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A B S T R A C T   

The Norwegian Continental Shelf is one of the world's most used laboratories to study rifting processes and rifted 
margin architecture. Available datasets are dense, various and of good quality. However, since the full basement 
is rarely imaged, major questions remain unanswered regarding the structural details and nature of rocks at 
depth. The Geoex MCG Regional Deep Imaging 2019 (RDI19) dataset presents - for the first time - a series of 
regional long-offset seismic reflection profiles, of high resolution and deep imaging (16 s-twtt). The dataset offers 
an unprecedented imaging of the entire margin architecture including deep basement units, Moho and upper 
mantle - from the proximal margin to the outer margin. 

This contribution introduces the dataset and proposes an interpretation accompanied by gravity modelling 
experiments. Focus is set on the identification and seismic facies characteristics of the top basement and Moho 
core envelopes to discuss the dip and lateral variability of the various basement/crustal units. Basic gravity 
models are used to develop a discussion on the possible nature of the acoustic basement in the distal margin 
(crust, magma, mantle, combinations). Based on the observations and interpretation, an updated map of the 
Møre and Vøring margin structural domains is proposed and discussed.   

1. Introduction 

Møre and Vøring represent the main segments of the Mid Norwegian 
margin, which lie conjugate to the Jan Mayen microcontinent and 
southern NE Greenland margin, respectively (Fig. 1). Located in the 
northern part of the Northeast Atlantic, the rift system has a very long 
geological history including, for the most recent tectonic events, an 
orogeny, an orogenic collapse and a rifting. The rift period included 
several distinct phases of active extension alternating with tectonic 
pauses, spanning more than 250 Myrs and leading to the formation of a 
wide sediment rich rifted margin (Blystad et al., 1995; Brekke, 2000; 
Faleide et al., 2008; Færseth, 2020). 

Presenting high oil and gas potential, the Norwegian Continental 
Shelf has been highly investigated. The available data include numerous 
wells, seismic reflection, seismic refraction and various other geophys-
ical datasets of high resolution and high quality. The Geoex MCG 
Regional Deep Imaging 2019 (RDI19) dataset presents a regional 
coverage of the Møre and Vøring Mid Norwegian margins with deep 
penetrating 16 s-twtt (seconds two-way travel time) seismic reflection 

profiles (Fig. 1). The dataset is a unique, unprecedented high-resolution 
dataset that images - for the first time - the entire basement and sedi-
mentary units at the regional scale, from the most proximal settings to 
the continent-ocean boundary. The three core boundaries/envelopes 
(seafloor, top basement, and Moho) - whose identification is necessary to 
calibrate any interpretation or modelling exercise - can be mapped and 
studied in a consistent and coherent analysis protocol over the entire rift 
system, including the proximal domain. Fig. 2 presents three profiles 
selected as representative of the architecture of the Norwegian Conti-
nental Shelf, and of the lateral structural variations from the Møre 
(profile A) to the Vøring segments (Profiles B and C) (see location on 
Fig. 1). The profiles are displayed without interpretation above, with a 
thin white horizontal line at 10 s-twtt illustrating the depth at which 
most of the available datasets in the region terminate. This demonstrates 
spectacularly the uniqueness and usefulness of the RDI19 dataset in 
imaging the entire basement/crustal geometry of the rifted margin. At 
the bottom, Figures 2abc show the mapping of the core envelopes 
identifiable on the profiles, including the seafloor, top of acoustic 
basement and Moho (see below for explanations). 
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Although the Mid Norwegian rifted margin is amongst the best 
imaged extensional settings in the world, debates remain on e.g., the 
actual architecture of the sedimentary units at depth and on the 
composition of the basement in the deep margin. The interpretations 
proposed in the literature are mostly based on seismic reflection struc-
tural mapping and potential field modelling (e.g., Faleide et al., 2010; 
Osmundsen et al., 2002; Osmundsen and Ebbing, 2008; Fazlikhani et al., 
2017; Færseth, 2020). However, in the absence of direct rock sampling, 
these interpretations remain non-unique and open for discussions. In 
that context, the Geoex MCG RDI19 dataset is very interesting because it 
offers an unprecedented imaging of the whole margin and contributes to 
augmenting our catalogue of observations, which may help progress our 
discussions towards converging interpretations. 

This contribution aims at introducing the Geoex MCG RDI19 dataset, 
taking advantage of its exceptional imaging to discuss the seismic facies 
and geometrical characteristics of the top basement and Moho envelopes 
at the margin scale. We focus on the margin domains, basement units, 
and their dip and lateral variations. Below we first summarize the 
geological context of the Møre and Vøring rifted margins. We then 
briefly present the acquisition and processing characteristics of the 
dataset. Based on this, we describe the main characteristics of the core 
envelopes and main acoustic basement units, and use the information, 

together with some gravity modelling to propose some profile in-
terpretations and an updated map of the margin structural domains. 

2. Geological settings 

The NE Greenland - Mid Norway rift system, responsible for the 
formation of the Møre and Vøring margin segments, has a very long 
extensional history (Brekke, 2000; Faleide et al., 2008; Færseth, 2020). 
The first rift episodes of rift-related extension are recognized to date 
from Permian times and the breakup commonly accepted for the Møre 
and Vøring margin segments is interpreted to occur during Eocene time 
(Tsikalas et al., 2012). Thus, the rifting history extends over more than 
200 Myrs, with a succession of different extensional episodes and phases 
of apparent tectonic quiescence (Peron-Pinvidic and Osmundsen, 2018). 
However, the extensional history of the region is more important than 
any sole rift stage as it also includes an orogenic collapse before the 
actual beginning of the rifting history (Fossen, 2010). In the south- 
western parts of onshore Norway, Fossen (2000) reported reversal of 
movement along orogenic thrusts to accommodate the collapse of the 
Scandinavian orogen from 405 Ma (Early Devonian). Additionally, it has 
been recently proposed that rifting s.s. may initiate earlier than the 
Permian period, probably by mid Carboniferous times, by reactivation of 

Fig. 1. Structural map of the Mid-Norwegian 
offshore region discussed in the contribution, with 
the outline of the main structural elements proposed 
by the NPD (Norwegian Petroleum Directorate) (after 
Blystad et al., 1995) - see colour code at bottom right. 
The black lines show the location of the seismic 
reflection profiles of the Geoex MCG RDI19 dataset 
studied in this project. The thick black segments 
locate the key profiles selected as representative of 
the architecture of the margin, presented in 
Figures 2abc. The dashed black segments locate the 
seismic extracts presented in the other figures. The 
inset at top left locates the study area within the 
northeast Atlantic region, with the Jan Mayen 
microcontinent (JMMC) and NE Greenland margin as 
conjugates.   
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Fig. 2. The three seismic reflection profiles selected in the Geoex MCG RDI19 dataset to illustrate the architecture of the Møre and Vøring segments of the Mid Norwegian margin. 2a. profile A. 2b. profile B. 2c. profile C. 
The figures illustrate the definition of the core envelopes (seafloor, top acoustic basement and Moho) used as the bases for the interpretation of the regional dataset. See Fig. 1 for location. The horizontal white thin line 
shows the 10 s-twtt (seconds two-way travel time) as a visual marker to illustrate where the majority of the seismic reflection profiles available in the region stop. Note the advantage of the present dataset to image 
numerous geometries and seismic facies changes that are located below this 10 s-twtt line. See text for description and analysis. 
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Fig. 2. (continued). 
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some specific tectonic structures (shear zones, detachment faults, core 
complexes) developed at the collapse stage (Osmundsen et al., 2020; 
Peron-Pinvidic and Osmundsen, 2020; Peron-Pinvidic et al., 2020). 
Thus, the extensional history of the Norwegian Continental Shelf is long, 
composite and multiphase. With the margin being furthermore sediment 
rich and affected by a significant magmatic phase, the geometries to be 
studied can present a high level of architectural complexity. 

Structurally, the Møre and Vøring margin segments are usually 
summarized based on the Blystad et al. (1995) ‘NPD map’ (NPD for 
Norwegian Petroleum Directorate - the Norwegian government agency 

responsible for the regulation of the petroleum resources on the Nor-
wegian Continental Shelf) (Fig. 1). Structurally, the margins include, 
from the SE to the NW: a proximal margin with a platform type envi-
ronment (the bluish / dark green / purple colours on Fig. 1), which is a 
domain supposedly developed over a relatively thick basement; a distal 
margin (light green colours on Fig. 1) with wide basins presenting 
potentially important thicknesses of sediments over thinned basement; 
and an outer margin usually summarized as a combination of structural 
ridges and subbasins with an oceanwards increase in magmatic content 
in the form of intrusions, extrusions and underplatings (Brekke, 2000; 

Fig. 3. Seismic extracts illustrating the different seismic facies observed for the top acoustic basement. See Fig. 1 for location. 3a. Seismic extract from the proximal 
margin showing a well-defined top acoustic basement (arrows). 3b. Seismic extract from the proximal margin showing a transparent top acoustic basement. 3c. 
Seismic extract from the hyperextension margin domain showing a very well-defined top acoustic basement (arrows). 3d. Seismic extract from the distal margin 
showing a transparent top acoustic basement. The map on the right illustrates the definition of the margin structural domains (e.g., Peron-Pinvidic and Osmundsen, 
2018) that is explained in the Discussion section and presented in detail in Fig. 10. 
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Faleide et al., 2010). In the following Discussion, we will see that, based 
on today's modern dataset and concepts, this map may be slightly 
updated. 

3. The Geoex MCG RDI19 dataset 

The Regional Deep Imaging 2019 (RDI19) data were acquired with 
Rosgeo's Akademik Lazarev in the late summer of 2019. RDI19 is a part 
of the larger Regional Deep Imaging (RDI) Project consisting of more 
than 16,000 km of long offset data in the Barents Sea, the Norwegian Sea 
and the North Sea (Norway, United Kingdom, Denmark and Faroe 
Islands). To image the very deep structures, such as the lower crust and 
Moho, Geoex MCG deployed a large source of 6270 in3 and a 12,000 m 
long streamer. The first part of the streamer was towed slanted from 15 
m to 30 m, while the last part was towed flat at a depth of 30 m. The data 
were recorded in continuous mode with a record length of 16 s-twtt 
(second two travel time). The data were processed by Down Under 
Geosolutions (DUG) using the newest deblending and deghosting tech-
niques. The processing was designed to obtain the best imaging of the 
deep lithological units, including pre-migration noise attenuation, 
migration velocity model analysis, 2D Kirchoff pre-STM migration, pre- 
stack noise and diffracted multiple attenuation (Peron-Pinvidic and 
Åkermoen, 2020). 

4. Observations, discussions and interpretations 

To correctly analyse the geometry of a rifted margin, it is necessary 
to identify the core envelopes that delineate the main units constituting 
the geological system: the seafloor, the top basement and the Moho. The 
combination of these core envelopes provides very useful indicators of 
the global margin architecture and tectonic development (see for 
instance Reston, 2009; Franke, 2013; Peron-Pinvidic et al., 2013; Savva 
et al., 2014; Clerc et al., 2018). Their relative positions give direct in-
formation about the thicknesses of the defined units (sediment, base-
ment) and hence deformation history of the margin, like the amount of 
crustal thinning and uplift-subsidence history. 

Based on the Geoex MCG RDI19 dataset, we mapped the main 
sedimentary intervals, the main bordering faults, the top acoustic 
basement, the Moho, and analyzed their geometrical variations, struc-
tural details and seismic facies. Below, we summarize our observations 
and main findings regarding more specifically the top basement, the 
basement/crustal units, the Moho and the mantle. Short discussions are 
developed to introduce possible interpretations. 

4.1. Top (acoustic) basement 

4.1.1. Definition 
The top basement is a difficult term to use as it can have various 

meanings, possibly generating misunderstanding. In an ideal text-book 
situation, the top of basement should correspond to the top of the 
crystalline continental crust that constitutes the basis on which the rift 
initiates. In that context, the top basement should be a sharp lithological 
interface in between continental crust and rift-related sediments. The 
density contrast would then generate a strong impedance contrast 
generating a reflector with large amplitudes on standard seismic 
reflection profiles. In reality, rifting rarely initiates on a clean homo-
geneous crystalline surface (Manatschal et al., 2014). The pre-rift setting 
is shaped by various previous tectonic events such as the orogeny and its 
collapse phase that affected the Norwegian region (e.g. for the North Sea 
case: Fazlikhani et al., 2017; Fossen et al., 2014; Lenhart et al., 2019; 
Phillips et al., 2016). Thus, pre-rift sedimentary records and deformed 
rocks of various lithologies, may be present when rifting initiates. So, in 
that context, the ‘top of basement’ term may be misleading. This relates 
directly to questions such as where, when and how rifting begins? 
Although fundamental, these questions are still unanswered in most rift 
settings (Peron-Pinvidic and Osmundsen, 2020; Peron-Pinvidic et al., 

2020). 

4.1.2. Observations 
For the present study, to embrace the potential complex tectonic 

history of the region, we chose to map the ‘top of basement’ as the ‘base 
syn-rift’, i.e. the basis on which rifting initiates, whatever lithology it is. 
With a rift system presenting an extensional evolution over more than 
300 Myrs, the limitation in that case is that the different margin domains 
have different phases of tectonic activity, which lead to the definition a 
composite envelope at the margin-scale, of variable composition, age 
and origin. 

Concretely, our top of basement corresponds to the base of the well 
identified sediments / layered sequences with characteristic strati-
graphic geometries (e.g. wedges, erosional surfaces, contacts) (Fig. 3). 
Distinction is made with the usually more transparent to more chaotic 
disorganized unit below. The mapped horizon presents variable seismic 
facies. For instance, in some places, the top acoustic basement is clearly 
identified by well-defined sharp reflectors bounding syn-tectonic sedi-
mentary wedges: Fig. 3a shows an example from the proximal margin 
Trøndelag Platform where the top acoustic basement has been mapped 
as corresponding to a fault plane onlapped by sedimentary diverging 
layers. However, at other locations in this same proximal domain, the 
top acoustic basement is impossible to identify (see the example pro-
posed in Fig. 3b). In the hyperextension domain, the base of the syn 
tectonic sedimentary sequences and fault planes are clearly imaged and 
the top acoustic basement is easily mapped along well-defined tilted 
blocks / half grabens (e.g. the hyperextension domain in Møre, Fig. 3c). 
Further oceanward, in the distal domain, the top acoustic basement is 
very difficult to identify. Fig. 3d shows an extract from a profile located 
in the deep Møre Basin where no specific geometry or reflector can be 
recognized at depth under the thick sedimentary successions. 

4.1.3. Interpretation 
Based on the above observations, it can be concluded that the top 

acoustic basement along the Norwegian Continental Shelf presents 
different seismic facies and geometries along the margin. The proximal 
settings can present opposite facies characteristics from unambiguously 
sharp (e.g., fault planes, Fig. 3a) to seismically invisible limits (Fig. 3b). 
Interestingly, the other regions present more regular characteristics with 
the systematic absence of identifying features in the distal domain, and a 
clear demarcation identified in the necking and hyperextension domains 
(Fig. 3 cd). Based on this, it can be concluded that the seismic facies of 
the top acoustic basement mostly match the margin structural domains 
definition (Peron-Pinvidic and Osmundsen, 2018) - with two possible 
options in the proximal domain (either well defined or transparent), 
very well defined surfaces in the necking and hyperextension domains 
and no signal in the exhumation and outer domains (see Fig. 3 bottom 
right summary Table). These structural domains were defined based on 
the tectonic development of the rifted margin (Peron-Pinvidic et al., 
2013). So, the top acoustic basement appears to be mostly related to the 
tectonic imprint that the margin undergoes during rift evolution. The 
clearly identifiable sharp reflectors can be interpreted as fault planes 
and deformation-related surfaces. The absence of clear seismic horizons 
may be related to various factors. In the case of the distal settings, high 
levels of deformation are often assumed, which may lead to the forma-
tion of new surfaces (exhumed rocks) possibly extensively deformed and 
altered (e.g. rock remobilization, hydrothermal alteration in highly 
fractured units, serpentinization, melt intrusions). These reactions may 
lead to alteration and metamorphism over important thicknesses of 
rocks. Such lithological changes may prevent the genesis of any clear 
seismic reflection horizon (e.g., Griffin and O'Reilly, 1987b; Mooney, 
1992). The presence of thick sedimentary intervals at great depths, 
enhancing compaction and densification processes can also prevent the 
genesis of a clear seismic signal. This hypothesis may be advocated for 
the proximal settings where deep basins developed over thinned crust 
(Peron-Pinvidic et al., 2020). 
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Thus, at margin-scale, the top acoustic basement appears as a com-
posite surface that can carry both a syn-rift tectonic and an inheritance 
signal (Fig. 3). Depending on the local structural context, both can 
contribute to the seismic facies and geometrical characteristics. 

4.2. Upper and lower basement units 

4.2.1. Observations 
The unit comprised in between the top-acoustic-basement and the 

Moho is here termed basement, without any preconceived interpretation 
of the corresponding lithology. This basement unit is characterized by a 
seismic facies partition distinguishing upper and lower basement units 
(Figs. 2, 4 and 5). However, the distinction is margin domain dependent 
with a clear distinction in the proximal and necking domains, sometimes 
including the hyperextension subdomain, but no distinction is observed 
in the more distal settings (see below). 

The upper basement unit is very much transparent relative to the 
lower unit. The observed reflectors are mainly disorganized, chaotic and 
with low amplitude. On the contrary, the lower basement unit presents 
very distinct seismic facies, with high reflectivity and series of bright 
reflectors with medium to high amplitudes. There appears to be an 

oceanward density increase in the high amplitude reflectors with a 
change in organization pattern from mostly disorganized in the proximal 
domain to more subparallel and converging reflectors towards the 
necking domain with an overall strongly layered seismic facies (see for 
instance profile B on Fig. 2b). 

This marked facies distinction between an upper and a lower base-
ment unit is well defined in the Vøring segment. Southward, the 
distinction is less obvious in the Møre segment (Fig. 2a). Fig. 5 is an 
extract from an along-strike profile imaging the transition from the Møre 
to the Vøring segments. It shows the lateral variation from the northern 
clear seismic facies signature of the lower basement to the southern 
regions where it gets thinner and less reflective. The transition appears 
to correlate with the Frøya High area (Fig. 5) where the lower basement 
unit significantly thins, from ca. 6 to ca. 3 s-twtt thickness, with a radical 
change in seismic facies. 

4.2.2. Interpretation 
The lower basement's seismic facies may be due to various factors, 

including lithological, compositional, tectonic and magmatic hypothe-
ses (e.g., Mooney, 1992). Some of the high amplitude reflectors may 
correspond to magmatic intrusions: mafic intrusions into lower crustal 

Fig. 4. Seismic extract illustrating the different seismic facies of the upper and lower parts of the basement. See Fig. 1 for location.  

Fig. 5. Seismic extract illustrating the along-strike lateral variation of the upper vs. lower basement seismic facies partition. See Fig. 1 for location.  
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rocks can generate impedance contrasts strong enough to generate 
seismic amplitude changes; and multiple subparallel intrusion events 
could generate a layered pattern (Griffin and O'Reilly, 1987a; Carbonell 
et al., 2013). Although this hypothesis may be valid for some high 
reflectivity occurrences, the margin-scale observation may argue in 
favor of another option. Additionally, no systematic cross-cutting ge-
ometries, interpreted as characteristic of rift intrusions (Wrona et al., 
2019), are observed. The pre-rift tectonic fabric could also be advocated: 
the pseudo-layered seismic facies may be related to pre-rift rock lithol-
ogy and/or deformation phases, like orogenic nappe remnants or pre-rift 
orogenic collapse ductile deformation (Lenhart et al., 2019). Shear zones 
are notably recognized as deformation structures typical of the lower 
crust, and these can present important thicknesses and extend over huge 
areas (Clerc et al., 2015; Fazlikhani et al., 2017). Based on this tectonic 
hypothesis, the lower basement seismic facies changes could represent 
variations in deformation intensity: the lower basement can be inter-
preted as a layer that preferentially accommodated extensional defor-
mation from relatively more distributed and diffuse in the proximal 
domain to more focused in the necking and hyperextension domains, 
with the lower basement thickness decrease oceanward representing the 
excision of the layer. 

Along the same line of thought, along-strike, the important 
geometrical and facies changes observed at the level of the Frøya High 
may be related to the existence of specific ductile layers used to differ-
entially accommodate collapse and rifting (Gresseth et al., 2021; Muñoz- 
Barrera et al., 2020). 

4.3. Moho and upper mantle 

4.3.1. Observations 
The Moho is here mapped as the base of the lower basement high 

reflectivity facies (see Figures 2abc). Similar to the top basement 
described above, the facies and geometries vary substantially in the dip 
direction, from a diffuse pattern in the proximal setting to a more well- 
defined band of focused high amplitude reflectors in the hyperextension 
domain. The distal margin does not present any clear mappable Moho: 
the Vøring and Møre distal basins display thick sedimentary sequences, 
an acoustic top basement difficult to identify and a transparent Moho. 
No specific reflector or significant change in the seismic facies is 

observed that could be interpreted in terms of a Moho. More oceanward, 
in the Vøring segment, a series of high amplitude undulating reflectors 
appear in the outer domain that can be interpreted as Moho 
(Figures 2bc). 

Interestingly, the imaging of the entire basement allowed by the 
Geoex MCG RDI19 dataset confirms the presence of some reflectors that 
used to be debated in the past - like, for instance, the ‘DRB’ (Deep 
Reflector Band) previously mapped and discussed by various authors (e. 
g., Osmundsen and Ebbing, 2008; Osmundsen et al., 2002). These re-
flectors are observed at crustal depths, usually between 8 and 10 s-twtt 
and were occasionally argued to correspond to seismic processing noise. 
The Geoex MCG RDI19 dataset shows that the DRB actually corresponds 
to some of the reflectors with high reflectivity at the base of the lower 
basement unit and consequently they probably correspond to real 
features. 

Regarding the upper mantle, the signals are difficult to interpret. 
Given the depths at which the mantle is observed (usually >10 s-twtt), a 
legitimate question arises regarding the pertinence of analysing such 
geometries as these are often treated as artificial processing-related 
signal. However, the acquisition parameters and processing character-
istics of the dataset (section 3) attest to good quality signal with 
reasonable imaging down to great depths. This argues in favor of 
extending the interpretation below 10 s-twtt. An additional argument 
for interpreting the mantle reflectivity is that the seismic facies char-
acteristics observed below the Moho are systematically observed on all 
the profiles, with variations, which suggests real features. The profiles 
presented in the Figures 2abc show the facies zonation that can be 
observed at mantle depths (with the stippled white lines) distinguishing 
the proximal, distal and outer/oceanic domains. In the proximal, 
necking and hyperextension domains, a horizon can be mapped, usually 
ca. 2 s-twtt below the Moho, that separates an upper body of low 
amplitude disorganized small reflectors, with an overall chaotic seismic 
facies, from a lower body that appears more transparent, with low 
reflectivity and without any distinct events. In the distalmost and outer 
domains, there is a clear body with high amplitude disorganized mul-
tiple short reflectors that can be delineated at depth by a capping un-
dulating envelope (see Figures 2ab). In between, in the distal- 
exhumation subdomain, there is no clear signal distinction, with no 
significant change in seismic facies. 

Fig. 6. Seismic extract illustrating the possible imaging of a fault in the upper mantle. See Fig. 1 for location.  
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4.3.2. Interpretations 
As with the basement units, the seismic facies variations observed at 

mantle depths can be related to various factors as e.g., lithological, 
compositional and/or geochemical changes (Carbonell et al., 2013). In 
the absence of drilling constraints, interpretation of such deep rocks 
remains difficult. 

Various research projects investigated the seismic reflection char-
acteristics of the deep crust in extensional settings, such as the marine 
surveys BIRPS and MONA LISA (Klemperer and Hobbs, 1991; Snyder 
and Hobbs, 1999; Singh et al., 1998; MONA-LISA-working-group, 1997) 
that provided spectacular images of the Moho and upper mantle in the 
central North Sea. In the same area, various studies reported the possible 
presence of faults below the Moho (Bartholomew et al., 1993; Gabrielsen 
et al., 2015; Fossen et al., 2014). Interestingly, the Geoex MCG RDI19 
dataset adds some observations to this catalogue with, locally, some 
well-defined sub-continuous reflectors with medium to high amplitudes 
observed below the Moho horizon. Fig. 6 shows an example of a signal 
observed at mantle depths, under the Dønna Terrace in the Vøring 
segment (see location on Fig. 1). Similar to the above cited North Sea 
observations, this reflector may be interpreted as a fault system, ac-
commodating deformation at great depths below the crust. However, the 
signal is tenuous and alternative explanations may be valid, such as melt 
intrusions trapped in the upper mantle (Wrona et al., 2019). 

5. Gravity models 

Based on the above summarized observations, it appears that the 
Geoex MCG RDI19 dataset allows unprecedented observations to be 

made regarding the geometries, structures and seismic facies of key 
sedimentary and basement units. However, fundamental questions 
remain on the corresponding lithologies. In the absence of any well 
sampling, the lithology of the acoustic basement is mostly uncon-
strained, especially in the distal margin. 

5.1. Protocol 

Standard interpretation protocols often involve geophysical model-
ling at a second stage to help finalize the interpretations. The limitations 
in the approach being that any modelling is non-unique, resulting in the 
fact that various models can fit the observed data, although often only 
one is presented. To acknowledge these limitations, and investigate the 
range of possible interpretations, we proceeded to basic gravity 
modelling based on three scenarios. These have been selected to 
represent the range of possible interpretations that can be proposed for 
such rifted margin settings, including the two end-members ‘crust’ vs. 
‘exhumed mantle’ approaches (see explanation below). In this study, on 
purpose, to keep the modelling exercise the most robust and to test the 
end-member scenarios in the most objective way: 1. The geometries of 
the modelled bodies strictly correspond to the observations mapped on 
the seismic reflection profiles; 2. The experiment is kept simple and 
basic with the fewest possible bodies; 3. No modifications of the mapped 
geometries are done at modelling stage; 4. Only the density values are 
varied and no attempt is made to fit the modelled anomaly to the 
observed anomaly curves. 

Practically, the gravity modelling has been performed with the GM- 
SYS add-on tool under the GEOSFT software that allows 23/4 D 

Fig. 7. The three selected key seismic reflection profiles (Fig. 2) with the outline of the main bodies that can be delineated based on basic seismic reflection ob-
servations. UCC upper continental crust. LCC lower continental crust. AB acoustic basement. UM upper mantle. LM lower mantle. VS volcanics-sediments. SDRs 
seaward dipping reflectors. S sediments. The main uncertainties relate to the composition of the AB bodies outlined in blue colours in the distal margin. The defined 
bodies serve as direct input for gravity modelling (Fig. 8). (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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modelling. The bodies defined in the model are laterally extended by 50 
km to avoid edge effects. The models stop at 80 km depth in order to well 
capture the effects of all the bodies at depth. The observed gravity curve 
used for the modelling has been extracted from the Free Air Gravity map 
produced for the NAG-TEC project (Hopper et al., 2014). 

5.2. Input 

Fig. 7 shows the three key profiles with the outlines of the main units 
used in the modelling procedure. Sedimentary units are interpreted 

down to the top acoustic basement envelope. A distinction is made be-
tween the shallow Cenozoic interval (S1) from the deeper sequences S2 
and S3 of potentially higher density values. For instance, S3 is individ-
ualized to represent the deepest sedimentary units that are potentially 
more compacted at the base of the basins, and the outer sequences that 
can be altered / intruded by magmatic material in the outer margin. The 
presence of volcanics and seaward dipping reflectors (SDR) in the outer 
margin is modelled with the bodies labelled ‘VS’ (volcanics-sediments) 
and ‘SDR’ (see Fig. 7). The basement is interpreted in terms of upper 
continental crust (UCC) and lower continental crust (LCC) bodies in 

Fig. 8. Gravity modelling of the three selected profiles (Figs. 2 and 7). In order not to bias the modelling protocol and results, the bodies are defined based on 
observations from the seismic reflection profiles and are used directly in the modelling experiment without any geometrical modification. Only the density values are 
varied. The density values used for the sediments, continental crust and mantle bodies are standard values considered as representative of such units in the region (e. 
g. see data compilation by Peron-Pinvidic et al., 2012). The density values vary only for the AB bodies (blue colours in the distal margin). Three scenarios are tested 
according to the end-member scenarios proposed for such distal settings. See text for detailed description. (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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between the top acoustic basement and Moho envelopes in the proximal 
parts of the sections (see brownish colours on Fig. 7). Below, the mantle 
is divided into two units, an upper (UM) and a lower mantle (LM) based 
on the seismic facies change described in the above section. All these 
units are attributed constant densities with values selected as the most 
representative of the assumed corresponding lithologies for sediments 
and continental crust. See for instance the compilation proposed by 
Peron-Pinvidic et al. (2012) for the region (based on Reynisson et al., 
2010; Mjelde et al., 1998; Raum et al., 2002; Fernandez et al., 2004; 
Osmundsen and Ebbing, 2008). 

The only variables in the modelling approach are the density values 
attributed to the bodies coloured in blue in Figs. 7 and 8. These are 
labelled ‘AB’ for acoustic basement. AB1 corresponds to the uppermost 
part of the acoustic basement. It is a relatively unstructured and trans-
parent unit, often difficult to delineate with accuracy. The AB2 body 
corresponds to the basement distinguished below the Moho in the distal 
and outer margin domains, whereas the AB3 body is outlined below, 
based on the mantle high reflectivity facies mapped in the outer margin 
(Fig. 7). 

5.3. Scenarios 

As briefly introduced above, discussions about the composition of the 
corresponding rocks are still ongoing and interpretations are potentially 
very different. Unfortunately, no core constraint exists, and un-
certainties will most certainly remain for a long time since no well can 
presently attempt to sample rocks at such great depths. Depending on 
the margin domain and structural setting, lithologies can span a wide 
range of options from sediments, volcanics, upper continental crust, 
lower continental crust, intrusions, mantle, mafic underplating, etc. 
Given its structural position, the AB1 body can correspond to various 

lithologies including for instance compacted sediments and/or 
deformed continental crust and mantle. Similarly, the composition of 
the AB2 body is unconstrained. It is typically outlined in between ~8 
and 11 s-twtt - depths that should correspond to mantle rocks in these 
deep margin settings. However, the Mid Norwegian margin is recog-
nized as a margin affected by a heavy magmatic imprint at the ocean-
ization stage, so deformation, fluid circulation, hydrothermal alteration 
and magmatic intrusion / underplating are highly probable. Conse-
quently, the composition of the AB2 and AB3 bodies could also span a 
wide range of lithological ultramafic and magmatic options. 

In order to test the various hypotheses, two end-member scenarios 
have been delineated (scenario 1 - blue thin curve and scenario 2 - 
dashed purple curve on Fig. 8): 

1. Scenario 1 assumes that the continental crust is excised in the hy-
perextension sub-domain and that the distal margin is floored by 
exhumed altered mantle and covered by sediments. Along that line of 
thoughts, the AB1 body (2700 kg/m3) would correspond to a mix of 
sediments (compacted, altered, deformed and/or intruded) lying 
above an exhumed altered mantle (serpentinized, deformed). The 
AB2 and AB3 bodies would then correspond to different parts of a 
deformed mantle with attenuated densities of 3000 and 3100 kg/m3.  

2. At the other end of the spectrum of possible interpretations, scenario 
2 assumes that the distal margin is floored by continental crust and 
magmatic underplated material. In that context AB1 would corre-
spond to continental crust (density of 2750 kg/m3), AB2 to under-
plated magmatic material (the so-called LCB - lower crustal body, or 
HVLC - high velocity lower crust; density 3100 kg/m3), and AB3 to 
mantle (density 3300 kg/m3).  

3. A third scenario is then defined as an intermediate possibility. This 
scenario 3 was built selecting the densities providing the best gravity 

Fig. 9. Proposed interpretation of the selected profiles ABC. See text for further explanation. The altered basement unit is supposed to encompass combinations of 
sediments, continental crust and mantle, possibly heavily altered. 
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curve matches with no a priori assumptions on the lithologies. This 
scenario allowed for two further basic modifications to the modelled 
bodies to best fit the anomalies in the middle part of the B and C 
profiles with the addition of higher density bodies on both sides of 
the Fles Fault Complex (see green crosses on Fig. 8). 

5.4. Interpretations 

Fig. 8 highlights the good results provided by scenario 3 (green thick 
curve) - the scenarios 1 and 2 being less satisfying. Obviously, as for 
every modelling experiment, alternative geometries, other density 
values and 3D modelling approaches would give different results. As 
described above, models are non-unique. The experiment proposed here 
simply shows that intermediate alternatives with simple geometrical 
input and standard density values can explain the observed gravity 
signals, with no need for including multiple complicated bodies with 
particular physical parameters. The structural observations mapped on 
seismic reflection profiles associated with average density values are 
robust enough to generate models that satisfy the gravity observations. 

Regarding the interpretation, the values attributed to the AB bodies 
in scenario 3 are compatible with intermediate scenarios of interpreta-
tion and with numerical modelling experiments that prove the possible 

presence in these distal settings of exhumed accreted new basement/ 
crust (e.g. Lavier and Manatschal, 2006; Brune et al., 2014; Naliboff 
et al., 2017; Fourel et al., 2019). As illustrated on Fig. 9 with the label 
‘altered basement’, the AB1 body could correspond to a mixture of 
remobilized sediments and altered exhumed basement (continental 
crust and/or mantle), including the probable presence of crustal 
allochthons issued from the various rifting deformation phases. The 
hypothesis was early suggested for e.g. the outer Vøring region (Lundin 
and Doré, 1997; Ren et al., 2003; Peron-Pinvidic and Osmundsen, 2016) 
and recently confirmed by drilling results (IODP Expedition 396). 
Below, the AB2 body could correspond to an upper mantle unit possibly 
affected by some magmatic intrusions. Meanwhile, the AB3 body could 
correspond to lower mantle rocks with high densities and potentially 
some melt accumulations at some locations (e.g. the corrugated surface 
delimiting AB2 and AB3 identified on the seismic reflection profiles). 
This scenario also emphasizes the structural role of the Fles Fault 
Complex in the architecture of the Norwegian Continental Shelf. In 
addition to being a major large scale and noticeable out-of-sequence 
structure, our basic gravity modelling suggests that it is associated 
with specific local higher density values (crosses on Figs. 8 and 9). These 
can be interpreted in terms of local magmatic intrusions, with the Fles 
Fault Complex playing a favoured role in the transport and emplacement 

Fig. 10. Updated map of the Norwegian Continental 
Shelf with the outline of the margin domains: prox-
imal (dark blue), necking (green), distal (red), outer 
(light pink) and oceanic (light blue). The ABC black 
lines locate the key profiles and the thin grey dashed 
lines locate the main fault complexes (FC) usually 
presented as main bordering structures (Fles, Ytre-
holmen, Klakk, Bremstein, Vingleia). (For interpre-
tation of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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of the related melts. 

6. Map of the margin structural domains 

As illustrated with this contribution, the Geoex MCG RDI19 dataset 
allows the first comprehensive mapping of the entire Mid Norwegian 
rifted margin. The above-described analysis protocol allows the building 
of a detailed interpretation of the seismic reflection profiles, with the 
identification and mapping of the rifted margin domains, main sedi-
mentary basins and bordering tectonic structures (Fig. 9). The same 
interpretation procedure has been used for the whole dataset permitting 
the construction of a map of the margin structural domains, that is 
proposed in Fig. 10. The dark blue, green, red, pink and light blue 
polygons correspond, respectively, to the proximal, necking, distal, 
outer and oceanic domains, as defined initially by Peron-Pinvidic et al. 
(2013). 

- The inner limit of the proximal domain is mapped as the geophysi-
cally modelled 40 km crustal thickness line, mostly located onshore 
(Osmundsen and Redfield, 2011; Funck et al., 2016a; Funck et al., 
2016b; Funck and NAG-TEC-Group, 2014).  

- The proximal domain is characterized by the strong crustal division 
between the upper relatively transparent unit and the lower highly 
reflective unit. This domain of the margin is understood to be very 
much dependent on the pre-rift inheritance (Manatschal et al., 
2014). The basement is interpreted as mostly crystalline crust, 
including remnants of orogenic nappes and orogenic collapse struc-
tures and related sedimentary basins. From outboard of the 40 km 
thickness line, the basement is substantially thinned down to 20–30 
km. High levels of structural complexity with combinations of shear 
zones, detachment faults, core complexes and ultra-thinned crust are 
observed at some locations (e.g., Helgeland Basin; Peron-Pinvidic 
et al., 2020), which attest to the potential high intensity of local 
deformation.  

- The landward limit of the necking domain (green line on the Fig. 10 
map) is identified where the Moho begins to steadily rise, with a 
significant change in the seismic facies of the lower basement unit 
towards focused and converging bands of reflectors. The necking 
domain corresponds to the area of the margin where the top acoustic- 
basement and Moho core envelopes converge attesting to significant 
basement thinning and probable excision of the mid-lower crustal 
ductily deformed rocks.  

- The landward limit of the distal domain (thick red line on the Fig. 10 
map) is mapped from where the sedimentary accommodation space 
increases drastically. This increase archives the evidence for an 
important basement thinning that led to significant subsidence, 
allowing for sedimentary accumulation. Structurally, the hyperex-
tension domain corresponds to series of rotated blocks, with very 
well-defined geometries of half-grabens and tilted blocks, flanked by 
clearly identifiable faults.  

- The thin red line within the distal domain on Fig. 10 is mapped at the 
oceanward limit of the series of tilted blocks of the hyperextension 
domain. The most oceanward part of the distal domain is difficult to 
analyse as few seismic signals are observed. No top acoustic base-
ment or Moho are identified. The base of the sedimentary sequence is 
very chaotic to very much transparent and no geometry can be 
robustly delineated. The architecture of this part of the margin re-
mains thus unconstrained.  

- The landward limit of the outer domain (grey line on the map) is 
mapped where an uplift and/or back rotation of some stratigraphic 
layers are observed. This configuration is interpreted as witnessing 
the presence at depth of some structural ridges accommodating 
specific uplift-subsidence patterns, which are considered as repre-
sentative of the outer domain (e.g., Ren et al., 2003; Lundin and 
Doré, 1997).  

- A pink line is displayed on the Fig. 10 map within the outer domain 
to mark the location of the lava flows escarpment, a specific geom-
etry related to the volcano-magmatic evolution of the outer margin 
towards the oceanic domain (Geissler et al., 2016).  

- The continent-ocean boundary (COB) is represented with a light blue 
line on the Fig. 10 map. It corresponds to the boundary proposed by 
Gaina et al. as marking the definitive end of the continental envi-
ronment (the rifted margin) and the beginning of the oceanic crust s. 
s. (Gaina, 2014; Gaina et al., 2017). 

The resulting map illustrates the composite nature of the Norwegian 
Continental Shelf with well-defined structural domains. Additionally, 
the map confirms the strong structural partition existing between the 
Møre and Vøring segments. This highlights the importance of the 
structural axis delineated by the margin segments and the Jan Mayen 
Fracture Zone in the oceanic domain. In the direct inboard projection of 
that major tectonic lineament, the Frøya High appears as a pivot struc-
ture, of probably key significance for the local geodynamic evolution. 
Detailed study and mapping are needed there to correctly constrain this 
region of probable major tectonic importance (e.g. Gresseth et al., 
2021). 

This map of the structural domains also shows an interesting match 
between the margin domain limits and the fault complexes (FC) dis-
secting the margin basement and delimiting the sedimentary basins 
(medium size stippled dark grey lines on the Fig. 10 map) (Blystad et al., 
1995). For instance, the Klakk FC corresponds to the inner distal 
boundary, and the Bremstein FC to the inner necking boundary. How-
ever, some fault system appears more isolated such as the Fles FC which 
lies out-of-sequence within the distal domain of the Vøring segment. 

7. Conclusions 

This contribution summarizes a study of the RDI19 dataset provided 
by Geoex MCG. The dataset consists of 15 regional deep penetrating 
long-offset seismic reflection profiles allowing an unprecedented imag-
ing of the entire Mid-Norwegian rifted margin, including deep base-
ment/crustal units, Moho, and upper mantle. 

Our main findings can be summarized as follows:  

1. The dataset allows - for the first time - the identification, analysis and 
mapping of the entire margin architecture from seafloor to the upper 
mantle, including the lower basement/crustal units and Moho, from 
the most proximal settings to the continent ocean boundary.  

2. The top acoustic basement is well identified where the tectonic 
imprint is dominant vs. the inheritance signal, like in the necking and 
hyperextension domains where it is commonly associated with well 
imaged fault planes. Elsewhere it is regularly difficult to observe as 
there is a high level of deformation and alteration processes that may 
affect the related seismic signal, like in the distal margin domain.  

3. In the proximal and necking margin domains, the acoustic basement 
is clearly divided into an upper transparent unit and a lower highly 
reflective unit.  

4. The Moho presents seismic facies and geometrical variations directly 
matching the margin tectonic domains, from a globally diffuse 
pattern in the proximal margin, convergent in the necking domain 
and very much focused in the hyperextension domain, to a trans-
parent facies in the distalmost settings and undulating in the outer 
domain.  

5. Uncertainties remain regarding the composition of the distal and 
outer margin acoustic basement rocks. Basic gravity modelling was 
used to test end-member interpretations (crust vs. mantle vs. com-
binations interpretation scenarios). The modelling does not require 
complex geometries or particular inputs to fit the observed gravity 
curves. Standard density values and simple structural mapping lead 
to very good model results. 
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6. Based on the observations and modelling exercises, an updated map 
of the margin structural domains is proposed (Fig. 10). 

7. Our results confirm the core structural role of the Jan Mayen Frac-
ture corridor and of Frøya High as pivot structures in the global ar-
chitecture of the Norwegian Continental Shelf. 
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