapped on the Vøring Margin. In the Vigrid Syncline, the Hel
Graben, and the Gleipne Saddle, the mapped T-Reflection is generally deeper than the top LCB based on
the refraction data. This difference could possibly be related to depth conversion issues especially in the dee-
pest part of the sedimentary basin and basement where the stacking velocities are more uncertain. In the
North and South Gjallar ridges, the T-Reflection depth mostly corresponds to the top LCB. The T-Reflection
is shallower than the top LCB in the southwestern corner of the Vøring Basin. In this area, which has been
affected by strike-slip tectonic movement, the LCB is thin or absent (Berndt, Mjelde, et al., 2001).
Furthermore, high Vp velocities on the Rån Ridge have been interpreted as indication of the existence of a
deep seated eclogite body (Figure 9C; e.g., Raum et al., 2006). However, we note that an alternative model
suggests that the T-Reflection coincides with velocities of up to 7 km/s (Rouzo et al., 2006).

5.2. Spatial Correlation Between Sill Intrusions, T-Reflection, and LCB

On the basis of our new observations at the deeper level of seismic profiles, the distribution of deep sill net-
works becomes clearer. An example of a complex sill network in the Vøring Basin is illustrated in Figure 11.
Sills are easily identified by their characteristic high-amplitude seismic response, saucer shape, discordant

Figure 11. Deep sill network in the Vøring Margin. The 50 km high-pass filtered gravity (B50) and magnetic (M50) data are plotted above the seismic profiles.
Different pipe structures are identified and interpreted as hydrothermal vent complexes and seepages. See Figure 6 for location.
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reflection geometry, and abrupt terminations (e.g., Planke et al., 2005). They are also associated with hydro-
thermal vent complexes that weremainly formed by explosive eruptions of gases, liquids, and sediments dur-
ing sills emplacement (e.g., Svensen et al., 2004). Sills intruded at deeper crustal levels are larger than those
identified at shallower levels in terms of both thickness and lateral extent (Figure 11). A characteristic feature
is that most of the sills are vertically connected via magmatic junctions (e.g., Cartwright & Hansen, 2006). This
observation indicates that individual sills are often interconnected and part of larger sill complexes (e.g.,
Hansen et al., 2004). In the North Gjallar Ridge, the sill network can be traced vertically from Paleocene sedi-
ments down to the T-Reflection level inferred to represent the top of the Lower Crustal Body. Wilson and
Wheeler (2002) previously inferred a connection between the LCB and the overlying sill complex noting that
magma “appears to move from sill to sill via a complex system of narrow, dyke-like feeders.”. Fractures and
faults may play an important role in magma transfer as it is easier for magma to use a zone of weakness. In
Figure 11 an interesting feature can be observed, the sill network appears to terminate against the Surt
Lineament and use this weakness zone as a conduit to shallower levels.

In the Vøring Basin, the sedimentary sequences above the LCB are strongly intruded by sills (e.g., Brekke,
2000; Planke et al., 2005), and the concentration of sills appears to be highest in the central part of the basin
where the LCB is thicker (e.g., Mjelde, Faleide, et al., 2009). Sills are generally found at their deepest position
and lowest stratigraphic levels in the eastern part of the Vøring Basin (e.g., Planke et al., 2005) and typically
step up toward the west to their highest levels close to the Vøring Escarpment. However, subsill imaging
remains difficult partly due to transmission loss across high-impedance contrast boundaries. Complicating
factors, such as offset-dependent tuning, complex 3-D geometries of sills, velocity increases in the meta-
morphic aureole, and structural variations in the overburden, commonly make it difficult to obtain good reso-
lution criteria (Planke et al., 2005, 2015). It is often possible to interpret several sill intrusions, but the
continuity of deeper sills is commonly lost when the thickness and/or number of the overlying sills increases.
In addition, high-amplitude seismic events below the uppermost sill are commonly not primary events but
rather peg-leg multiples or converted waves (e.g., Berndt et al., 2000).

In the Vøring Basin, exploration well 6607/5-2 at the Utgard High penetrated two microgabbro sills intruded
into Upper Cretaceous mudstone and sandstone lithologies (Neumann et al., 2013). Sonic logs from sills show
an average velocity of 7 km/s (Planke et al., 2005, 2015). Multichannel seismic reflection profiles in the Hel
Graben reveal a sill complex at approximately 5 km depth associated with exceptionally high, 7.4 km/s seis-
mic wide-angle velocities (Berndt et al., 2000). Such velocities are within the velocity range that characterizes
the LCB in volcanic passive margins. Interestingly, in themid-Norwegianmargin, the sill extent correlates very
well the LCB extent (Figure 8C).

5.3. The Nature of the LCB in the Continental Domain

Unraveling the nature of the LCB is crucial to understand the deep structure and tectonic evolution of the
volcanic margins and its implications in terms of crustal thinning, heat flow, and vertical motion.
Depending on alternative interpretations, the magmatic rock volume of the North Atlantic large igneous pro-
vince may be significantly less than previously thought, considering that 60–80% of the volume of this large
igneous province has been estimated to reside in the LCB (Eldholm & Grue, 1994; R. S. White et al., 1987).

Refraction data along the Vøring Margin indicates large variations in thickness and velocity within the LCB,
which have been proposed to relate to the distribution of mantle melts via feeder dykes (Mjelde et al.,
2002). The velocities of this layer vary between 7.0 and 7.7 km/s and have often been interpreted as a func-
tion of differences in the magma composition due to inhomogeneities in the asthenospheric source or as a
function of mafic differentiation inside the LCB (Mjelde, Raum, Breivik, et al., 2005). The variability in LCB
dimensions and velocities demand a consideration of properties in terms of geodynamic setting. First, simi-
larity in LCB velocity ranges does not necessarily imply the same emplacement process and composition.
Secondly, temperature–pressure relations may, in some settings, allow secondary metamorphic processes
during or subsequent to emplacement.

Geochemical analyses of the Utgard High sills demonstrate that the LCB can be explained as a heterogeneous
mixture of cumulates associated with the opening related magmatism and less dense rocks such as old con-
tinental basement (Neumann et al., 2013). In this context, the “cumulate” could be defined as a rock that
forms via partial crystallization of a melt, after which the remaining melt is removed from the system.
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Because igneous cumulates commonly contain more MgO than their parental liquids and because rocks with
higher MgO have a higher seismic velocity, cumulate lower crust formed by fractional crystallization should
have the highest velocity. This provides an upper limit on the deviation of lower crustal velocity from bulk
crustal velocity (e.g., Korenaga et al., 2002).

Wangen et al. (2011) also concluded that a scenario involving a LCB constituting solely of underplated mate-
rial would require an unrealistic amount of extension. A scenario where underplating or lower crustal intru-
sion (magmatic addition) accounts for maximum half the LCB is more likely. Berndt et al. (2000) noted that
the geophysical expression of the high-velocity mafic lower crust is complex and may alternatively be inter-
preted as a preexisting crust injected by scattered high-velocity sills. A model involving a mixture of rocks
with contrasting physical properties is in agreement with the large variation in Vp (7.1–7.8 km/s) and relatively
low Vp/Vs ratios (1.7–1.85) documented within the LCB by Mjelde et al. (2002).

Pwave velocities in low-grade crystalline rocks are found to increase from ~6.0 km/s in granite (felsic) to ~6.9
in gabbro (mafic). The Vp/Vs ratio increases correspondingly from ~1.70 to ~1.85 (e.g., Holbrook et al., 1992).
Increasing the P wave velocity in gabbro to the range observed in the Vøring Basin can be achieved by (1)
increasing the temperature of the melt and thereby the MgO content or (2) increasing the metamorphic
grade to granulite facies (Hurich et al., 2001). The observed densities, Vp, and Vp/Vs ratios are compatible with
both hypotheses.

Lower crustal P wave velocities in the range of 7.2–7.6 km/s are also compatible with a crustal layer compris-
ing partly serpentinized peridotites, the existence of which has been postulated in the deeper parts of the
Møre Basin (Osmundsen & Ebbing, 2008; Reynisson et al., 2010). Lundin and Doré (2011) proposed that the
anomalously wide LCB could have two origins: an inner part made up of partially serpentinized mantle
related to Early Cretaceous hyperextension and an outer narrower part of intruded lower crust that over-
printed the margin edge during breakup. These authors argued that partial serpentinization (10–30%) can
readily account for the P wave velocities of the LCB beneath the Cretaceous basin (e.g., Escartín et al.,
2001). Partial serpentinization probably takes place during or soon after hyperextension (Skelton et al.,
2005), and a LCB formed in this manner would explain a temporal and spatial relationship to the crustal thin-
ning and overlying basin fill.

However, the low Vp/Vs ratios observed on the Vøring Marginal High and in the northern Vøring Basin could
be inconsistent with serpentinized peridotites (Mjelde et al., 2002; Mjelde, Raum, et al., 2003). Despite uncer-
tainties about Vp/Vs estimates and interpretations, the authors also argued against the serpentinized perido-
tite hypothesis in the central and southern Vøring Basin. The existence of clear Moho reflections, S wave
anisotropy, the absence of P wave anisotropy, and low stretching factors do not support the presence of ser-
pentinized mantle. The same conclusion was drawn by Gernigon et al. (2004), primarily based on arguments
related to the stretching factors, fault decoupling within the sedimentary formation, and interrogation about
the fluid budget. Nirrengarten et al. (2014) and Theissen-Krah et al. (2017) also argued against a serpentiniza-
tion origin of the LCB in the Møre Margin from 2-D potential field modeling results. Gernigon et al. (2015) sug-
gested that too much continental crust is likely preserved on top of the distal LCB to fit a broad zone of
exhumed serpentinized mantle in the outer part of the Møre Margin. A comparison with the distal parts of
magma-poor margin (Iberian type) was not easily supported by the data and do not necessarily fit with
the long period of rifting and noncontinuum of deformation observed in the mid-Norwegian margin
(Gernigon et al., 2015). The correlation between the landward sill extent and the LCB extent is an evidence
for a magmatic component in the deeper part of the margin. A serpentinized mantle could not generate suf-
ficient melt to account for the highly intruded sedimentary basin.

Despite limitations, discussion and numerous arguments mentioned above, Peron-Pinvidic and Osmundsen
(2016) suggested the presence of a broad zone of exhumed serpentinized mantle directly underneath the
lava flows and SDR in the Vøring and Møre marginal highs and presented a magma-poor and ultra-slow
spreading scenario to explain the development of the volcanic margin. However, velocities compiled in
our study support the presence of thick crystalline basement crust preserved on top of the LCB underneath
the Landward Flows and adjacent SDR seismic facies units. The petrology and geochemistry results of the
lava flows from ODP Hole 642E also show evidence of continental contamination (Abdelmalak, Meyer,
et al., 2016; Meyer et al., 2009) that cannot easily be explained by the presence of a shallow serpentinized
mantle lying just underneath the subaerial lava flows. In a similar tectonic setting (Uruguay volcanic margin),
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Clerc et al. (2015) showed evidence that the continental lower crust is most likely preserved underneath the
SDR and adjacent basins and also confirm that volcanic margin and magma-poor margins show striking dif-
ferences (e.g., Clerc et al., 2017; Franke, 2013; Geoffroy et al., 2015).

5.4. The Nature of LCB in the Continent–Ocean Transition and Oceanic Domains

A seismic transect across the continent–ocean transition in the Vøring Margin is shown in Figure 12. On the
seismic reflection profile, the top basalt reflection is easily identifiable due to the high-impedance contrast
between the postbreakup sediments and the volcanics. The top of the basaltic sequences is an unconformity
and correlative conformity between the postbreakup sediments and the underlying basaltic rocks and repre-
sents the continentward continuation of the top oceanic basement reflection further west (Abdelmalak,
Planke, et al., 2016; Berndt, Planke, et al., 2001; Planke et al., 2000). The SDR wedge is characterized by diver-
gent arcuate reflections with increasing dip in the deeper part.

Figure 12. Velocity structure of the continent–ocean transition in the Vøring Margin plotted above the seismic reflection
line HV-3-96. The seismic velocity structure is determined using ocean bottom seismometer (OBS) profiles crossing the
line (profiles 3-96 and 4-96 (e.g., Mjelde, Shimamura, et al., 2003)) and tied to the Oceanic Drilling Program (ODP) Hole 642E.
The total field magnetic and the free air gravity data are plotted above the seismic profiles. Velocity depth profiles for
the continental (P1), the continent–ocean transition (P2), and the oceanic (P3) domains are plotted. For each profile the
crustal structure is indicated (see section 5.3 for more details and Figure 3A for profile locations).
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The P wave velocity model shows a narrow continent–ocean transition, followed by thick igneous crust that
tapers off toward normal oceanic crust. On the continental side, very close to the SDR wedge, the top of the
crystalline basement is a surface obtained by interpolation of the depth at which OBS-derived P wave velo-
cities change from values <5.5 km/s to values >6 km/s, typical of continental crystalline rocks (e.g., Mjelde,
Raum, Myhren, et al., 2005; Raum et al., 2002). The crystalline basement is overlain by an intruded sedimen-
tary layer with P wave velocities between 4.2 and ~5.5 km/s. Below the crystalline basement near the base of
the preserved continental crust, a LCB is identified (Vp > 7.0 km/s).

On the oceanic side, postbreakup sediments lie directly above the oceanic basement. From the velocity
model, oceanic layer 2 is characterized by P wave velocities of ~4 to 6 km/s and is interpreted as pillow lavas
(layer 2A, Vp 4–5 km/s) underlain by a sheeted dyke layer (layer 2B, Vp: 5–6 km/s; e.g., Christeson et al., 2007).
Oceanic layer 3A is characterized by P wave velocities ranging between 6 and 6.7 km/s to 6.9 km/s (e.g., R. S.
White et al., 1992). Studies of the oceanic crust demonstrate that the lithology of this middle oceanic layer can
vary, depending on the spreading rate when it was formed and on howmuch deformation affected this layer
after that (Dijkstra & Cawood, 2004; Mitchell, 2001). Generally, this layer represents a mixture of mafic intru-
sive rocks and sheeted dykes in unknown proportion (e.g., W. M. White & Klein, 2014). The lowest oceanic
layer, 3B, is characterized by P wave velocities of 6.9–7.6 km/s (e.g., R. S. White et al., 1992). Because of these
high P wave velocities and a high Vp/Vs ratio, Raum et al. (2006) interpreted this layer as gabbroic intrusive
rocks. At depth, the model is limited by the crust–mantle boundary (Moho), defined when the P wave velo-
cities increase from values of 7.6 km/s to values of 7.9–8 km/s in the oceanic domain and 8.0–8.3 km/s in the
continental domain (e.g., Mjelde, Raum, Myhren, et al., 2005).

Igneous crustal thickness of 10 km has been inferred for the Møre Margin (Breivik et al., 2006) and Lofoten
Margin (Kodaira et al., 1995). Thicker igneous crust has been proposed in the Vøring Marginal High by
Breivik et al. (2009). A reduction in igneous crustal and LCB thicknesses in the oceanic domain and the related
melt production shortly after breakup may reflect a changing temperature structure of the residual mantle
(Eldholm & Grue, 1994). This is attributed to heat advecting from the system (e.g., R. S. White, 1988) and a
change to steady-state sea floor spreading.

A ~40 to 50 km wide COT zone separates the crystalline basement and the oceanic layers 3A and 3B
(Figure 12). The transition from continental to oceanic crust is characterized by lateral velocity changes at
midcrustal levels near the inner edge of the SDR (e.g., Breivik et al., 2014; Mjelde, Raum, Myhren, et al.,
2005). Below the SDR sequences, vertical and inclined reflections are identified and interpreted as the feeder
dyke system (Abdelmalak et al., 2015). It has been suggested that this transitional crust resembles oceanic
layer 3A (Eldholm & Grue, 1994). It may consist of dykes near the transition with the extrusive volcanics
and could represent a gabbroic complex in the lower regions (Zehnder et al., 1990). Layer 3B could be
assigned as a lateral continuation of the LCB since these two layers are characterized by similar P wave velo-
cities (e.g., Raum et al., 2006).

In the Vøring Margin at the COT, highly intruded lower crust below the SDR wedge was observed in several
profiles (Figure 13) and has also been identified in the Faroe Margin in the COT zone below the SDRs (R. S.
White et al., 2008; R. S. White & Smith, 2009). Variations in seismic velocity in the LCB may reflect variable per-
centages of intruded igneous rock into preexisting continental crust. Such highly intruded lower crust has
been proposed for accretion models of igneous crust in the context of fast spreading ridges (e.g.,
Korenaga et al., 2002). Nevertheless, calculated half-spreading rates in the Møre and Vøring Margins during
the breakup magmatism time indicate a moderate to slow seafloor spreading process (Breivik et al., 2006,
2009; Gernigon et al., 2015).

5.5. The Relationship Between the T-Reflection and the LCB

In the absence of deep drilling, calibration of the lithological composition of rocks at depth very often comes
from potential field and seismic refraction studies. Magnetic susceptibility, density, and velocity values (and
gradients) are regularly used as conclusive of sedimentary, crystalline, magmatic, or mantle rocks. However, it
is also well known that different lithologies, with distinct structural, thermal, and geochemical histories, can
correspond to similar sets of geophysical parameters (e.g., Mjelde, Faleide, et al., 2009; Saltus & Blakely, 2011).

In the Vøring Margin, the strong correlation between the high-amplitude T-Reflection and the gravity signal
(Figure 6C) indicates that the T-Reflection represents a high-impedance boundary, for example, between
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sedimentary rocks and high-density basement rocks such as mid to lower crust or serpentinized mantle (Ren
et al., 1998), crustal and underplated gabbroic material (Mjelde et al., 1997, 2002), and/or between upper
crustal rocks and high-grademetamorphic rocks such as granulites and eclogitesmaterial (Gernigon et al., 2004).

The absence of a magnetic anomaly associated with the dome shape of the T-Reflections does not favor a
mafic or ultramafic origin (Gernigon et al., 2003, 2004, 2006). From the overall characteristics mentioned above,
Gernigon et al. (2006) concluded that the continental part of the LCB observed beneath the outer Vøring Basin
may be partly, or fully, attributed to high-pressure granulite/eclogite inherited lower crustal material that is
known to display both high P wave velocities (7.2–8.5 km/s) and high densities (2.8–3.6 kg/km3). Raum et al.
(2006) and Mjelde, Faleide, et al. (2009) interpreted the lower crust in the southwestern corner of the Vøring
Basin as in situ eclogites based on anomalously high P wave velocities (8.4 km/s). Such Caledonian eclogite
bodies are well documented from western Norway onshore (e.g., Andersen & Jamtveit, 1990), have been
inferred from wide-angle seismic data in the lower crust of the mid-Norwegian margin (Kvarven et al., 2014,
2016; Mjelde et al., 2013, 2016; Olafsson et al., 1992), and are also documented offshore East Greenland
(Schiffer et al., 2015). High-grade metamorphic rocks are interpreted to have been formed by metamorphism
of lower crustal gabbros during the Caledonian orogeny (e.g., Corfu et al., 2014; Kvarven et al., 2014).

All these observations provide a consistent model for preferentially interpreting the T-Reflection as the top of
an inherited old crystalline, high Vp basement crust, likely to have been exhumed and preserved in the deep
part of the rifted margin. Recent modeling suggests that the deep root of the Caledonides can be exhumed

Figure 13. (A) Seismic example along the Vøring Margin showing a highly intruded lower crust below the SDR wedge. The
interpretation of the profile is indicated. The 50 km high-pass filtered gravity (B50) andmagnetic (M50) data are plotted
above the seismicprofiles. SeeFigure3A for theprofile location. (B)Close-upof thehighly intruded lower crust below theSDR.
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and lie directly underneath the sedimentary basin formed by subsequent rifting of the crust between Norway
and Greenland (Petersen & Schiffer, 2016). The dome shape features represented by T-Reflection could be the
result of an impedance contrast between granulite/eclogitic material, and crystalline rocks and/or metasedi-
ments that can be differently compacted and faulted on both sides of a preexisting dome during the defor-
mation of the outer Vøring Basin.

We favor a tectonic scenario (Figure 14) where a large part of the crust observed underneath the pre- and syn-
rift sediments could represent both preserved upper continental crustal blocks and middle to lower crustal
lenses of inherited and intruded, high-grade metamorphic rocks (e.g., Gernigon et al., 2004). The softening
of the crust favored by the high heat flow caused by the igneous rocks may lead to a ductile shearing of
the lower crust during extension. As a result, boudinage appears as a recurrent deformation process account-
ing for the thinning of the continental crust at variable scale (e.g., Clerc et al., 2017; Gartrell, 1997).
Consequently, the crustal structure is characterized by the occurrence of rigid crustal blocks, interpreted as
thick and poorly thinned crustal blocks, separated by inter-boudins characterized by thinned and sheared
crust covered by thick syn-tectonic sediments (Figure 14).

It is well known that the mid-Norwegian margin experienced a prolonged history of extension and basin for-
mation since the collapse of the Caledonian orogeny (e.g., Faleide et al., 2008). The Late Jurassic–Early
Cretaceous extension and the Late Cretaceous/Early Paleocene extension are the most important events that
led to major fault activity and deep detachments, which in turn control the crustal deformation and subsi-
dence of the margin. Extension formed large-scale rotated rift blocks or structural highs trending NE–SW par-
allel to weakness zones, probably inherited from the Caledonian crustal configuration. The deep
detachments that flattened out at the lower crustal level influenced the development of the sedimentary
basin since the drastic thinning phase in Late Jurassic–Early Cretaceous.

Continental breakup between Norway and Greenland occurred in association with a large-scale magmatic
activity and volcanism (Eldholm et al., 1989; Skogseid & Eldholm, 1989). Magma intrusion into the lower crust
enhanced themetamorphic processes that led to an increasing velocity of the lower crust. The final result was
a heterogeneous body made of a mixture of pre- and syn-breakup, and possibly post-breakup, mafic and

Figure 14. Schematic illustration showing the tectonic evolution of the Vøring Margin before (redrawn after Gartrell, 1997) and during the breakup magmatic stage
(see section 5.5 for more details). The crustal structure is characterized by the occurrence of poorly thinned crustal boudins separated by thinned and sheared
inter-boudins covered by thick syn-tectonic sediments.
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ultramafic rocks (cumulates and sills) associated with oldmetamorphic rocks such as granulites and eclogites.
Additionally, the lithological boundary probably also served as favored conduits for igneous intrusions,
resulting in the sill-like appearance for parts of the reflections and which may explain the varying
reflectivity pattern and the abrupt endings of many of the reflections. Magma may also have intruded the
low-angle faults and detachments and top basement contact expected at the level of the T-Reflection. The
magmatic intrusions may increase the reflectivity of the contacts that appear as very bright reflections on
some profiles. This could also be responsible for the local discontinuity of the T-Reflection. An increasing
melting degree toward the breakup axis is responsible for increasing rate of cumulates and sill intrusions
into the lower crust at the COT.

5.6. Lateral Variation Along the Conjugate Margins

To complete the whole picture of the deep structures of the mid-Norwegian margin, we also investigated the
NE Greenland conjugate margin (Figure 15). High-quality seismic reflection lines from the NE Greenland mar-
gin are sparse but show high-amplitude deep crustal reflections at depths ranging between 7 and 9 s
(Figure 15B). These reflections, similar to the T-Reflection discussed here, were also mapped beneath the
Danmarkshavn Ridge and in the eastern part of the Thetis Basin (Figure 15A). They are discontinuous, show
a rough character, and fit with the high-pass filtered Bouguer gravity anomaly. Similar to the T-Reflection, the
conjugate reflections also represent a high-impedance boundary associated with a high-density body. A
strong deep crustal high-amplitude reflection is also found in the Jan Mayen Ridge at depths ranging
between 7 and 8 s (Figure 15C). A double midcrustal dome-shaped feature with high-amplitude reflections
(named D1 and D2) is found at depths ranging between 7 and 10 s in the Harstad Basin situated in the SW
Barents Sea (Figure 15D). The high-pass filtered Bouguer anomaly correlates very well with the doming of

Figure 15. (A) LCB thickness map for the NE Atlantic conjugate margins restored to C21 (~47 Ma) in a fixed Eurasia reference frame using the finite rotations
from Gaina et al. (2009). The refraction lines used to compile this map are shown in Figure 1. Examples of deep strong reflections in (B) the NE Greenland
margin, (C) the Jan Mayen Ridge, and (D) the SW Barents Sea. Black arrows indicate the deep strong reflection similar to the T-Reflection in Norway. The profile
location is indicated in Figure 15A. B100 and B200 are the high-pass filtered gravity data with a cutoff of 100 and 200 km, respectively. Seismic interpretation comes
from our unpublished data.
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these two deep crustal reflections, which also have no obvious magnetic signature. Themain density contrast
is likely across D2, whereas D1 is possibly an intra-Jurassic reflection (Figure 15D).

Compared to the mid-Norwegian Margin, the density of refraction lines along the NE Greenland and the Jan
Mayen Micro-Continent is lower, and therefore, the shape and the variation of the LCB are not as well con-
strained. However, seismic refraction data reveal the existence of LCB along the NE Greenland margins
(Hermann, 2013; Mandler & Jokat, 1998; Schlindwein & Jokat, 2000; Schmidt-Aursch & Jokat, 2005; Voss &
Jokat, 2007; Voss et al., 2009; Weigel et al., 1995). From the available refraction data (Figure 3A), we also com-
piled the LCB thickness map along the NE Greenland margin (Figure 15A) and find it thicker than at the mid-
Norwegian margin. The thicker part (12–15 km) of the LCB is situated below the Foster Volcanic Province, and
it becomes thinner below the Jameson Land where sill intrusions but no volcanic extrusives are found. Along
the Thetis Margin, the thickness of the LCB does not exceed 4 km. Similarly to the mid-Norwegianmargin, the
LCB thickness decreases at magnetic chrons C23–C22 and merges into oceanic layer 3. A high-velocity lower
crust, with Vp of more than 7 km/s, is also identified in the eastern margin of the Jan Mayen Micro-Continent
(Breivik et al., 2012).

Offshore NE Greenland, two igneous sill complexes are identified in the Thetis Basin and the Danmarkshavn
Basin (e.g., Reynolds et al., 2017). The sill complex of the Danmarkshavn Basin is continuous landward until
the Jameson Land area (Figure 15A). If we consider a link between the igneous sill complexes and the extent
of the LCB, we expect that the latter should be present below the Thetis and the Danmarkshavn basins. Such
an assumption could only be verified by new refraction data. We estimated the total extent of the LCB and its
volume for the Vøring–Lofoten and NE Greenland conjugate margins. We considered a fully magmatic LCB,
which is therefore an overestimation (see discussion above) and thus represents a maximum of melt produc-
tion. For the NE Greenland area, the LCB covers an area of ~136,000 km2 and indicates a maximum volume of
0.56 × 106 km3. On the conjugate Vøring–Lofoten margins, the LCB covers a similar area of ~140,000 km2 and
indicates a maximum volume of 0.50 × 106 km3, which is arguably surprising if we consider the asymmetry of
the NE Atlantic margins.

6. Conclusions

In this paper we investigated the deep structure of the Vøring Margin offshore mid-Norway using an inte-
grated multidisciplinary geophysical data sets, including reflection and refraction seismic, gravity, and mag-
netic data. This detailed analysis has resulted in the following conclusions:

1. New seismic data permit a refined mapping of the T-Reflection in the outer Vøring Margin. The
T-Reflection is identified between 7 and 10 s and sometimes consists of one single smooth reflection, such
as in the North and South Gjallar ridges. However, it is frequently associated with a set of rough multiple
reflections and displays discontinuous steep and flat segments with varying geometries, amplitudes, and
contact relationships. The T-Reflection seems to be connected to deep sill networks and locally located at
the continuation of basement high structures or terminates over fractures and faults.

2. The positive correlation between the geometries of the 50 km high-pass filtered Bouguer anomaly and
the T-Reflection indicates that the latter represents a high-impedance boundary associated with a high-
density body. However, no significant magnetic anomaly is associated with the T-Reflection.

3. A comparison between the T-Reflection and the top LCB depths, deduced from independent seismic
reflection and refraction results, indicates that these two features are found at the same depth (within
the uncertainties) in ~50% of the outer Vøring Margin areas.

4. We present a tectonic scenario where a large part of the deep crustal structure is composed of preserved
upper continental basement and middle to lower crustal lenses of inherited and intruded high-grade
metamorphic rocks. Intrusions into faulted crustal blocks are responsible for the rough character of the
T-Reflection whereas sill intrusion into the preexisting lower crust and detachment faults could explain
the smooth character of the T-Reflection.

5. Magma intrusion into the lower crust might be responsible for metamorphic processes that may have led
to an increased velocity of the lower crust. The result is a heterogeneous LCB made of a mixture of pre-
and syn-breakup mafic and ultramafic rocks (sills and cumulates) associated with older metamorphic
rocks such as granulites and eclogites. The positive correlation between the extent, continuity, and lateral
thickness variation of the LCB and sill intrusion in the basin is an argument in favor of a breakup magmatic
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origin of the LCB. An increased degree of melting toward the breakup axis is likely responsible for an
oceanward increase in volumes of cumulates and sill intrusions into the lower crust.

6. Similar domal shapes and high-amplitude reflections associated with high gravity and low magnetic
anomalies have been identified on other NE Atlantic margins. However, further investigations are prob-
ably required to understand their nature and their possible correlation with the mid-Norwegian margin
T-Reflection.

References
Abdelmalak, M. M. (2010). Transition Spatio-temporelle entre rift sédimentaire et marge passive volcanique: l’exemple de la Baie de Baffin,

Centre Ouest Groenland, (Spatio-temporal transition between a sedimentary basin to a volcanic passive margin: The Baffin Bay case
example, central west Greenland) (pp. 266). [Available at Université du Maine (France) Retrieved from http://cyberdoc.univ-lemans.fr/
theses/2010/2010LEMA1030.pdf, Le Mans].

Abdelmalak, M. M., Andersen, T. B., Planke, S., Faleide, J. I., Corfu, F., Tegner, C.,…Myklebust, R. (2015). The ocean–continent transition in the
mid-Norwegian margin: Insight from seismic data and an onshore Caledonian field analogue. Geology, 43, 1011–1014. https://doi.org/
10.1130/G37086.1

Abdelmalak, M. M., Faleide, J. I., Planke, S., Theissen-Krah, S., Zastrozhnov, D., Breivik, A. J.,…Myklebust, R. (2014). Breakup magmatism style
on the North Atlantic Igneous Province: Insight from Mid-Norwegian volcanic margin. Paper presented at EGU General Assembly
Conference Abstracts, Vienna.

Abdelmalak, M. M., Geoffroy, L., Angelier, J., Bonin, B., Callot, J. P., Gélard, J. P., & Aubourg, C. (2012). Stress fields acting during lithosphere
breakup above a melting mantle: A case example in West Greenland. Tectonophysics, 581, 132–143. https://doi.org/10.1016/j.
tecto.2011.11.020

Abdelmalak, M. M., Meyer, R., Planke, S., Faleide, J. I., Gernigon, L., Frieling, J.,…Myklebust, R. (2016). Pre-breakup magmatism on the Vøring
Margin: Insight from new sub-basalt imaging and results from Ocean Drilling Program Hole 642E. Tectonophysics, 675, 258–274. https://
doi.org/10.1016/j.tecto.2016.02.037

Abdelmalak, M. M., Planke, S., Faleide, J. I., Jerram, D. A., Zastrozhnov, D., Eide, S., & Myklebust, R. (2016). The development of volcanic
sequences at rifted margins: New insights from the structure and morphology of the Vøring Escarpment, mid-Norwegian margin. Journal
of Geophysical Research: Solid Earth, 121, 5212–5236. https://doi.org/10.1002/2015JB012788

Andersen, T. B., & Jamtveit, B. (1990). Uplift of deep crust during orogenic extensional collapse: A model based on field studies in the Sogn-
Sunnfjord Region of western Norway. Tectonics, 9(5), 1097–1111. https://doi.org/10.1029/TC009i005p01097

Berndt, C. (2002). Residual Bouguer satellite gravity anomalies reveal basement grain and structural elements of the Vøring Margin, off
Norway. Norwegian Journal of Geology, 82, 31–36.

Berndt, C., Mjelde, R., Planke, S., Shimamura, H., & Faleide, J. I. (2001). Controls on the tectono-magmatic evolution of a volcanic transform
margin: The Vøring Transform Margin, NE-Atlantic. Marine Geophysical Researches, 22(3), 133–152.

Berndt, C., Planke, S., Alvestad, E., Tsikalas, F., & Rasmussen, T. (2001). Seismic volcanostratigraphy of the Norwegian margin: Constraints on
tectonomagmatic break-up processes. Journal of the Geological Society, 158(3), 413–426. https://doi.org/10.1144/jgs.158.3.413

Berndt, C., Skogly, O. P., Planke, S., Eldholm, O., & Mjelde, R. (2000). High-velocity breakup-related sills in the Vøring Basin, off Norway. Journal
of Geophysical Research, 105, 28,443–428,454.

Blystad, P., Brekke, H., Færseth, R. B., Larsen, B. T., Skogseid, J., & Tørudbakken, B. (1995). Structural elements of the Norwegian continental
shelf Part II: The Norwegian sea region, NPD-Bulletin, The Norwegian Petroleum Directorate., 8.

Breivik, A., Faleide, J. I., Mjelde, R., Flueh, E., & Murai, Y. (2014). Magmatic development of the outer Vøring Margin from seismic data. Journal
of Geophysical Research: Solid Earth, 119, 6733–6755. https://doi.org/10.1002/2014JB011040

Breivik, A. J., Faleide, J. I., Mjelde, R., & Flueh, E. R. (2009). Magma productivity and early seafloor spreading rate correlation on the northern
Vøring Margin, Norway—Constraints on mantle melting. Tectonophysics, 468(1–4), 206–223. https://doi.org/10.1016/j.tecto.2008.09.020

Breivik, A. J., Mjelde, R., Faleide, J. I., & Murai, Y. (2006). Rates of continental breakup magmatism and seafloor spreading in the Norway
Basin–Iceland plume interaction. Journal of Geophysical Research, 111, B07102. https://doi.org/10.1029/2005JB004004

Breivik, A. J., Mjelde, R., Faleide, J. I., & Murai, Y. (2012). The eastern JanMayen microcontinent volcanic margin. Geophysical Journal
International, 188(3), 798–818.

Breivik, A. J., Mjelde, R., Raum, T., Faleide, J. I., Murai, Y., & Flueh, E. R. (2011). Crustal structure beneath the Trøndelag Platform and adjacent
areas of the mid-Norwegian margin, as derived from wide-angle seismic and potential field data. Norweian Journal of Geology, 90,
141–161.

Brekke, H. (2000). The tectonic evolution of the Norwegian Sea Continental Margin with emphasis on the Vøring and Møre Basins. Geological
Society, London, Special Publications, 167(1), 327–378. https://doi.org/10.1144/gsl.sp.2000.167.01.13

Brooks, C. K. (2011). The East Greenland rifted volcanic margin. Geological Survey of Denmark and Greenland Bulletin, 24, 96.
Brune, S., Heine, C., Clift, P. D., & Pérez-Gussinyé, M. (2017). Rifted margin architecture and crustal rheology: Reviewing Iberia–Newfoundland,

Central South Atlantic, and South China Sea. Marine and Petroleum Geology, 79, 257–281. https://doi.org/10.1016/j.
marpetgeo.2016.10.018

Cartwright, J., & Hansen, D. M. (2006). Magma transport through the crust via interconnected sill complexes. Geology, 34(11), 929–932.
https://doi.org/10.1130/g22758a.1

Christeson, G. L., McIntosh, K. D., & Karson, J. A. (2007). Inconsistent correlation of seismic layer 2a and lava layer thickness in oceanic crust.
Nature, 445(7126), 418–421. http://www.nature.com/nature/journal/v445/n7126/suppinfo/nature05517_S1.html

Clerc, C., Jolivet, L., & Ringenbach, J. C. (2015). Ductile extensional shear zones in the lower crust of a passive margin. Earth and Planetary
Science Letters, 431, 1–7. https://doi.org/10.1016/j.epsl.2015.08.038

Clerc, C., Ringenbach, J.-C., Jolivet, L., & Ballard, J.-F. (2017). Rifted margins: Ductile deformation, boudinage, continentward-dipping normal
faults and the role of the weak lower crust. Gondwana Research. https://doi.org/10.1016/j.gr.2017.04.030

Coffin, M. F., & Eldholm, O. (1994). Large igneous provinces: Crustal structure, dimensions and external consequence. Reviews of Geophysics,
32, 1–36.

Corfu, F., Andersen, T. B., & Gasser, D. (2014). The Scandinavian Caledonides: Main features, conceptual advances and critical questions.
Geological Society, London, Special Publications, 390(1), 9–43. https://doi.org/10.1144/sp390.25

Tectonics 10.1002/2017TC004617

ABDELMALAK ET AL. 2519

Acknowledgments
Funding for this work came from the
OMNIS Project: Offshore Mid-Norway:
Integrated Margin and Basin Studies
(project 210429) funded by the
Research Council of Norway through its
Centres of Excellence funding scheme,
project 223272 CEED (Centre for Earth
Evolution and Dynamics). The seismic,
magnetic, and gravity data presented in
this study were provided by TGS. We
would like to acknowledge First Geo AS
and TGS for the use of Hiqbe™ regional
velocity cube employed in depth con-
version of the seismic profiles. Seismic
interpretation was done using IHS:
Kingdom software. Grid interpolations
and map compilations were established
using Geosoft Oasis Montaj and ArcGis
softwares. GES acknowledges VISTA—a
basic research program in collaboration
between The Norwegian Academy of
Science and Letters, and Statoil (project
6268, “DEFMOD”). We thank Camille
Clerc, Christian Schiffer, the associated
Editor, and the Editor Claudio Faccenna
for useful comments and suggestions
that improved the paper.



Corseri, R., Senger, K., Selway, K., Abdelmalak, M. M., Planke, S., & Jerram, D. (2017). Magnetotelluric evidence for massive sulphide minera-
lization in intruded sediments of the outer Vøring Basin, mid-Norway. Tectonophysics, 706-707, 196–205. https://doi.org/10.1016/j.
tecto.2017.04.011

Dijkstra, A. H., & Cawood, P. A. (2004). Base-up growth of ocean crust by multiple phases of magmatism: Field evidence from Macquarie
Island. Journal of the Geological Society, 161(5), 739–742. https://doi.org/10.1144/0016-764904-033

Doré, A. G., Lundin, E. R., Jensen, L. N., Birklamd, Ø., Eliassen, P. E., & Fichler, C. (1999). Principal tectonic events in the evolution of the
northwest European Atlantic margin. Geological Society, London, Petroleum Geology Conference Series, 5, 41–61. https://doi.org/10.1144/
0050041

Ebbing, J., Lundin, E., Olesen, O., & Hansen, E. K. (2006). The mid-Norwegian margin: A discussion of crustal lineaments, mafic intrusions, and
remnants of the Caledonian root by 3D density modelling and structural interpretation. Journal of the Geological Society, London, 163,
47–59.

Eldholm, O., Gladczenko, T. P., Skogseid, J., & Planke, S. (2000). Atlantic volcanic margins: A comparative study. In A. E. A. Nottvedt (Ed.),
Dynamics of the Norwegian margin, Spetial Publications (pp. 411–428). London: Geological Society.

Eldholm, O., & Grue, K. (1994). North Atlantic volcanic margins: Dimensions and production rates. Journal of Geophysical Research, 99,
2955–2968.

Eldholm, O., Thiede, J., & Taylor, E. (1989). Evolution of the Vøring Volcanic Margin. In O. Eldholm, et al. (Eds.), Proceedings of the ODP, Scientific
Results 104 (pp. 1033–1065). College Station, TX: Ocean Drilling Program.

England, P. C. (1983). Constraints on extension of continental lithosphere. Journal of Geophysical Research, 88, 1145–1152.
Ernst, R. E., Buchan, K. L., & Palmer, H. C. (1995). Giant dyke swarms: Characteristics, distribution and geotectonic applications. In G. Baer &

A. Heimann (Eds.), Physics and chemistry of dykes (pp. 3–21). Rotterdam: Balkerna.
Escartín, J., Hirth, G., & Evans, B. (2001). Strength of slightly serpentinized peridotites: Implications for the tectonics of oceanic lithosphere.

Geology, 29(11), 1023–1026. https://doi.org/10.0.4.106/0091-7613(2001)029%3C1023:sosspi%3E2.0.co;2
Faleide, J. I., Tsikalas, F., Breivik, A. J., Mjelde, R., Ritzmann, O., Engen, Ø., … Eldholm, O. (2008). Structure and evolution of the continental

margin off Norway and the Barents Sea. Episodes, 31(1), 82–91.
Fichler, C., Odinsen, T., Rueslåtten, H., Olesen, O., Vindstad, J. E., & Wienecke, S. (2011). Crustal inhomogeneities in the northern North Sea

from potential field modeling: Inherited structure and serpentinites?. Tectonophysics, 510(1), 172–185. https://doi.org/10.1016/j.
tecto.2011.06.026

Franke, D. (2013). Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins. Marine and
Petroleum Geology, 43, 63–87. https://doi.org/10.1016/j.marpetgeo.2012.11.003

Gaina, C., Gernigon, L., & Ball, P. (2009). Palaeocene–Recent plate boundaries in NE Atlantic and formation of the Jan Mayen microcontinent.
Journal of the Geological Society of London, 166, 601–616.

Gartrell, A. P. (1997). Evolution of rift basins and low-angle detachments in multilayer analog models. Geology, 25(7), 615–618.
Geissler, W. H., Gaina, C., Hopper, J. R., Funck, T., Blischke, A., Arting, U., … Abdelmalak, M. M. (2016). Seismic volcanostratigraphy of the NE

Greenland continental margin. Geological Society, London, Special Publications, 447. https://doi.org/10.1144/sp447.11
Geoffroy, L. (2005). Volcanic passive margins. Comptes Rendus Géosciences, 337, 1395–1408.
Geoffroy, L., Burov, E. B., & Werner, P. (2015). Volcanic passive margins: Another way to break up continents. Scientific Reports, 5, 14828.

https://doi.org/10.1038/srep14828
Gernigon, L., Blischke, A., Nasuti, A., & Sand, M. (2015). Conjugate volcanic rifted margins, sea-floor spreading and microcontinent: Insights

from new high-resolution aeromagnetic surveys in the Norway Basin. Tectonics, 34, 907–933. https://doi.org/10.1002/2014TC003717
Gernigon, L., Lucazeau, F., Brigaud, F., Ringenbach, J.-C., Planke, S., & Le Gall, B. (2006). A moderate melting model for the Vøring Margin

(Norway) based on structural observations and a thermo-kinematical modelling: Implication for the meaning of the lower crustal bodies.
Tectonophysics, 412(3-4), 255–278.

Gernigon, L., Olesen, O., Ebbing, J., Wienecke, S., Gaina, C., Mogaard, J. O.,… Myklebust, R. (2009). Geophysical insights and early spreading
history in the vicinity of the Jan Mayen Fracture Zone, Norwegian–Greenland Sea. Tectonophysics, 468(1-4), 185–205.

Gernigon, L., Ringenbach, J. C., Planke, S., Jonquet-Kolstø, E., Ballard, J. F., & Le Gall, B. (2001). Rifting and segmentation along the outer
Vøring Basin, North Atlantic margin, Norway. In American Association of Petroleum Geologists (AAPG) annual meeting (pp. 1–7).
Denver, CO.

Gernigon, L., Ringenbach, J.-C., Planke, S., & Jonquet-Kolsto, H. (2003). Extension, crustal structure and magmatism at the outer Voring Basin,
Norwegian margin. Journal of the Geological Society of London, 160, 197–208.

Gernigon, L., Ringenbach, J.-C., Planke, S., & Le Gall, B. (2004). Deep structures and breakup along volcanic rifted margins: Insights from
integrated studies along the outer Vøring Basin (Norway). Marine and Petroleum Geology, 21(3), 363–372.

Gradstein, F. M., Ogg, J. G., Schmitz, M. D., & Ogg, G. M. (2012). The Geologic time scale 2012.
Hansen, D. M., Cartwright, J. A., & Thomas, D. (2004). 3D seismic analysis of the geometry of igneous sills and sill junction relationships.

Geological Society, London, Memoirs, 29(1), 199–208. https://doi.org/10.1144/gsl.mem.2004.029.01.19
Hermann, T. (2013). The northeast Greenland Margin tectonic evolution (pp. 170). vorgelegt dem Rat der Chemisch-Geowissenschaftlichen

Fakultät der Friedrich-Schiller-Universität Jena.
Hinz, K. (1981). Hypothesis on terrestrial catastrophes: Wedges of very thick oceanward dipping layers beneath passive margins—Their

origin and palaeoenvironement significance. Geologisches Jahrbuch, 22, 345–363.
Holbrook, W. S., Larsen, H. C., Korenaga, J., Dahl-Jensen, T., Reid, I. D., Kelemen, P. B., … Detrick, R. S. (2001). Mantle thermal structure and

active upwelling during continental breakup in the North Atlantic. Earth and Planetary Science Letters, 190, 251–266.
Holbrook, W. S., Mooney, W. D., & Christensen, N. J. (1992). The seismic velocity structure of the deep continental crust. In R. A. D. M. Fountain

& R. W. Kay (Eds.), Continental lower crust, development in geotectonics (pp. 1–43). Amsterdam: Elsevier.
Huismans, S. R., & Beaumont, C. (2003). Symmetric and asymmetric lithopheric extension: Relative effects of frictional-plastic and viscous

strain softening. Journal of Geophysical Research, 108(B10), 2496. https://doi.org/10.1029/2002JB002026
Hurich, C. A., Deemer, S. J., Indares, A., & Salisbury, M. (2001). Compositional and metamorphic controls on velocity and reflectivity in the

continental crust: An example from the Grenville Province of eastern Québec. Journal of Geophysical Research, 106(B1), 665–682.
https://doi.org/10.1029/2000JB900244

Kinck, J. J., Husebye, E. S., & Larsson, F. R. (1993). The Moho depth distribution in Fennoscandia and the regional tectonic evolution from
Archean to Permian times. Precambrian Research, 64(1–4), 23–51. https://doi.org/10.1016/0301-9268(93)90067-C

Klausen, M. B., & Larsen, H. C. (2002). East Greenland coast-parallel dike swarm and its role in continental breakup. In M. A. Menzies, S. L.
Klemperer, C. J. Ebinger, & J. Baker (Eds.), Volcanic rifted margins, Geological Society of America Special Paper (pp. 133–158). Boulder, CO:
Geological Society of America.

Tectonics 10.1002/2017TC004617

ABDELMALAK ET AL. 2520



Klingelhöfer, F., Edwards, R. A., Hobbs, R. W., & England, R. W. (2005). Crustal structure of the NE Rockall Trough from wide-angle seismic data
modeling. Journal of Geophysical Research, 110, B11105. https://doi.org/10.1029/2005JB003763

Kodaira, S., Goldschmidt-Rokita, A., Hartmann, J. M., Hirschleber, H. B., Iwasaki, T., Kanazawa, T.,… Shimamura, H. (1995). Crustal structure of
the Lofoten continental margin, off northern Norway, from ocean-bottom seismographic studies. Geophysical Journal International,
121(3), 907–924. https://doi.org/10.1111/j.1365-246X.1995.tb06447.x

Koptev, A., Calais, E., Burov, E., Leroy, S., & Gerya, T. (2015). Dual continental rift systems generated by plume–lithosphere interaction. Nature
Geoscience, 8(5), 388–392. https://doi.org/10.1038/ngeo2401

Korenaga, J., Kelemen, P. B., & Holbrook, W. S. (2002). Methods for resolving the origin of large igneous provinces from crustal seismology.
Journal of Geophysical Research, 107(B9), 2178. https://doi.org/10.1029/2001JB001030

Kusznir, N. J., & Park, J. K. (1987). The extensional strength of the continental lithosphere: Its dependence on geothermal gradient, and crustal
composition and thickness. In M. P. Coward, J. F. Dewey, & P. L. Hancock (Eds.), Continental extensional tectonics, Geological Society Special
Publication (Vol. 28, pp. 35–52). London: The Geological Society.

Kusznir, N. J., Roberts, A., & Bellingham, P. (2015). Deep seismic reflectivity at volcanic margins: Reflections from the petrological Moho or
from within the mantle? Paper presented at EGU General Assembly, Vienna.

Kvarven, T., Ebbing, J., Mjelde, R., Faleide, J. I., Libak, A., Thybo, H.,…Murai, Y. (2014). Crustal structure across the Møre Margin, mid-Norway,
from wide-angle seismic and gravity data. Tectonophysics, 626, 21–40. https://doi.org/10.1016/j.tecto.2014.03.021

Kvarven, T., Mjelde, R., Hjelstuen, B. O., Faleide, J. I., Thybo, H., Flueh, E. R., & Murai, Y. (2016). Crustal composition of the Møre Margin and
compilation of a conjugate Atlantic margin transect. Tectonophysics, 666, 144–157. https://doi.org/10.1016/j.tecto.2015.11.002

Larsen, L. M., Pedersen, A. K., Tegner, C., & Duncan, R. A. (2014). Eocene to Miocene igneous activity in NE Greenland: Northward younging of
magmatism along the EAst Greenland Margin. Journal of the Geological Society, 171(4), 539–553. https://doi.org/10.1144/jgs2013-118

Lavecchia, A., Thieulot, C., Beekman, F., Cloetingh, S., & Clark, S. (2017). Lithosphere erosion and continental breakup: Interaction of exten-
sion, plume upwelling and melting. Earth and Planetary Science Letters, 467, 89–98. https://doi.org/10.1016/j.epsl.2017.03.028

Lavier, L. L., & Manatschal, G. (2006). A mechanism to thin the continental lithosphere at magma-poor margins. Nature, 440, 607–610.
Lien, T. (2005). From rifting to drifting: Effects on the development of deep-water hydrocarbon reservoirs in a passive margin setting,

Norwegian sea, Norsk Geologisk Tidsskrift volume 85 2005 number 4 side 319-332.
Lister, J. R., & Kerr, R. C. (1991). Fluid-mechanical models of crack propagation and their application to magma transport in dykes. Journal of

Geophysical Research, 96, 10,049–10,077.
Lundin, E. R., & Doré, A. G. (1997). A tectonic model for the Norwegian passive margin with implications for the NE Atlantic: Early Cretaceous

to break-up. Journal of the Geological Society, 154(3), 545–550. https://doi.org/10.1144/gsjgs.154.3.0545
Lundin, E. R., & Doré, A. G. (2005). NE Atlantic break-up: A re-examination of the Iceland mantle plume model and the Atlantic–Arctic linkage.

Geological Society, London, Petroleum Geology Conference Series, 6, 739–754. https://doi.org/10.1144/0060739
Lundin, E. R., & Doré, A. G. (2011). Hyperextension, serpentinization, and weakening: A new paradigm for rifted margin compressional

deformation. Geology, 39(4), 347–350. https://doi.org/10.1130/g31499.1
Mandler, H. A. F., & Jokat, W. (1998). The crustal structure of central East Greenland: Results from combined land–sea seismic refraction

experiments. Geophysical Journal International, 135(1), 63–76. https://doi.org/10.1046/j.1365-246X.1998.00586.x
Maus, S., Barckhausen, U., Berkenbosch, H., Bournas, N., Brozena, J., Childers, V.,… Caratori Tontini, F. (2009). EMAG2: A 2-arc min resolution

Earth Magnetic Anomaly Grid compiled from satellite, airborne, and marine magnetic measurements. Geochemistry, Geophysics,
Geosystems, 10, Q08005. https://doi.org/10.1029/2009GC002471

Menzies, M. A., Klemperer, S. L., Ebinger, C. J., & Baker, J. (2002). Characteristics of volcanic rifted margins. In M. A. Menzies, et al. (Eds.),
Volcanic rifted margins (Vol. 362, pp. 1–14). Boulder, CO: Geological Society of America.

Meyer, R., Hertogen, J., Pedersen, R. B., Viereck-Götte, L., & Abratis, M. (2009). Interaction of mantle derived melts with crust during the
emplacement of the Vøring Plateau, N.E. Atlantic. Marine Geology, 261(1–4), 3–16. https://doi.org/10.1016/j.margeo.2009.02.007

Meyer, R., van Wijk, J., & Gernigon, L. (2007). The North Atlantic Igneous Province: A review of models for its formation. Geological Society of
America Special Papers, 430, 525–552. https://doi.org/10.1130/2007.2430(26)

Mitchell, N. C. (2001). Random sequences of lithologies exposed on the Mid-Atlantic Ridge. Journal of Geophysical Research, 106(B11),
26,365–26,378. https://doi.org/10.1029/2001JB000241

Mjelde, R., Faleide, J. I., Breivik, A. J., & Raum, T. (2009). Lower crustal composition and crustal lineaments on the Vøring Margin, NE Atlantic: A
review. Tectonophysics, 472(1–4), 183–193. https://doi.org/10.1016/j.tecto.2008.04.018

Mjelde, R., Goncharov, A., & Müller, R. D. (2013). The Moho: Boundary above upper mantle peridotites or lower crustal eclogites? A global
review and new interpretations for passive margins. Tectonophysics, 609, 636–650. https://doi.org/10.1016/j.tecto.2012.03.001

Mjelde, R., Kasahara, J., Shimamura, H., Kamimura, A., Kanazawa, T., Kodaira, S., … Shiobara, H. (2002). Lower crustal seismic velocity-
anomalies; magmatic underplating or serpentinized peridotite? Evidence from the Vøring Margin, NE Atlantic. Marine Geophysical
Researches, 23(2), 169–183. https://doi.org/10.1023/a:1022480304527

Mjelde, R., Kodaira, S., Hassan, R. K., Goldschmidt-Rokita, A., Tomita, N., Sellevoll, M. A.,… Kanazawa, T. (1996). The continent/ocean transition
of the Lofoten volcanic margin, N. Norway. Journal of Geodynamics, 22(3–4), 189–206. https://doi.org/10.1016/0264-3707(96)00016-6

Mjelde, R., Kodaira, S., Shimamura, H., Kanazawa, T., Shiobara, H., Berg, E. W., & Riise, O. (1997). Crustal structure of the central part of the
Vøring Basin, mid-Norway margin, from ocean bottom seismographs. Tectonophysics, 277(4), 235–257. https://doi.org/10.1016/S0040-
1951(97)00028-0

Mjelde, R., Kvarven, T., Faleide, J. I., & Thybo, H. (2016). Lower crustal high-velocity bodies alongNorth Atlantic passivemargins, and their link to
Caledonian suture zone eclogites and Early Cenozoic magmatism. Tectonophysics, 670, 16–29. https://doi.org/10.1016/j.tecto.2015.11.021

Mjelde, R., Raum, T., Breivik, A., Shimamura, H., Murai, Y., Takanami, T., & Faleide, J. I. (2005). Crustal structure of the Vøring Margin, NE Atlantic:
A review of geological implications based on recent OBS data. Geological Society, London, Petroleum Geology Conference Series, 6, 803–813.
https://doi.org/10.1144/0060803

Mjelde, R., Raum, T., Digranes, P., Shimamura, H., Shiobara, H., & Kodaira, S. (2003). Vp/Vs ratio along the VøringMargin, NE Atlantic, derived from
OBS data: Implications on lithology and stress field. Tectonophysics, 369(3–4), 175–197. https://doi.org/10.1016/S0040-1951(03)00198-7

Mjelde, R., Raum, T., Kandilarov, A., Murai, Y., & Takanami, T. (2009). Crustal structure and evolution of the outer Møre Margin, NE Atlantic.
Tectonophysics, 468(1–4), 224–243. https://doi.org/10.1016/j.tecto.2008.06.003

Mjelde, R., Raum, T., Murai, Y., & Takanami, T. (2007). Continent–ocean-transitions: Review, and a new tectono-magmatic model of the Vøring
Plateau, NE Atlantic. Journal of Geodynamics, 43(3), 374–392.

Mjelde, R., Raum, T., Myhren, B., Shimamura, H., Murai, Y., Takanami, T.,… Næss, U. (2005). Continent–ocean transition on the Vøring Plateau,
NE Atlantic, derived from densely sampled ocean bottom seismometer data. Journal of Geophysical Research, 110, B05101. https://doi.org/
10.1029/2004JB003026

Tectonics 10.1002/2017TC004617

ABDELMALAK ET AL. 2521



Mjelde, R., Shimamura, H., Kanazawa, T., Kodaira, S., Raum, T., & Shiobara, H. (2003). Crustal lineaments, distribution of lower crustal intrusives
and structural evolution of the Vøring Margin, NE Atlantic; new insight from wide-angle seismic models. Tectonophysics, 369(3–4),
199–218. https://doi.org/10.1016/S0040-1951(03)00199-9

Mutter, J. C., Talwani, M., & Stoffa, P. L. (1982). Origin of seaward-dipping reflectors in oceanic crust off the Norwegian margin by “subaerial
sea-floor spreading”. Geology, 10, 353–357.

Neumann, E.-R., Svensen, H., Tegner, C., Planke, S., Thirlwall, M., & Jarvis, K. E. (2013). Sill and lava geochemistry of the mid-Norway and NE
Greenland conjugate margins. Geochemistry, Geophysics, Geosystems, 14, 3666–3690. https://doi.org/10.1002/ggge.20224

Nirrengarten, M., Gernigon, L., & Manatschal, G. (2014). Lower crustal bodies in the Møre volcanic rifted margin: Geophysical determination
and geological implications. Tectonophysics, 636, 143–157. https://doi.org/10.1016/j.tecto.2014.08.004

Olafsson, I., Sundvor, E., Eldholm, O., & Grue, K. (1992). Møre Margin: Crustal structure from analysis of expanded spread profiles. Marine
Geophysical Researches, 14(2), 137–162. https://doi.org/10.1007/bf01204284

O’Reilly, B. M., Hauser, F., Jacob, A. W. B., & Shannon, P. M. (1996). The lithosphere below the Rockall Trough: Wide-angle seismic evidence for
extensive serpentinisation. Tectonophysics, 255(1–2), 1–23. https://doi.org/10.1016/0040-1951(95)00149-2

Osmundsen, P. T., & Ebbing, J. (2008). Style of extension offshore mid-Norway and implications for mechanisms of crustal thinning at passive
margins. Tectonics, 27, TC6016. https://doi.org/10.1029/2007TC002242

Pérez-Gussinyé, M. (2012). A tectonic model for hyperextension at magma-poor rifted margins: An example from the West Iberia–
Newfoundland conjugate margins. Geological Society, London, Special Publications, 369. https://doi.org/10.1144/sp369.19

Peron-Pinvidic, G., & Osmundsen, P. T. (2016). Architecture of the distal and outer domains of the Mid-Norwegian rifted margin: Insights from
the Rån–Gjallar ridges system. Marine and Petroleum Geology, 77, 280–299. https://doi.org/10.1016/j.marpetgeo.2016.06.014

Petersen, K. D., & Schiffer, C. (2016). Wilson cycle passive margins: Control of orogenic inheritance on continental breakup. Gondwana
Research, 39, 131–144. https://doi.org/10.1016/j.gr.2016.06.012

Planke, S., Millett, J. M., Maharjan, D., Jerram, D. A., Abdelmalak, M. M., Groth, A.,…Myklebust, R. (2017). Igneous seismic geomorphology of
buried lava fields and coastal escarpments on the Vøring volcanic rifted margin. Interpretation, 5(3), SK161–SK177. https://doi.org/
10.1190/int-2016-0164.1

Planke, S., Rasmussen, T., Rey, T., & Myklebust, R. (2005). Seismic characteristics and distribution of volcanic intrusions and hydrothermal vent
complexes in the Vøring and Møre basins. In A. G. Doré & B. A. Vining (Eds.), Petroleum geology: North-west Europe and global perspectives
—Proceedings of the 6th Petroleum Geology Conference (pp. 833–844). London: Geological Society.

Planke, S., Skogseid, J., & Eldholm, O. (1991). Crustal structure off Norway, 62° to 70° north. Tectonophysics, 189(1–4), 91–107. https://doi.org/
10.1016/0040-1951(91)90489-F

Planke, S., Svensen, H., Myklebust, R., Bannister, S., Manton, B., & Lorenz, L. (2015). Geophysics and remote sensing (pp. 1-16). Springer Berlin.
https://doi.org/10.1007/11157_2014_6

Planke, S., Symonds, P. A., Avelstad, E., & Skogseid, J. (2000). Seismic volcanostratigraphy of large-volume basaltic extrusive complexes on
rifted margins. Journal of Geophysical Research, 105, 19,333–19,351.

Raum, T., Mjelde, R., Digranes, P., Shimamura, H., Shiobara, H., Kodaira, S.,… Thorbjørnsen, T. (2002). Crustal structure of the southern part of
the Vøring Basin, mid-Norway margin, from wide-angle seismic and gravity data. Tectonophysics, 355(1–4), 99–126. https://doi.org/
10.1016/S0040-1951(02)00136-1

Raum, T., Mjelde, R., Shimamura, H., Murai, Y., Bråstein, E., Karpuz, R. M.,… Kolstø, H. J. (2006). Crustal structure and evolution of the southern
Vøring Basin and Vøring Transform Margin, NE Atlantic. Tectonophysics, 415(1–4), 167–202. https://doi.org/10.1016/j.tecto.2005.12.008

Ren, S., Faleide, J. I., Eldholm, O., Skogseid, J., & Gradstein, F. (2003). Late Cretaceous–Paleocene tectonic development of the NW Vøring
Basin. Marine and Petroleum Geology, 20(2), 177–206. https://doi.org/10.1016/S0264-8172(03)00005-9

Ren, S., Skogseid, J., & Eldholm, O. (1998). Late Cretaceous–Paleocene extension on the Vøring volcanic margin. Marine Geophysical
Researches, 20(4), 343–369. https://doi.org/10.1023/a:1004554217069

Reston, T. J. (2007). Extension discrepancy at North Atlantic nonvolcanic rifted margins: Depth-dependent stretching or unrecognized
faulting? Geology, 35(04), 367–370.

Reynisson, R. F., Ebbing, J., Lundin, E., & Osmundsen, P. T. (2010). Properties and distribution of lower crustal bodies on the mid-Norwegian
margin. Geological Society, London, Petroleum Geology Conference Series, 7, 843–854. https://doi.org/10.1144/0070843

Reynolds, P., Planke, S., Millett, J. M., Jerram, D. A., Trulsvik, M., Schofield, N., & Myklebust, R. (2017). Hydrothermal vent complexes offshore
northeast Greenland: A potential role in driving the PETM. Earth and Planetary Science Letters, 467, 72–78. https://doi.org/10.1016/j.
epsl.2017.03.031

Roberts, A. W., White, R. S., & Christie, P. A. F. (2009). Imaging igneous rocks on the North Atlantic rifted continental margin. Geophysical
Journal International, 179(2), 1024–1038. https://doi.org/10.1111/j.1365-246X.2009.04306.x

Rosenbaum, G., Weinberg, R. F., & Regenauer-Lieb, K. (2008). The geodynamics of lithospheric extension. Tectonophysics, 458(1-4), 1–8.
Rouzo, S., Klingelhöfer, F., Jonquet-Kolstø, H., Karpuz, R., Kravik, K., Mjelde, R.,… Géli, L. (2006). 2-D and 3-D modelling of wide-angle seismic

data: An example from the Vøring volcanic passive margin. Marine Geophysical Researches, 27(3), 181–199. https://doi.org/10.1007/
s11001-006-0001-3

Rubin, A. M. (1995). Propagation of magma-filled cracks. Annual Review of Earth and Planetary Sciences, 23(1), 287–336. https://doi.org/
10.1146/annurev.ea.23.050195.001443

Saltus, R. W., & Blakely, R. J. (2011). Unique geologic insights from “non-unique” gravity and magnetic interpretation. GSA Today, 21, 4–10.
Sandwell, D. T., & Smith, W. H. F. (2009). Global marine gravity from retracked Geosat and ERS-1 altimetry: Ridge segmentation versus

spreading rate. Journal of Geophysical Research, 114, B01411. https://doi.org/10.1029/2008JB006008
Saunders, A. D., Fitton, J. G., Kerr, A. C., Norry, M. J., & Kent, R. W. (1997). The North Atlantic igneous province. In J. J. Mahoney & M. F. Coffin

(Eds.), Large igneous provinces: Continental, oceanic, and planetary flood volcanism (pp. 45–93). Washington, DC: American Geophysical
Union.

Scheck-Wenderoth, M., Raum, T., Faleide, J. I., Mjelde, R., & Horsfield, B. (2007). The transition from the continent to the ocean: A deeper view
on the Norwegian margin. Journal of the Geological Society, 164(4), 855–868. https://doi.org/10.1144/0016-76492006-131

Schiffer, C., Balling, N., Ebbing, J., Jacobsen, B. H., & Nielsen, S. B. (2016). Geophysical-petrological modelling of the East Greenland
Caledonides—Isostatic support from crust and upper mantle. Tectonophysics, 692(Part A), 44–57. https://doi.org/10.1016/j.
tecto.2016.06.023

Schiffer, C., Jacobsen, B. H., Balling, N., Ebbing, J., & Nielsen, S. B. (2015). The East Greenland Caledonides—Teleseismic signature, gravity and
isostasy. Geophysical Journal International, 203(2), 1400–1418. https://doi.org/10.1093/gji/ggv373

Schlindwein, V., & Jokat, W. (1999). Structure and evolution of the continental crust of northern East Greenland from integrated geophysical
studies. Journal of Geophysical Research, 104, 15,227–15,245.

Tectonics 10.1002/2017TC004617

ABDELMALAK ET AL. 2522



Schlindwein, V., & Jokat, W. (2000). Post-collisional extension of the East Greenland Caledonides: A geophysical perspective. Geophysical
Journal International, 140(3), 559–567. https://doi.org/10.1046/j.1365-246X.2000.00036.x

Schmidt-Aursch, M. C., & Jokat, W. (2005). The crustal structure of central East Greenland—I: From the Caledonian orogen to the Tertiary
igneous province. Geophysical Journal International, 160(2), 736–752. https://doi.org/10.1111/j.1365-246X.2005.02514.x

Skelton, A., Whitmarsh, R., Arghe, F., Crill, P., & Koyi, H. (2005). Constraining the rate and extent of mantle serpentinization from seismic and
petrological data: Implications for chemosynthesis and tectonic processes. Geofluids, 5(3), 153–164. https://doi.org/10.1111/j.1468-
8123.2005.00111.x

Skogseid, J. (2001). Volcanic margins: Geodynamic and exploration aspects. Marine and Petroleum Geology, 18, 457–461.
Skogseid, J., & Eldholm, O. (1989). Vøring Plateau continental margin: Seismic interpretation, stratigraphy, and vertical movements. In

O. Eldholm, et al. (Eds.), Proceedings of the ODP, Scientific Results, 104, (pp. 993–1030). College Station, TX: Ocean Drilling Program.
Skogseid, J., Planke, S., Faleide, J. I., Pedersen, T., Eldholm,O., &Neverdal, F. (2000).NEAtlantic continental rifting andvolcanicmargin formation.

In A. E. A. Nottvedt (Ed.), Dynamics of the Norwegian margin (pp. 295–326). London: Geological Society, London, Special Publications.
Stratford, W., Thybo, H., Faleide, J. I., Olesen, O., & Tryggvason, A. (2009). New Moho map for onshore southern Norway. Geophysical Journal

International, 178(3), 1755–1765. https://doi.org/10.1111/j.1365-246X.2009.04240.x
Svensen, H., Planke, S., Malthe-Sorenssen, A., Jamtveit, B., Myklebust, R., Rasmussen Eidem, T., & Rey, S. S. (2004). Release of methane from a

volcanic basin as a mechanism for initial Eocene global warming. Nature, 429(6991), 542–545.
Tegner, C., Lesher, C. E., Larsen, L. M., & Watt, W. S. (1998). Evidence from the rare-earth-element record of mantle melting for cooling of the

Tertiary Iceland plume. Nature, 395(6702), 591–594. http://www.nature.com/nature/journal/v395/n6702/suppinfo/395591a0_S1.html
Theissen-Krah, S., Zastrozhnov, D., Abdelmalak, M. M., Schmid, D. W., Faleide, J. I., & Gernigon, L. (2017). Tectonic evolution and extension at

the Møre Margin—Offshore mid-Norway. Tectonophysics, 721, 227–238.
Thomsen, L. (1986). Weak elastic anisotropy. Geophysics, 51(10), 1954–1966. https://doi.org/10.1190/1.1442051
Tsikalas, F., Faleide, J. I., Eldholm, O., & Antonio Blaich, O. (2012). 5 - The NE Atlantic conjugate margins. In D. G. R. W. Bally (Ed.), Regional

geology and tectonics: Phanerozoic passive margins, cratonic basins and global tectonic maps (pp. 140–201). Boston, MA: Elsevier. https://
doi.org/10.1016/B978-0-444-56357-6.00004-4

Tsikalas, F., Faleide, J. I., & Kuznir, N. J. (2008). Along-strike variations in rifted margin crustal architecture and lithosphere thinning between
northern Vøring and Lofoten margin segments off mid-Norway. Tectonophysics, 458, 68–81.

Verhoef, J., MacNab, R., Roest, W., Arkani-Hamed, J., & Members of the Project Team (1996). Magnetic anomalies of the Arctic and North
Atlantic Oceans and adjacent land areas (GAMM-AA5: Gridded Aeromagnetic andMarine Magnetics of the North Atlantic and Arctic, 5km)
Rep. 3125, Geological Survey of Canada, Open File Report 3125a.

Voss, M., & Jokat, W. (2007). Continent–ocean transition and voluminous magmatic underplating derived from P-wave velocity modelling of
the East Greenland continental margin. Geophysical Journal International, 170(580-604).

Voss, M., Schmidt-Aursch, M. C., & Wilfried, J. (2009). Variations in magmatic processes along the East Greenland volcanic margin. Geophysical
Journal International, 177, 755–782.

Wangen, M., Mjelde, R., & Faleide, J. I. (2011). The extension of the Vøring Margin (NE Atlantic) in case of different degrees of magmatic
underplating. Basin Research, 23(1), 83–100. https://doi.org/10.1111/j.1365-2117.2010.00467.x

Weigel, W., Flüh, E. R., Miller, H., Butzke, A., Dehghani, G. A., Gebhardt, V., … Groekort Study Group (1995). Investigations of the East
Greenland continental margin between 70° and 72°N by deep seismic sounding and gravity studies.Marine Geophysical Researches, 17(2),
167–199. https://doi.org/10.1007/bf01203425

White, R. S. (1988). A hot-spot model for early Tertiary volcanism on the N Atlantic. In A. C. Morton & L. M. Parson (Eds.), Early Tertiary
volcanism and the opening of the NE Atlantic, Geological Soceity Special Publication (pp. 3–13).

White, R. S., McKenzie, D., & O’Nions, R. K. (1992). Oceanic crustal thickness from seismic measurements and rare earth element inversions.
Journal of Geophysical Research, 97(B13), 19,683–19,715. https://doi.org/10.1029/92JB01749

White, R. S., & McKenzie, D. P. (1989). Magmatism at rift zones: The generation of volcanic continental margins and flood basalts. Journal of
Geophysical Research, 94, 7685–7729.

White, R. S., & Smith, L. K. (2009). Crustal structure of the Hatton and the conjugate East Greenland rifted volcanic margins, NE Atlantic.
Journal of Geophysical Research, 114, B02305. https://doi.org/10.1029/2008JB005856

White, R. S., Smith, L. K., Roberts, A. W., Christie, P. A. F., Kusznir, N. J., & the rest of the iSIMM Team (2008). Lower-crustal intrusion on the North
Atlantic continental margin. Nature, 452, 460–465.

White, R. S., Spence, G. D., Fowler, S. R., McKenzie, D. P., Westbrook, G. K., & Bowen, A. N. (1987). Magmatism at rifted continental margins.
Nature, 330, 439–444.

White, W. M., & Klein, E. M. (2014). Composition of the oceanic crust. In Treatise on geochemistry (2nd ed., pp. 457-496). Amsterdam,
Netherlands: Elsevier.

Wilson, M., & Wheeler, W. (2002). Magmamigration through the continental crust: 3-D seismic and thermo-mechanical constraints on sites of
crustal contamination. In Eos Transactions, American Geophysical Union (pp. F1407). Washington, DC.

Zehnder, M. C., Mutter, J., & Buhl, P. (1990). Deep seismic and geochemical constraints on the nature of rift-induced magmatism during
breakup of the North Atlantic, Siesmic probing of continents and their margins. Tectonophysics, 173(1), 545-565. https://doi.org/10.1016/
0040-1951(90)90245-4

Ziegler, P. A. (1988). Evolution of the Arctic–North Atlantic and the Western Tethys (Vol. 43). American Association of Petroleum Geologist
Memoir.

Ziegler, P. A., & Cloetingh, S. (2004). Dynamic processes controlling evolution of rifted basins. Earth Science Reviews, 64, 1–50.

Tectonics 10.1002/2017TC004617

ABDELMALAK ET AL. 2523



226 
 

  



227 
 

Appendix B 

The Development of Volcanic Sequences at Rifted Margins: New Insights from the 
Structure and Morphology of the Vøring Escarpment, mid-Norwegian Margin. 

 

 

By 

 

Mansour M. Abdelmalak, Sverre Planke, Jan Inge Faleide, Dougal A. Jerram, Dmitry 
Zastrozhnov, Sigurd Eide & Reidun Myklebust 

 

 

Journal of Geophysical Research: Solid Earth, 121, 5212–5236 

  



228 
 

 

  



The development of volcanic sequences at rifted margins:
New insights from the structure and morphology
of the Vøring Escarpment, mid-Norwegian Margin
M. M. Abdelmalak1, S. Planke1,2, J. I. Faleide1, D. A. Jerram1,3,4, D. Zastrozhnov1, S. Eide5,
and R. Myklebust6

1Centre for Earth Evolution and Dynamics, University of Oslo, Oslo, Norway, 2Volcanic Basin Petroleum Research, Oslo
Research Park, Oslo, Norway, 3DougalEARTH Ltd., Solihull, UK, 4Earth, Environmental and Biological Sciences, Queensland
University of Technology, Brisbane, Queensland, Australia, 5First Geo AS, Fornebu, Norway, 6TGS, Asker, Norway

Abstract On the Vøring Margin offshore mid-Norway, Paleogene continental breakup was characterized
by the extrusion of large volumes of flood basalts erupted in different depositional environments. The
transition from subaerial to submarine emplacement environment is marked by the formation of the Vøring
Escarpment which records the early encroachment of flood basalt into the basin and the buildup of a lava
delta system. The increased availability of new and reprocessed high-quality seismic data allows a more
detailed characterization of the along-strike and across-strike continuity and variability of the different
volcanic seismic facies units. Detailed seismic interpretation shows that the ~350 km long NE-SW trending
Vøring Escarpment is a prominent feature along the Vøring Margin with a height ranging between 200 and
1600m. Structurally, the Vøring Escarpment is segmented along strike into five segments (E1–E5) with
different controlling factors leading to variation in accommodation space. Relative sea level change and
magma supply are the major controlling factors for segments E2 and E4 which are characterized by a
well-developed lava delta system and significant escarpment height. Tectonic movements along the Jan
Mayen Fracture Zone resulted in second-order segmentation of the E1 segment into pseudoescarpments
with a very thin lava delta system and limited escarpment height. Segments E3 and E5, situated along the
flanks of Cretaceous/Paleocene highs, are controlled by the structural highs, which were possibly reactivated
during breakup time. Our mapping results provide crucial information about the paleogeography and yield
important information regarding the paleo–water depth and depocenter locations prior to and during the
breakup of the Vøring Margin.

1. Introduction

This paper presents new results from a detailed seismic interpretation of the Vøring Margin offshore
mid-Norway, concentrating on the ~350 km long NE-SW aligned Vøring Escarpment. Historically it has been
difficult to acquire good reflection seismic records from sequences containing major lava flows. This has
changed with the increased availability of high-quality data and improved processing techniques.
Together with reinterpretation of old data on volcanic rifted margins, newer seismic data have revealed that
breakup magmatism is common and widespread, although its intensity and internal character may vary
significantly both along margins and between margin segments.

Volcanic successions display a variety of reflection configurations in the subsurface. These are indicative of
the depositional environment during flood volcanism (e.g., subaerial versus subaqueous) and the subsequent
mass transport of material within the margin [e.g., Planke et al., 2000; Berndt et al., 2001b; Wright et al., 2012;
Watton et al., 2013]. Recent advances in processing seismic data [e.g., Gallagher and Dromgoole, 2007;
Soubaras and Dowle, 2010; Woodburn et al., 2014] have greatly improved the imaging of geometries within
volcanic deposits as well as in the sediments below the basalts. This allows better constraints and interpreta-
tion of the breakup-related igneous rocks, the paleogeography, and the rift topography before and during
the breakup. Furthermore, the understanding of the temporal evolution of breakup volcanism has been
improved significantly by several deep-sea drilling surveys: DSDP Leg 38 (Deep Sea Drilling Project) and
ODP Leg 104 (Oceanic Drilling Program) on the Vøring Margin [Eldholm et al., 1987, 1989; Planke, 1994;
Planke and Eldholm, 1994] and ODP Legs 152 [Larsen and Saunders, 1998; Planke and Cambray, 1998] and
163 [Larsen et al., 1999] on the Southeast Greenland Margin (Figure 1).
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Multichannel seismic data have allowed the definition and characterization of the seismic “volcanostratigra-
phy” concept based on their shape, reflection pattern, and boundary reflections [e.g., Planke et al., 2000;
Berndt et al., 2001b]. On the Norwegian Margin, several volcanic seismic facies units have been identified:
(1) Landward Flows, (2) Lava Delta, (3) Inner Flows, (4) inner Seaward Dipping Reflectors (inner SDR), (5) Outer
High, and (6) outer Seaward Dipping Reflectors (outer SDR) (see Table 1 and Figure 1). Such facies succession
represents a typical volcanic rifted margin sequence and describes the evolution of the breakup extrusive
complex landward of, and/or very close to, the first magnetic seafloor spreading anomalies.

Escarpment structure and lava delta systems that characterize the volcanic margins worldwide are identi-
fied in seismic profiles and in onshore analog margins such as in West Greenland [Pedersen et al., 1998;
Japsen et al., 2005], Iceland [e.g., Watton et al., 2013], and Antarctica [Smellie et al., 2011]. By definition
the escarpment is a steep slope or long cliff formed by erosion or by vertical movements along a fault.
The term is often used interchangeably with scarp but is more accurately associated with cliffs produced

Figure 1. Offshore distribution of volcanic facies units in the Vøring Margin and regional reconstruction at ~52Ma (inset; based on Gaina et al. [2009]) showing
onshore and offshore volcanic rocks in the North Atlantic Igneous Province (NAIP). The DSDP/ODP Leg locations are indicated in the general reconstruction: a,
ODP Leg 152; b, ODP Leg 163; c, ODP Leg 104; d, DSDP Leg 38. The profile A-A′ (in two-way traveltime) shows an example of 2-D mapping of the different seismic
facies units on the Vøring Margin. The 2-D seismic profiles used in this study are indicated in the map. BL: Bivrost Lineament; COB: continent-ocean boundary; FG:
Fenris Graben; SH: Skoll High; GH: Grimm High; GS, Gleipne Saddle; JMFZ: Jan Mayen Fracture Zone, LSF: Lower Series Flows; NGR: North Gjallar Ridge; SDR: Seaward
Dipping Reflector; SGR: South Gjallar Ridge; MH: Mimir High; YH: Ygg High.
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by depositional/erosional processes rather than those produced by faulting. The escarpment marks the
transition from subaerial to submarine environment and records the early encroachment of the flood basalt
into the basin and the buildup of a lava delta system (Figure 2). The transition from one environment to
another provides a means to reconstruct the relative position of the shoreline and the water depth at
the time of the delta progradation [e.g., Jerram et al., 2009; Wright et al., 2012] and is therefore an important
structure that can shed light on the paleogeography and topography during the development of the
volcanic margin.

When the escarpment morphology is controlled by relative sea level changes and/or magma supply, coastal
and subaqueous erosion are enhanced and the escarpment is defined as the height of the delta front corre-
sponding to the height between the Inner Flows and the Landward Flows (Figure 2). Tectonic movement
along faults may considerably influence the morphology and structure of the escarpment, emphasizing
the polygenetic nature of some of these landforms. In this case a large fault scarp could result, and greatly
increasing the height between the Landward Flows and the Inner Flows.

On the Vøring Margin, the final continental breakup resulted in voluminous igneous activity generating both
extrusive and intrusive rocks in the adjacent sedimentary basin and preexisting continental crust (profile A-A′
in Figure 1) [Planke et al., 2005; Scheck-Wenderoth et al., 2007; Breivik et al., 2014]. Large volumes of flood
basalts erupted in submarine to subaerial settings [e.g., Berndt et al., 2001b] and created the Vøring
Escarpment. The identification of rift topography before/during breakup is improved by the determination
of the accommodation space which gives better constraints on the paleogeography of the area during the
buildup of the lava delta system. It yields valuable information regarding the paleo–sea level and the location
of depocenters directly prior to the volcanism. Furthermore, the paleo–water depths, which are indicated by
the delta front heights, provide important input parameters in basin and petroleum system modeling.
Therefore it is imperative that the volcanic extrusive should be carefully investigated to understand their
emplacement and influence on the margin structure. Until now, no detailed investigations have been made
on the Vøring Escarpment. The main reasons have been the lack of good quality seismic data and poor data

Table 1. Description of the Volcanic Seismic Facies Units Based On Planke and Alvestad [1999], Planke et al. [1999, 2000], Berndt et al. [2001b], Rey et al. [2008],
Nelson et al. [2009b], Jerram et al. [2009], and Abdelmalak et al. [2016]

Seismic Facies Unit

Reflections Characteristics

Volcanic Facies Depositional EnvironmentShape Boundaries Internal

Inner Flows Sheet Top: high amplitude, disrupted,
rough being onlapped or
concordant; base: negative polarity
often obscured

Chaoitic sheet-like body of very
disrupted or hummocky
reflections

Massive and fragmented
flows, volcanoclastics
and hyaloclastics

Shallow marine deposited
in broad basin

Lava Delta Bank Top: high amplitude or reflection
truncation; base: reflection
truncation or termination

Progradational reflection
configuration

Massive and fragmented
basalts and
volcanoclastics

Coastal

Landward Flows Sheet Top: high amplitude, smooth being
onlapped or concordant; base: law
amplitude, disrupted

Parallel to subparallel. High-
amplitude disrupted

Flood basalts Subaerial or shallow
marine flood basalts
deposited on a plain or
in broad basin

Inner SDR Wedge Top: intermediate to high amplitude,
smooth with pseudoescarpment;
base: seldom defined

Divergent arcuate or
sometimes a divergent-
planar pattern

Flood basalts Subaerial flood basalts
deposited in subsiding
structure

Outer High Mound Top: high amplitude, disrupted and
rough; base: not visible

Chaotic Hyaloclastic flows and
volcanoclastics

Shallow marine
environment

Outer SDR Wedge Top: intermediate to high amplitude,
smooth with pseudoescarpment;
base: seldom defined

Divergent arcuate internal
reflectors, lower amplitude
than the Inner SDR

Flood basalts mixed
with pillow basalts
sediments and sills

Deep marine depositional
environment

Lava Flows Sheet Top: high amplitude with
pseudoescarpment; base: not
visible

Chaotic Flood basalts Subaerial to shallow
submarine depositional
environment

Lower Series Flows Sheet Top: high amplitude, strong and
continuously negative in polarity
reflection; base: seldom defined

Wavy to continuous subparallel
reflections with an internal
disrupted and hummocky
shape

Flood basalts mixed
with volcanoclastic
sediments,
hyaloclastics, and sills

Subaqueous flows
extruding and intruding
into wet sediments
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coverage across the outer part of the volcanic margins because all the prospects are being focused on the
sedimentary basin far from the extrusive volcanic rocks. In recent years, some prospects located in volcanic
systems have been successful, such as the Rosenbank discovery in the North Atlantic [Schofield and Jolley,
2013] and the Neuquén Basin in Argentina [Rodriguez Monreal et al., 2009]. Such new hydrocarbon discov-
eries make the volcanic margin a new target and new frontier [e.g., Jerram, 2015].

Recently, the increased density of seismic data on the Vøring Margin and improvement in seismic imaging
now permit more detailed and accurate studying and characterizing of the along-strike and across-strike
continuity and variability of the different volcanic seismic units. We are thus able to present the structure
and themorphology of the Vøring Escarpment using a dense grid of high-quality seismic data combined with
gravity and magnetic surveys. Investigating in detail the reflection geometries of the Vøring Escarpment has
allowed us to improve the constraints on how flood basalt develops in its transition from a subaerial to a
submarine environment. This in turn enabled us to reconstruct the development and evolution of the
Vøring Escarpment and to address the different factors that controlled the buildup of this escarpment. Our
results provide more information about how the paleoshoreline evolved at the time of volcanism and give

Figure 2. (a) Uninterpreted and (b) interpreted seismic sections highlighting key seismic facies units of the lava delta
system. (c) Schematic representation (not to scale) of a developing lava-fed delta. TB: top basalt, BB: base basalt. Data
courtesy of TGS.
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more constraints on the subbasalt geology, accommodation space, paleo–water depth, and volcanotectonic
processes occurring during the formation of the escarpment. In a broader context, our results will improve
the understanding of escarpment development in volcanic margins.

2. Context of the Vøring Margin Development and Breakup

The Vøring rifted margin, part of the mid-Norwegian Margin, is a ~350 km NE-SW trending area bounded by
the Jan Mayen Fracture Zone to the southwest and the Bivrost Lineament to the northeast [Blystad et al.,
1995]. The Vøring Margin comprises the Trøndelag Platform, the Vøring Basin, and the Vøring Marginal High
(Figure 1) and is the consequence of a significant Late Jurassic to Early Cretaceous crustal thinning, with episo-
dic subsidence leading to a very thick Cretaceous depocenter [Blystad et al., 1995; Skogseid et al., 2000; Scheck-
Wenderoth et al., 2007]. This extremely thick Cretaceous sedimentary sequences (~10 km) mostly concealed the
geometry of the deeper synrift sequences in the Vøring Basin [Faleide et al., 2008]. The thinned crust at the
Vøring Margin was, again, the locus of a new phase of extensional deformation in the latest Cretaceous to
Early Paleocene. This prebreakup rifting event has been particularly documented in the outer Vøring Basin
[Eldholm et al., 2002; Gernigon et al., 2003; Ren et al., 2003; Gernigon et al., 2004]. The Late Jurassic-Early
Cretaceous extension and the Late Cretaceous extension formed large-scale rift blocks or structural highs
(Early Cretaceous ridges and highs: Rån Ridge and Utgard High; Late Cretaceous-Early Paleocene ridges and
highs: North/South Gjallar Ridge, Nyk High, Mimir High, Ygg High, Grimm High, and Skoll High) (Figure 1).

In the Vøring Margin, the magmatic-tectonic processes that led to the final breakup are restricted to a
100–150 km wide region of the outer Vøring Basin and the Vøring Marginal High presently situated to the
east of the first oceanic magnetic chrons (Figure 1). The volcanic sequences emplaced during the onset of
the breakup, partially masked seismically the Late Cretaceous-Early Eocene and older sedimentary strata
and continental structures of the outer Vøring Margin.

3. Data and Methods
3.1. Data

This work is based on the interpretation of a dense grid of more than 500 regional 2-D seismic lines with a
total length of more than 80,000 km and covering the entire area of the Vøring Margin with a line spacing
ranging between 0.2 and 2 km. This exceptional data set includes recently acquired as well as reprocessed
high-quality seismic reflection data that provide improved imaging of the deeper parts of the margin. The
line density is high enough to correlate laterally the different facies units along the mid-Norwegian
Margin. Some of the seismic lines we have used on the Vøring Margin are shown in Figure 1. Our seismic
interpretation was carried out within the framework of a project covering the entire mid-Norwegian
Margin. Seismic lines were depth converted with HiQbeTM (http://www.first-geo.com/products/hiqbe/nor-
way), a regional high-quality seismic velocity cube covering the mid-Norwegian Margin compiled from 536
seismic stacking velocity data sets and 230 check shots from wells and vertical seismic profile data [First
Geo AS and TGS, 2015].

In addition to seismic profile data, we used available public-domain bathymetry (e.g., GEBCO, the GEBCO_08
Grid, version 20100927, “http://www.gebco.net”), satellite gravity [Sandwell and Smith, 2009], released
magnetic data (EMAG2) [Maus et al., 2009], and local aeromagnetic data reprocessed by Geological Survey
of Norway and TGS.

High-pass-filtered potential filed data (100 km) were compiled for most of the studied area to better under-
stand the intermediate to deep structures of the Vøring Margin. The high-pass-filtered gravity and magnetic
data were converted to pseudohorizons and loaded into the seismic interpretation project to facilitate an
integrated seismic-gravity-magnetic interpretation. The 100 km high-pass-filtered Bouguer anomaly makes
it possible to remove the regional gravity anomalies caused by density variations in the deeper crust and
the upper mantle [e.g., Berndt, 2002]. A cutoff wavelength of 100 km emphasizes density contrasts with
source depth <10 km. Thus, these data provide important structural and lithological information about
basins. Magnetic data are most useful for determining the presence of trends and depths of mafic volcanic
rocks and metamorphic terrains. The 100 km high-pass-filtered magnetic anomalies are the best way to
detect variations in continental crystalline crustal terranes and sea floor-spreading anomalies.
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3.2. Methods: Mapping the Volcanic Facies Units of the Vøring Margin

In this study we use the concept of seismic volcanostratigraphy for the interpretation of large volcanic
constructions [e.g., Planke et al., 2000; Berndt et al., 2001b]. Our dense grid of high-quality seismic data allows
us to refine the mapping and to study the variability in space and time of the extrusive rocks. Moreover, our
new observations allow a better definition and interpretation of the genetic processes and the evolution of
the different seismic facies units. First of all, we interpret the volcanic succession as one seismic sequence, i.e.,
a depositional unit of genetically related strata bounded by unconformities or correlative conformities. This
step is called the seismic sequence analysis. The second step consists of the mapping of seismic facies units
within the volcanic sequence. Other igneous-related feature like sill intrusion and associated hydrothermal
vent complexes are included in the mapping [e.g., Svensen et al., 2004; Hansen et al., 2005; Planke et al.,
2005, 2015]. Finally, we interpret the volcanic nature of the mapped volcanic seismic facies units taking into
account well ties, field analogs, wave propagation phenomena such as internal multiples, and seismic proces-
sing. It is frequently possible to associate objectively identified seismic facies units with typical volcanic
deposits, which in turn may be indicative of distinct emplacement environments [Planke et al., 2000;
Berndt et al., 2001b; Jerram, 2002; Jerram et al., 2009].
3.2.1. Seismic Sequence Analysis
The regional extent of the extrusive breakup complex is interpreted on seismic reflection data primarily
on the basis of its top reflection. The top of the basaltic sequences is a top unconformity/conformity between
the postbreakup sediments and the underlying volcanic rocks (predominantly basalt). The top lava also
represents the continentward continuation of the top oceanic basement reflection further west. The top
basalt reflection is easily identifiable due to the high impedance contrast between the postbreakup
sediments and the volcanic rocks. It is often smooth but may locally be irregular and faulted and sometimes
shows evidence of pseudoescarpments [Planke et al., 2000; Berndt et al., 2001b].

The basal sequence boundary is frequently difficult or impossible to identify. This is often due to imaging
problems related to the seismic properties of the overlying basaltic constructions. The high impedance
contrasts at the top and/or within the lava pile give rise to a scattering of seismic energy. In addition, the
lower boundary of the volcanic extrusive complexes is often poorly defined [e.g., Planke et al., 2015]. The base
of the basalts can also consist of a transition and composite zone of sequentially deposited extrusive volcanic
rocks mixed with subsequently intruded sills and volcanoclastic sediments. Locally, basaltic sequences lie
over the intruded sedimentary basin. Then, we assume that the base of the basalts should be above the sill
intrusions identified on seismic profiles (e.g., profile A-A′ in Figure 1).
3.2.2. Volcanic Seismic Facies Units
A seismic facies unit is a part of the volcanic sequence and which has a uniform internal seismic character. It
must be mappable, i.e., it must differ from the adjacent units, extend laterally to the neighboring seismic
profiles, and must have a uniform overall shape. Here we focus on the seismic facies units that document
the transition from subaerial (Landward Flows) to subaqueous (Lava Delta and Inner Flows) environments
(Figure 2). The seismic characteristics of these facies unit are defined below and summarized in Table 1.

The Landward Flows are characterized by parallel to subparallel high-amplitude reflections. This seismic facies
unit is commonly identified on seismic profiles landward and below the inner SDR. The top reflection is a
strong, fairly smooth event. The external shape is sheet-like, whereas internal reflections are disrupted or
hummocky and subparallel. The basal boundary may be identified as a negative in polarity reflection on
high-quality multichannel seismic reflection data. Deeper reflections are discontinuous low-amplitude
events. The unit frequently terminates at a regional escarpment or merges with prograding reflections of
the Lava Delta facies unit (Figures 2a and 2b).

The Inner Flows form a sheet-like body of very disrupted or hummocky reflections. The top reflection is a high-
amplitude, disrupted event. Internal reflection configuration is chaotic. The base is a weak negative-polarity
reflection but is often difficult to identify. Overlying reflections are dominantly subparallel, whereas deeper
reflections are frequently masked (Figures 2a and 2b). The unit is up to 60 km wide on the mid-Norwegian
Margin and is typically several hundred meters thick.

The Lava Delta facies unit is characterized by a progradational reflection configuration. The upper boundary is
determined by reflection terminations or a change in reflection geometry from fairly flat-laying to disrupted,
arcuate events (Figures 2a and 2b). The lower boundary is interpreted as a surface connecting the lower
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terminations of the prograding reflections but is often more difficult to identify. The Lava Delta unit has not
been drilled on the Norwegian Margin, but a combined interpretation of well-defined reflection configura-
tion compared with modern and ancient analogs suggests that this unit can be interpreted as the foresets
of a lava delta.

Where the delta foresets are well imaged, it is possible to determine the transition from the Landward Flows
(subaerial) to the Lava Delta (subaqueous) facies units (Figure 2). This transition from one environment to
another provides a means to reconstruct the relative position of the shoreline and the water depth at the
time of the delta migration [e.g., Jerram et al., 2009; Wright et al., 2012]. The lava flowing into the sea under-
goes quenching and fragmentation into hyaloclastic breccias which were rapidly deposited downslope
under gravitational processes to form inclined foresets and create the escarpment (Figure 2c).

As with the top of the Lava Delta providing information on the paleoshoreline through time, the thickness of
the delta front and Inner Flows packages provides a very good proxy for paleo–water depth. It should be
noted that the best estimate for the water depth can be made at the escarpment front as this is the most
clearly imaged part of the seismic sections.

Generally, the Lava Delta facies unit displays similarities with siliciclastic delta systems, by filling the available
accommodation space and by reacting to changes in relative sea level, variation in supply of material, and the
vertical tectonic movements (subsidence or uplift) (Figure 2c). Delta growth is through deposition of new lava
flows and hyaloclastic breccias, with successive phases of volcanism producing a stacking pattern geometry
characteristic of the lava delta systems and resulting in the progradation of the shoreline. The geometry of
the stacking depends on the dominant factor at the time of the deposition (i.e., the relative sea level changes,
lava supply, and the tectonic vertical movements) (Figure 2c), making it possible to reconstruct the
depositional environment and interpret the Lava Delta facies unit within a sequence stratigraphic framework
[e.g., Kiørboe, 1999].

4. Results
4.1. The Vøring Marginal High Structure

The filtered magnetic anomaly map shows that the Vøring Escarpment marks a significant change in
magnetic field between the Vøring Marginal High and the outer Vøring Basin to the east (Figure 3a).
Basinward, the magnetic field is characterized by low-amplitude magnetic anomalies related to thick sedimen-
tary units in the Vøring Basin in areas with little or no extrusive volcanic rocks. Oceanward of the escarpment,
the Vøring Marginal High is characterized by elongated high-amplitude magnetic anomalies (Figure 3a).

The filtered Bouguer anomaly map reveals a complex pattern of high-amplitude and low-amplitude anoma-
lies along the outer VøringMargin (Figure 3b). The Bouguer effect is calculated as if the water layer is replaced
by rock having the same density as nearby sediments at the same depth. The map therefore reflects basin
and crustal density variations more accurately than free-air high-pass-filtered data. In the map, the North
and South Gjallar ridges are characterized by high-amplitude positive gravity anomalies (Figure 3b). The
Hel Graben, the Rån Basin, and the Fenris Graben are characterized by circular negative gravity anomalies.
High-amplitude circular positive gravity anomalies are distributed along the Vøring Escarpment and
correspond to positive elongated NE trending magnetic anomalies. One negative gravity anomaly corre-
sponds to the high-amplitude magnetic anomaly parallel to the Vøring Escarpment. The gravity anomalies
likely represent subbasalt structures, basins, and/or basement highs. On the seismic data, this anomaly
corresponds to the new high that we named the Skoll High. Two other highs are also defined along the
escarpment and named the Grimm High and the Ygg High.

4.2. The Vøring Escarpment Structure

The Vøring Escarpment is a ~350 km NE-SW trending feature along the entire Vøring Margin which charac-
terizes the top basalt. It is situated between 66°5′N–68°15′N and 1°55′E–8°20′E. Using a dense grid of high-
quality seismic data, we refined the structural mapping of the Vøring Escarpment. First of all, we were able
to map top and base basalt on the Vøring Margin. The depth to the top of the basalts varies considerably
(Figure 3c).The top basalt is deeper toward the Jan Mayen Fracture Zone (JMFZ) and in the Inner Flows
domain. Generally, the top basalt is shallower on the Vøring Marginal High (VMH) especially above the
Skoll High and the Grimm High (Figure 3c).

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012788

ABDELMALAK ET AL. DEVELOPMENT OF THE VØRING ESCARPMENT 5218



Using our top and base basalt interpretation, we have established the basalt thickness by applying an aver-
age velocity of 4 km/s in basalt [e.g., Planke, 1994; Jerram et al., 2009]. Assuming such a constant value, the
basalt thickness increases from less than hundred meters in the Inner Flows to more than 6 km in the SDR
domain (Figure 3d) where our mapping reveal separate depocenters within the extent of the SDR. In addition,
thin basalts are identified above the Skoll High and in the Jan Mayen Fracture Zone areas. Top basalt does not
show significant variation in slope although in some places it can exceed 10° (Figure 3e). Some structural
highs mapped in the Fenris Graben on the basis of seismic data also show relatively steep slopes (see
Figure 1). These NE-SW highs are parallel to the North Gjallar Ridge and its characteristic fault system.
Interestingly, the Vøring Escarpment strikes parallel to the breakup axis in the Vøring Margin and to the
different highs mapped in the Fenris Graben. The Skoll High represents a deep-seated topographic high

Figure 3. (a) The 100 km high-pass-filtered magnetic data. (b) The 100 km high-pass-filtered Bouguer anomaly. (c) Top
basalt depth (in km). (d) Basalt thickness map. (e) Top basalt slope. We used the average velocity of 4 km/s in basalt to
calculate the basalt thickness [e.g., Planke, 1994; Jerram et al., 2009]. The foot of the scarp is indicated. FG: Fenris Graben; SH:
Skoll High, GH: Grimm High, HG: Hel Graben, JMFZ: Jan Mayen Fracture Zone, ND: Naglfar Dome, NGR: North Gjallar Ridge,
SGR: South Gjallar Ridge, VMH Vøring marginal high, YH: Ygg high. Magnetic and gravity data courtesy of TGS.
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draped with lava. The base of the slope of the Skoll High is rather steep. This transition also defines the foot of
the scarp (Figure 3).

On the Vøring Margin, we have mapped the extent of the Lava Delta facies unit using the progradational
shape identified on the seismic profile. The Lava Delta facies unit covers an area of more than 4000 km2,
and its width varies along strike (Figure 1). We calculated the Lava Delta and the Landward Flows thicknesses
in the area of the Lava Delta extent (Figures 4a and 4b). The Lava Delta thickness map (Figure 4a), the
Landward Flows thickness map (Figure 4b), and the Vøring Escarpment height (Figure 4c), show that at a
first-order observation the Vøring Escarpment is divided into five segments (E1 to E5) differing from each
other in escarpment height, Lava Delta, and Landward Flows thicknesses (Figure 4).

By considering the delta front height as a criterion to define the escarpment height, the relief of the Vøring
Escarpment varies between 200m and 1600m (Figures 4c and 4d). The E1 segment is characterized by a less
developed escarpment relief with a height ranging between 200 and 500m with an average of 400m
(Figure 4d). This area is also characterized by thin development of the Lava Delta (less than 500m) and the
Landward Flows (also less 500m) (Figure 4). The lava delta system in the E1 segment is limited in extent.
The E1 is located near to the Jan Mayen Fracture Zone and shows several pseudoescarpments. In the transi-
tional area between the E1 and E2 segments, the Ygg High was identified on the basis of new seismic and
potential field data. The transition between E1 and E2 is also characterized by a sharp increase of the escarp-
ment height from 500m to 1000m (Figure 4d).

Figure 4. (a) Lava Delta (LD) thickness map along the Vøring Margin. (b) Landward Flows (LF) thickness map along the
Vøring Margin. (c) Vøring Escarpment height. Segments E1 to E5 are identified. (d) Cross section along the Vøring
Escarpment showing the height variation. The gray area indicates the average height of the escarpments. An average
velocity of 4 km/s in basalt is used to calculate the lava delta thickness, the landward flows thickness, and the Vøring
Escarpment height [e.g., Planke, 1994; Jerram et al., 2009].
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The E2 segment characterizes the South Gjallar Ridge area. This segment shows higher escarpment relief
ranging between 800 and 1600m (average height of 1300m) and a well-developed lava delta system with
a thick Lava Delta (ranging between 700m and 1000m) and thick Landward Flows (ranging between
500m and 1500m) (Figure 4). The transition between E2 and E3 is abrupt, and the escarpment height
decreases from 800m to 400m (Figure 4d). In the E3 segment, situated above the Skoll High, we mapped
a thin Lava Delta thickness (ranging between 300m and 500m) and thin Landward Flows (less than 500m)
(Figure 4). In the E4 segment, the escarpment relief is well developed with a height ranging between 800
and 1600 (Figure 4c) with an average height of 1200m (Figure 4d). In this escarpment segment, situated at
the North Gjallar Ridge, the lava delta system is well developed with thickness ranging between 700m and
1500m, and the Landward Flows are also thick (ranging between 500m and 2000m) (Figure 4). The
transition between E4 and E5 is more gentle. The escarpment segment E5 is characterized by low height
ranging between 200 and 500m (average height of ~450m) and a less developed lava delta system.
The Grimm High was identified on the basis of new seismic profiles and potential field data. In this
segment we mapped a thin Lava Delta thickness (less than 500m) and thin Landward Flows (less than
500m) (Figure 4).

Figure 5. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) highlighting the key facies units of
the lava delta system of escarpment segment E2. (c) Schematic illustration of the depth-converted seismic section showing
the accommodation space and the position of the paleoshoreline. The paleo–water depth is indicated: ~1.5 km. See
Figures 1 and 4c for location. Data courtesy of TGS.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012788

ABDELMALAK ET AL. DEVELOPMENT OF THE VØRING ESCARPMENT 5221



4.3. The Vøring Escarpment Morphology

We investigated in more detail the Vøring Escarpment morphology and the paleo–water depth for the differ-
ent segments using seismic reflection data. Example of the representative lava delta system of segments E2
and E4 are shown in Figures 5 and 6, respectively. The Landward Flows, the Inner Flows, and the Lava Delta
are well imaged in these seismic sections. High-amplitude reflections with saucer shape and abrupt termina-
tions are interpreted as sill intrusions (Figures 5a, 5b, 6a, and 6b). The initial stacking pattern is progradational
into the basin filling the accommodation space. The progradational Lava Delta is a good indication of the
starting and end positions of the paleoshoreline (Figures 5c and 6c). The point where the delta deposits pinch
out on the landward side marks the location of the paleoshoreline where the delta began to form. With suffi-
cient supply of volcanic material the paleoshoreline moved basinward with the prograding volcanic
sequences. The crest of the escarpment marks the end position of the paleoshoreline (Figures 5c and 6b).
With a rapid and voluminous supply of volcanics into the basin, the accommodation space available at the
point of entry of the volcanics into the sea is filled. This is seen clearly by the development of major prograd-
ing foresets imaged on seismic data (Figures 5a, 5b, 6a, and 6b). Slumped blocks with disrupted internal
reflection configuration are commonly identified at the foot of the escarpment (Figure 7). With the

Figure 6. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) highlighting the key facies units of
the lava delta system of the escarpment segment E4. (c) Schematic illustration of the depth-converted seismic section
showing the accommodation space and the position of the paleoshoreline. The paleo–water depth is indicated: ~1.3 km.
See Figures 1 and 4c for location. Data courtesy of TGS.
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progradation of the Lava Delta, these slumped blocks will be covered by the supply of new material into the
basin. Some of these slumped blocks show more than 4 km long and over 0.5 km height (Figure 6c). A step-
back delta system identified in seismic profile (Figure 5b) developed as a result of rising sea level and/or
decrease in magma supply into the basin. A paleo–water depth ranging between 1.3 and 1.5 km characterize
the segment E2 and E4 (Figures 5c and 6c).

In the E1 segment, the Vøring Escarpment is second-order segmented into several pseudoescarpments due
to the tectonic effect of the Jan Mayen Fracture Zone. A seismic reflection example is shown in Figure 8.
Multiple Lava Deltas and escarpments are identified in this section (Figures 8a and 8b). The Lava Delta shows
a limited thickness. In this section two development stages are observed. The first stage is characterized by
development of a normal lava delta systemwhere the Inner Flows and the Lava Delta units are identified. This
first system was then rotated, uplifted, and subsequently covered by a second lava delta system (Figure 8c).
Vertical movements along the fracture zone can also play a role in the second-order segmentation of the E1
segment. The paleo–water depth along this segment is limited and does not exceed 0.5 km.

Representative examples of segments E3 and E5 are shown in Figures 9 and 10. In the E3 segment overlying
the Skoll High, the lava delta system is limited in extent. Only the delta front defines the escarpment height
even though it has a much larger scarp (Figure 9). In the Fenris Graben along the scarp (see Figure 1), the
seismic image consists mainly of packages of inclined reflections that can be interpreted as sliding and
slumping flows over an elevated topography (Figures 9a and 9b). This resulted in an increase of the accom-
modation space in the area (Figure 9c) with paleo–water depths of more than 1.5 km. The identification of
slumped blocks in the Fenris Graben could indicate that this structure was tectonically active during the
lava progradation.

Similar to the E3 segment, the E5 segment developed above a deep-seated high, the GrimmHigh, but in con-
trast to the E3 segment, no elevated topographic feature is identified. In this segment a paleo–water depth of
0.8 km has been measured (Figure 10c). Some hydrothermal vent complexes are identified in the sedimen-
tary basin (Figures 10a and 10b). Again, similar to the E3 segment, the lava delta system is less developed.
In these two segments (E3 and E5) the Lava Delta and Landward Flows are thinner than in the E2 and E4
segments (Figures 9c and 10c). The stacking pattern is progradational into the basin, filling the accommoda-
tion space and allowing the identification of the starting and end positions of the paleoshoreline (Figures 9c
and 10c). Delta front collapses were also common during the development of the lava delta system; an
example is shown in Figure 11. The initial stacking pattern is progradational into the basin filling the
accommodation space. Sometimes, the unconsolidated delta front subsided causing fractures to propagate

Figure 7. Seismic section (in two-way traveltime) showing a zoom on slumped blocks along escarpment segment E4 indi-
cated by disrupted internal reflection configuration. Data courtesy of TGS.
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through the delta front (Figure 11c). Such fractures will have induced large-scale delta collapse,
sliding/slumping, and gravity-driven debris avalanches into the basin. From the seismic profile, the Inner
Flows are seen to be characterized by the presence of highs that appear to be the result of gas release in the
area. Surface seepages are clearly identified and are related to the development of these highs (Figures 11a
and 11b). The location of the highs and related gas seepages are shown in Figure 1. Generally, these highs
are elongated and strike parallel to the fault system of the North Gjallar Ridge.

5. Discussion
5.1. Lava Delta System Component

As exploration in volcanic rifted margins increases, more seismic data shot over lava cover and/or, where
extensive intrusions are present within the basin, have become more available [e.g., Planke et al., 2005;

Figure 8. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) crossing the E1 escarpment
segment. Multiple lava deltas and escarpments are identified in this section. (c) Schematic illustration of the depth-con-
verted seismic section showing two lava delta systems. The first system is rotated and partly covered by a second lava delta
system. The paleo–water depth for the second system is indicated: ~0.5 km. BB: base basalt, IF: inner flow, LD: lava delta, TB:
top basalt. See Figures 1 and 4c for location. Data courtesy of TGS.
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Jerram et al., 2009;Woodburn et al., 2014; Schofield et al., 2015b]. While significant developments, especially in
seismic processing, have improved the quality of offshore studies and thus our understanding of these mar-
gins, work on the volcanic facies from outcrop analogs has also been instrumental for improving the interpre-
tation of the subsurface geophysical data. Volcanic facies mapping in flood basalts has enabled the key
geometries to be identified [e.g., Jerram, 2002], and their application to onshore sequences helps us to deter-
mine how to link subseismic-scale observations onshore with how they may be expressed offshore [e.g.,
Jerram et al., 2009; Schofield et al., 2015a]. It is becoming clear that the internal architecture of flood basalt
sequences is markedly heterogeneous in terms of rock properties [e.g., Jerram et al., 2009; Nelson et al.,
2009a]. These variations in rock properties are related to key volcanic facies types (e.g., tabular flows and
hyaloclastites) which can be defined in outcrop and where wells have intersected volcanic rocks [e.g.,
Nelson et al., 2009b; Watton et al., 2014; Nelson et al., 2015]. Furthermore, for the onset of flood volcanism,

Figure 9. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) highlighting the key facies units of
the lava delta system of Vøring Escarpment segment E3. (c) Schematic illustration of the depth-converted seismic section
showing the accommodation space and the position of the paleoshoreline. The paleo–water depth is indicated: ~1.8 km.
See Figures 1 and 4c for location. Data courtesy of TGS.
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facies mapping of onshore analogs has demonstrated a wide variety of volcanic successions that vary both
spatially and temporally [Jerram et al., 2009, 2015a, 2015b]. We therefore have the potential to map out
facies, understand their internal properties, and to better define how they might be manifested in the
seismic sections.

Good onshore analog examples of lava-fed deltas and thick hyaloclastite sequences have been recognized in
outcrops in Greenland [Pedersen et al., 1998; Japsen et al., 2005; Larsen and Pedersen, 2009] (Figure 9a), Iceland
[e.g., Watton et al., 2013] (Figure 9b), and Antarctica [Smellie et al., 2011]. Furthermore, such volcaniclastic
sequences where lavas interact with wet environments are becoming an increasingly recognized factor at
the onset of flood volcanism in many flood basalt provinces and associated volcanic rifted margins [e.g.,
Ross et al., 2005; Jerram et al., 2015a, 2015b]. In the West Greenland area the lava-fed delta developed in a
lacustrine setting [e.g., Japsen et al., 2005; Dam et al., 2009; Abdelmalak, 2010; Abdelmalak et al., 2012a,
2012b], as erupted lava flows dammed indigenous drainage systems and infilled the accommodation space
in lake bodies. Large wedge-shaped bodies of hyaloclastite breccia are overlain by thick and extensive hor-
izontal lava flows and interbedded with thin sedimentary units. In Iceland, examples where lava flows enter
the sea and emergent volcanic systems have been studied to better understand the facies and development
of hyaloclastite sequences [Watton et al., 2013]. Modern examples of lava-fed deltas presently being formed
are found in Hawaii, where multiple lava flows enter the sea forming extensive hyaloclastite deposits
(Figure 12c). The Hawaii examples have also been sampled by a Hawaiian Scientific Drilling Project well which
intersected the subaerial to subaqueous transition which was revealed by facies variations within the hyalo-
clastites [e.g., Watton et al., 2014].

In the Vøring Margin, the offshore succession of the lava delta system, which records the transition from sub-
aerial to subaqueous environment, was interpreted using the character and geometry of the seismic
reflections, combined with onshore exposures from key flood basalt sequences, such as the North Atlantic

Figure 10. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) highlighting the key facies units
of the lava delta system of escarpment segment E5. (c) Schematic illustration of the depth-converted seismic section
showing the accommodation space and the position of the paleoshoreline. The paleo–water depth is indicated: ~0.8 km.
See Figures 1 and 4c for location. Data courtesy of TGS.
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Igneous Province [Planke and Alvestad, 1999; Planke et al., 1999; Jerram, 2002; Jerram and Widdowson, 2005;
Nelson et al., 2009b]. Figure 13 shows a 3-D illustration of the schematic outline of the volcanic processes
and associated deposits found around the escarpment area, with relation to the seismic volcanic facies seen.

The Landward Flows seismic facies unit is characterized by parallel to subparallel high-amplitude reflections.
Individual high-amplitude reflections may be picked over tens of kilometers. The lateral extent of the reflec-
tions suggests that the volcanic rocks in these parts of the lava sequence may be of tabular type facies.
Landward Flows facies units have been drilled at a number of margins, e.g., Western Australia [Symonds
et al., 1998; Rey et al., 2008] and the northeast Atlantic (e.g., ODP Leg 104 Site 642 and ODP Leg 152 Site
917 near the boundary of the inner SDR and Landward Flows). The drilled interval consists of subaerially
erupted and emplaced flood basalts, sometimes with thin interbasalt sediment layers. This facies unit may
be considered to be akin to the trap like tabular flows [e.g., Jerram et al., 2009]. Because subaerial flood basalts

Figure 11. (a) Uninterpreted and (b) interpreted seismic sections (in two-way traveltime) showing delta front collapse. The
inner flows are characterized by the presence of highs or domes that appear to be the result of gas release in the area.
These domes postdate the volcanism since they affect the geometry of younger sediments. (c) Schematic illustration of the
depth-converted seismic section. The paleo–water depth is indicated ~1.2 km. See Figures 1 and 4c for location. Data
courtesy of TGS.
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may flow for several kilometers, volcanoes and fissural flows are most likely the origin of the Landward Flows.
Onshore analogs include the Hawaiian lava flows, which are predominantly emplaced as pāhoehoe flows and
can travel tens of kilometers from source to shoreline [e.g., Heliker et al., 1998; Heliker and Mattox, 2003].

The Lava Delta facies unit is situated below and basinward of the Landward Flows facies unit. In seismic
profiles, this facies unit shows a prograding reflection configuration. The Lava Delta is interpreted to be

Figure 12. (a) Onshore analog hyaloclastite breccia in West Greenland (see Figure 1 for location). (b) Example of analog
hyaloclastite foresets in Iceland. (c) Modern example of lava entering the sea on Hawaii. Figure 12a, Abdelmalak;
Figures 12b and 12c, Jerram.

Figure 13. Schematic outline of the volcanic processes and associated deposits found around the escarpment area. The
respective seismic volcanic facies (e.g., Inner Flows and Lava Delta) are also labeled. The sequence is characterized by a
mixture of subaerial and subaqueous eruptions and transitions from subaerial to subaqueous environment. Lava Delta
prograde out from the paleoshoreline and deposit reworked volcanic debris/turbidite flows into the basin.
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deposited in a subaqueous predominantly coastal depositional environment. In places the Landward Flows
unit merges with the Lava Delta facies unit and forms basinward dipping reflections. This facies is interpreted
to be composed of hyaloclastite fans or aprons that record the flow of lava directly into the offshore basin.
The magma supply and the progradation of the delta foreset into the basin will favor sliding and slumping
of the unconsolidated hyaloclastite along the escarpment.

The Inner Flows seismic unit is identified landward and sometimes below the Lava Delta and the Landward
Flows. The Inner Flows unit is a sheet-like body of highly disrupted showing hummocky reflections with a
chaotic internal reflection configuration. The Inner Flows are deposited in a broad basin in a shallow marine
depositional environment. This seismic unit consists of a mixture of massive and fragmented basalt, volcani-
clastic rocks, pillow lavas, and shallow intrusions. The main sources of the Inner Flows are fissures along the
region of the continental breakup, as this unit is interpreted to have formed simultaneously with Landward
Flows and Lava Delta units.

5.2. Buildup of the Lava Delta System

The reconstruction of the emplacement history of continental flood basalt around Vøring Escarpment is
based on the key volcanic facies and seismic reflection relationships in the Vøring Margin (this study) and
from a worldwide integration of lava delta system interpretation. The seismic reflection configuration
appears to have been deposited sequentially with a stacking pattern revealing a variation in the accommo-
dation space relative to sea level change, volcanic material supply, and tectonic movements. As in conven-
tional delta systems, the height of the delta front may be a proxy for water depth at the time of delta
deposition [e.g., Kiørboe, 1999; Spitzer et al., 2008]. The dominant control is thought to be relative sea level
change. However, in the case of high magma supply, the Lava Delta is capable of continuous progradation
despite fluctuation in sea level and accommodation.

Figures 14a–14d show a schematic representation of the lava delta system development relative to sea
level and magma supply. This model can be used to explain the development of the “step-back deltas.”
The initial stacking pattern is progradational into the basin during the initial high stand time (highstand
system tract or HST). Deposition was likely controlled by the volumes of erupted lava entering the basin
and filling the accommodation space (Figure 14a). During volcanic activity, the lava flows prograde into
the basin and define the extent of progradation of the lava-fed delta. If the supply is high enough, progra-
dation will occur throughout the entire sea level cycle (Figure 11b). The deposition of volcanic rocks can
also affect accommodation, with an increase in subsidence causing aggradation. Coastal erosion and
slumping are enhanced during the period of falling sea level (lowstand system tract or LST) (Figure 14c).
The unconsolidated delta front subsides causing fractures to propagate through the delta front. Such
fractures will induce large-scale delta collapse, sliding/slumping and gravity-driven debris avalanches into
the basin (Figure 14c). The stacking pattern changes to retrogradation during a sea level rise (transgressive
systems tract or TST) and/or decreased magma supply. Any relative rise in sea level floods the lava flows
and moves the shoreline significantly. These different factors will favor the development of a step-back
delta (Figure 14d), where the next lava sequences prograde out and fill the newly developed accommoda-
tion space [e.g., Wright et al., 2012]. During this period subaqueous erosion of the lava delta system
is enhanced.

Structural highs could considerably affect the lava delta system buildup (Figure 14e). Generally, the Landward
Flows and Lava Delta units are thinner, since there is less accommodation space above these highs, which
sometime can presentpronounced topographic features. Magma supply will drape the highs and prograda-
tion of the lava flows above the structural high starts (Figure 14e). Slumping and sliding are common along
the flank of the structural high and could be related to the progradation of the lava flows and/or in response
to vertical movement. Strike-slip movements and vertical movements along fracture zones will result in a
second-order segmentation of the escarpment into several pseudoescarpments with different lava delta
systems (Figure 14f).

5.3. Escarpments Along the North Atlantic Margin

The breakup volcanic sequences in the mid-Norwegian Margin include two prominent escarpments: the
Vøring Escarpment on the Vøring Margin and the Faeroe-Shetland Escarpment on the Møre and United
Kingdom margins (Figure 15a). The Vøring Escarpment presents a ~350 km prominent feature along the
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Vøring Margin and separates the Vøring Marginal High to the west from the Vøring Basin to the east. The
Faeroe-Shetland Escarpment extends from the region east of the Faeroe Islands to the Jan Mayen Fracture
Zone between 61°20′N–65°N and 4°W–3°15′E and bounds the Møre Marginal High to the west from the
Møre Basin to the east. Good examples of the development of the lava delta system along the Faeroe-
Shetland Escarpment have been reported by Wright et al. [2012] and can be seen to show similar internal
characteristics to those reported in this study. Both escarpments are situated at the boundary between
Inner Flows and Landward Flows and are absent elsewhere (Figure 15a). North of the intersection with the
Bivrost Lineament, the Vøring Escarpment does not continue into the Lofoten Margin. There the escarpment
seems to represent a volcanic buildup or simply a flow front. From seismic data on the NE Greenland conju-
gate margin, we identified similar escarpment (the Thetis Escarpment) facing to the west (Figure 15b). The NE
Greenland escarpment presents a limited extent compared to the Vøring and Faeroe-Shetland examples.
Future detailed mapping of the Greenland Margin volcanic stratigraphy may improve the characterization
of this escarpment.

5.4. Escarpment Along the Vøring Margin

The nature and origin of the Vøring Escarpment has been debated for decades. Talwani and Eldholm [1972]
described it as a first-order geological feature related to the continent ocean boundary. Furthermore, they

Figure 14. Idealized development of a lava delta system in response to different controlling factors. Figures 14a–14d show
development in response to relative sea level and/or magma supply. (a and b) Progradation of the volcanic sequences
occurs rapidly during magmatic events and fills the accommodation space (highstand system tract or HST). (c) During
periods of low volcanic output and where the relative sea level falls (lowstand system tract or LST), slumping is enhanced.
(d) Where relative sea level rises (transgressive systems tract or TST), step-back deltas can occur. (e) Structural high effect. (f)
Tectonic effect of fracture zone on the lava delta system.
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noted that the escarpment marks significant changes in a number of geological and geophysical parameters.
In particular, the magnetic field becomes quiet on the landward side, gravity highs are located on the
seaward side, and there is a pronounced difference in the velocity-depth functions on either side of the
escarpment. Although the detailed expression of the escarpment varies locally, Hagevang et al. [1983]
demonstrated that it is associated with a continuous sharp negative magnetic anomaly on the Vøring
Marginal High. There was also little agreement about the relative movement along the escarpment. Caston
[1976] proposed that is has acted as a normal fault throughout the Tertiary. Skogseid and Eldholm [1987]
suggested that the escarpment may represent a reactivated Late Jurassic-Early Cretaceous fault. Blystad et al.
[1995] suggested that the Vøring Escarpment may have developed as a fault scarp in the Maastrichtian-
Paleocene rifting episodes and was subsequently covered by flood basalts during the Early Eocene breakup.
Similar to the Vøring Escarpment, the structural expression of the Faeroe-Shetland escarpment varies along
strike. To the south, it locally reveals a lobate edge, apparently defining the front of the volcanic flows [e.g.,
Kiørboe, 1999; Wright et al., 2012]. North of about 63°N, along the Møre Margin, the escarpment is well
expressed, fairly linear, and may reflect an interrelationship between a volcanic edge and a deeper structural
setting [e.g., Blystad et al., 1995].

Figure 15. (a) Offshore distribution of the volcanic facies seismic units in themid-NorwegianMargin updated from Berndt et al.
[2001b]. The Vøring Escarpment and the Faeroe-Shetland Escarpment are indicated in the map. (b) Offshore distribution
of the volcanic facies seismic units in the NE Greenland Margin. The Thetis Escarpment is indicated ion the map. See Figure 1
for location.
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Smythe et al. [1983] proposed that the Faeroe-Shetland Escarpment was a flow edge separating subaerially
erupted basalt on top of the Mesozoic sediments from a restricted shallow shelf, thus defining a paleoshore-
line. Berndt et al. [2001b] suggested that the continuity and undulation of both the Faeroe-Shetland
Escarpment and the Vøring Escarpment make it very unlikely that the escarpments are dominantly fault con-
trolled as suggested by Skogseid and Eldholm [1989] and Brekke et al. [1999]. The fact that the escarpments
exist exclusively between the Landward Flows and Inner Flows suggests that they are rather the result of a gen-
eric margin forming process as suggested by Smythe et al. [1983] for the Faeroe-Shetland Escarpment. Planke
and Alvestad [1999] interpreted the prograding reflections underneath the Landward Flows to result from the
foresets of a Gilbert-type Lava Delta terminating with the escarpment. Such a setting is similar to those of
LavaDeltas and bench collapse at the Kilauea Volcano, Hawaii [Moore et al., 1973]. An origin of this type implies
that theescarpmentsdevelopduringor after theemplacementof theLandwardFlowsandsubmergenceof the
marginalhigh tobelowsea level.Detailedmappingof the southernpartof theFaeroe-ShetlandEscarpmenthas
led to similar interpretation for that escarpment [Kiørboe, 1999;Wright et al., 2012].

In this study, the structural expression of the Vøring Escarpment is shown to vary along strike (Figures 3 and 4)
with five segments defined showing different morphologies and different heights (Table 2). This first-order
segmentation is due to the different factors that control the Vøring Escarpment buildup. Segments 2 and
4, which display the higher escarpment topography, are characterized by a well-developed lava delta system
with thicker LavaDelta andLandwardFlowscompared to theother segments. Relative sea level changeand the
magmasupply are themain factors that control theestablishmentof these twosegments.During the riseof sea
leveland/ordecreasedmagmasupplyastep-backdeltacanoccur.The lavadeltasystemofthesegments E3 and
E5 and part of the segment E1 developed above Skoll High, Grimm High, and Ygg High, respectively.
Generally, the lava delta system shows a limited extent with thinner Lava Delta and Landward Flows thick-
nesses compared with the E2 and E4 segments. These structural highs seem to control the morphology of
these escarpment segments. In segment E3, sliding and slumping indicates that this structure was tectoni-
cally active during the lava progradation. Finally, the escarpment segment E1 is characterized by a second-
order segmentation, mainly due to the tectonomagmatic control of the Jan Mayen Fracture Zone [e.g.,
Berndt et al., 2001a]. Multiple pseudoescarpments and lava delta systems with limited extent and thin flows
characterize this segment. Despite these different control factors, the Vøring Escarpment strikes NE-SW par-
allel to the breakup axis and to the Late Cretaceous- Early Paleocene Gjallar Ridge and faults. The outline of
the escarpment structure is clearly seen in the potential field data (Figures 3a and 3b). The escarpment marks
significant changes in the magnetic field which becomes quiet on the landward side. On the filtered Bouguer
anomaly map, the different high-amplitude and low-amplitude anomalies along the Vøring Escarpment cor-
relate with the segments identified from the seismic data.

Table 2. Summary of the Different Controlling Factors of the Vøring Escarpmenta

aRelated segment characteristic and morphology is indicated for each controlling factor. LD: Lava Delta; LF: Landward Flows. LD: Lava Delta; LF: Landward Flows.
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5.5. Subbasalt Structure

It is well known that lava delta systems are constructed by explosive and nonexplosive interaction of magma
and water by basalt quenching and fragmentation when subaerally erupted lavas flow into the sea [e.g.,
Planke et al., 2000; Watton et al., 2013]. This process has been observed in detail in the Kilauea volcano,
Hawaii, where subaerial lavas were emplaced on top of shallow marine, foreset-bedded hyaloclastites [e.g.,
Moore et al., 1973; Watton et al., 2014]. Lava Deltas can commonly develop in emergent volcanic systems
and where local or regionally elevated areas funnel lava flows toward coastlines [e.g., Watton et al., 2013],
and by analogy, large parts of the Vøring Margin were elevated or emerging when the volcanics were
emplaced. Nevertheless, on the Vøring Marginal High, the nature of the crust below extrusive rocks remains
unclear since the seismic signal is often obscured by the volcanic cover. Several strong reflections are identi-
fied and interpreted as a sill complex beneath the lava flows. Such sill intrusions are typically characterized by
high-amplitude, abrupt termination and sometimes saucer-shaped geometries [e.g., Planke et al., 2005, 2015].
This observation implies the presence and preservation of subbasalt basins in the Vøring Marginal High
[Abdelmalak et al., 2015]. This interpretation is in good accordance with the resistivity structure within the
Vøring Marginal High, showing low resistivity below the volcanic unit and suggesting the presence of
kilometer-scale thick subbasalt sedimentary sequences [Planke et al., 2015]. Basalt thickness mapping illus-
trates separate depocenters in the SDR that could indicate complicated rift geometry in the outer Vøring
Margin and significant local variations in the accommodation space possibly controlled by tectonism during
SDR growth [see Abdelmalak et al., 2016].

ODP Hole 642E, located near the apex of the SDR on the Vøring Marginal High, is situated ~25 km west of the
Vøring Escarpment. The volcanic units sampled at Hole 642E consist of peraluminous, cordierite bearing
peperitic basaltic andesitic to dacitic flows interbedded with thick volcanosedimentary deposits [Meyer
et al., 2009; Abdelmalak et al., 2016]. The peraluminous geochemistry combined with available C, Sr, Nd,
and Pb isotopes data point toward an upper crustal anatectic source of these magmas with a significant
contribution of organic carbon-rich pelagic sedimentary material [Abdelmalak et al., 2016]. As drilling stopped
within the basaltic andesitic flow unit, little is known about the geology prior to the eruption of these crustal
anatectic melts.

On the outer Vøring Basin, the Late Cretaceous-Paleocene topography was characterized by low-angle
normal faulting, subsidence, synrift sedimentation, and local uplift [Gernigon et al., 2003; Ren et al., 2003].
From the Upper Cretaceous to the upper Paleocene (Danian to Early Thanetian: 65–59Ma) a regional uplift
event is recorded both in the Vøring Basin and the entire NE Atlantic [Brekke et al., 2001]. This uplift has been
correlated with upwelling of hot mantle that was responsible for a dramatic shallowing of the outer Vøring
Basin and the emergence and local erosion of the preexisting Cretaceous highs (e.g., Gjallar Ridge) [Brekke
et al., 2001; Ren et al., 2003]. Vertical movement could also have affected the escarpment height and led to
a variation in the paleo–water depth and depocenter locations during the breakup magmatism event.
However, no biostratigraophic data are available that could confirm the paleo–water depth in the Outer
Vøring Margin since no wells have been drilled in the area.

The identification in this study of subbasins on the Vøring Marginal High that may contain pelagic sedi-
mentary rocks rich in organic carbon [Abdelmalak et al., 2016] could enhance the area for petroleum
exploration. Gas seepage/release along the Fenris Graben could (Figures 1 and 11) also indicate the hydro-
carbon potential of Vøring Marginal High. Such gas releases in the area are probably caused by the
increased maturation of organic matter as a result of extensive sill intrusion in the sedimentary basin below
the volcanic rocks.

6. Conclusions

The increased amount of new and reprocessed high-quality seismic data permit a more accurate charac-
terization of the along-strike and across-strike continuity and the variability of the different volcanic seis-
mic facies units along the Vøring Margin. Using good quality imaging, we have mapped in detail the
~350 km long NE-SW trending Vøring Escarpment which is a prominent structure along the Vøring
Margin with a height ranging between 200 and 1600m. This detailed analysis has resulted in the following
conclusions:
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1. The Vøring Escarpment is divided along strike into five main segments. This segmentation is due to three
main control factors: the sea level change/magma supply, structural highs, and the JMFZ.

2. The well-developed Vøring Escarpment morphology along the segments E2 and E4 was mainly controlled
by relative sea level change and magma supply during the lava delta progradation and filling of the basin.

3. In segments E3 and E5, the escarpment morphology is a result of a combination of the front of a volcanic
buildup and a partly faulted boundary of differential subsidence between the Cretaceous/Tertiary struc-
tural highs and the basin area to the east.

4. Segment E1 is characterized by pseudoescarpments, mainly identified around the Jan Mayen Fracture
Zone which is the main controlling factor of this segment. Vertical movements along this fracture zone
could have played an important role in forming the escarpment morphology in this area.

5. The recognition of the interplay between lava supply, relative sea level, the development of key volcanic
facies, and their correct identification in offshore sequences provides insights into the breakup process at
volcanic rifted margins. The continuing development and movement of the paleoshoreline during the
buildup of volcanism and its dynamic interplay along large segments of the margin (as has been shown
here) has profound implications for how basins and depocenters develop during the onset and main
rifting phases along such continental margins.

6. Integrated seismic, gravity, and magnetic interpretation indicate complicated rift geometry in the outer
Vøring Margin with the existence of several subbasins and structural highs. The identification of sedimen-
tary rocks rich in organic carbon in the outer Vøring Margin as well as gas seepages along the Vøring
Escarpment could enhance the area for petroleum exploration.
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Since the last official NPD nomenclature map of the mid-Norwegian margin (MNM) was published in 
1995 (Blystad et al., 1995), a great amount of data including new 2D and 3D seismic surveys, refraction 
data, potential field data, seabed sampling, exploration wells, revised biolithostratigraphic schemes have 
been acquired. This has resulted in improved mapping of the volcanic rifted margin, especially in its 
deepest part and in the outer (volcanic) province. Within different scientific projects we perform a 
comprehensive interpretation of this new regional geological and geophysical dataset. This led to the 
compilation of new nomenclature map of the mid-Norwegian margin, where we unified our structural 
observations. In order to avoid map visualization complexities and to reflect basin configuration at 
different stages of the MNM development, we present two separate map sheets showing: 1) the pre-
breakup structural elements and 2) syn- to post-breakup elements. The pre-breakup map sheet documents 
the first order rift architecture of the MNM before the onset of volcanism and includes new and revised 
structural elements on the platform, terraces and deep Møre and Vøring basin province and related fault 
systems. The syn- and post-breakup map sheet provides the most up-to-date regional mapping of the 
different volcanic facies recognized in the outer province. The second map sheet also includes sills and 
associated hydrothermal vent complexes, magnetic anomaly chrons and oceanic fractures zones, basin 
inversion structures, slides and glacial depocentres. After the publication, the digital version of the map 
will be freely available at NGU and VBPR websites and will include different layers in standard GIS 
formats (e.g. shapefiles) and a ready-to-use GIS project including embedded files, specific color codes, 
templates and detailed attribute tables. We believe that our new regional map brings a great addition and 
update to Blystad’s landmark map and will help both academic and exploration communities to be 
introduced to the up-to-date regional framework of the MNM. 
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