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ABSTRACT:  

A series of offshore intra-basinal igneous centres have been documented across the North 

Atlantic Igneous Province including the United Kingdom, Ireland and Greenland. However, 

inconsistent cross-border terminology implies that similar features are not present in the 

Norwegian offshore which, in turns, leads to misperceptions of cross-border geological 

differences. This manuscript presents evidence for a series of Norwegian igneous centres 

and suggests a consistent non-genetic cross-border terminology. In the Møre Basin, several 

igneous centres sit close to the continent ocean boundary (COB) which have previously 

been identified as seamounts and/or „outer highs‟. To provide cross-border consistency 

these features are consolidated under umbrella terms; igneous centres or volcanic fissures. 

Further centres are likely present within the Møre Basin (east of the COB) where 3D 

seismic data were not available. In the Vøring Basin two new igneous centres, one intrusive 

and one extrusive, are identified within the continental domain. Additionally, a possible deep 

magmatic upwelling associated with the regionally significant T-Reflector is identified. These 

igneous centre end-members represent the complexity of the magmatic plumbing across the 
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Norwegian margin. With further data it is likely that further igneous centres will be 

identified offshore mid Norway.  

KEYWORDS: Igneous Centres, Volcanic Systems, Seismic Interpretation, Norway, United 

Kingdom 

Abstract Word Count: 191 

Main Body Word Count (excluding abstract, figure captions & references): 10691 
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IGNEOUS CENTRES ALONG THE ATLANTIC MARGIN 

North Atlantic breakup and known igneous centres 

Commercial and academic datasets have driven an understanding of the tectonic framework 

of the North Atlantic and associated Paleogene breakup igneous activity across the UK, 

Norway and Greenland (e.g. Talwani & Eldholm 1977; Roberts & Ginzburg 1984; White & 

McKenzie 1989; Planke et al. 2000; Lundin & Doré 2005; Gaina et al. 2017; Planke et al. 

2020; Zastrozhnov et al. 2020). As a result, a series of subsea and subsurface igneous 

centres (including extrusive volcanics and intrusive sill complexes) have been identified and 

demonstrated to be equivalent to onshore examples, such as the Skye central complex, 

through the integrated use of wells, dredge samples, seismic and potential field data (e.g. 

Rockall Trough examples of Rohrmann 2007). These include a variety of features, such as 

the near-seabed Anton Dohrn seamount in the UK Rockall Trough (e.g. Roberts et al. 2018; 

Schofield et al. 2018; Broadley et al. 2020) and deeper subsurface laccoliths such as „the 

dome‟ (Archer et al. 2005) and „Brendan‟s Dome‟ in the Erlend sub-basin (McLean et al. 
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2017). In the UK, more than 30 offshore igneous centres have been identified across the 

Atlantic Margin, from the Rockall sedimentary basin to the border area with Norway in the 

Erlend sub-basin (e.g. Emeleus & Bell 2005; Hansen et al. 2009; Á Horni et al. 2017; Schofield 

et al. 2017; Gernigon et al. 2020; Zastrozhnov et al. 2020). These have a broad genetic 

linkage to the onshore Paleogene igneous province at Ardnamurchan, on the Isles of Skye, 

Arran, Mull, Rùm and St. Kilda and in Northern Ireland (e.g. Sinton et al. 1998; Rohrmann 

2007) (Fig. 1).  

Along the Norwegian Atlantic Margin, a series of „outer highs‟ have been identified which, by 

their definition sit at the western limit of the continental crust (close to the COB) and have 

a volcanic origin, being highs relating to extrusive flows and hyaloclastites (Planke et al. 

2000). However, recently published maps of the Norwegian Atlantic Margin (e.g. Á Horni et 

al. 2017; Walker et al. 2019; Gernigon et al. 2020; Zastrozhnov et al. 2020) demonstrate a 

mismatch of terminology, and sometimes spatial identification of these features, across the 

border (Fig. 1). In this publication, the authors use analogues from the UK offshore to 

consider various igneous features across the Norwegian continental shelf (Fig. 1), identify 

igneous centres and suggest non-genetic terminology changes which can bring the 

Norwegian area into line with the rest of the North Atlantic (including Ireland and 

Greenland, cf. Á Horni et al. 2017). This includes re-examining various publications in the 

Møre Basin, where spatial inconsistencies occur between publications (e.g. Walker et al. 

2019; Gernigon et al. 2020; Zastrozhnov et al. 2020) and the identification of new igneous 

centres in the Vøring Basin. The goals of this paper are to use analogues from the rest of 

the Palaeogene igneous province to: (i) re-consider the origin of existing highs (typically 

those termed „outer highs‟); (ii) identify new igneous centres where data is available to do 

so; (iii) comment on a potential non-genetic cross-border terminology and; (iv) make a 

series of observations regarding magmatic plumbing offshore mid Norway. The identification 
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and re-classification of these igneous features is considered important to allow cross-border 

comparison and to improve understanding of the volcanic plumbing of the basin.   

Tectonic framework of Mid-Norway: comparison to Faroe Shetland and Rockall 

Basins  

Comprehensive studies of the tectonic development and framework of the UK and 

Norwegian Atlantic Margin have been provided by several authors (e.g. Osmundsen et al. 

2016; Zastrozhnov et al. 2020). However, a brief summary is provided below to provide 

context for the following seismic interpretations. 

In Norway, the Møre and Vøring Basins and equivalent outboard Norwegian-Greenland sea 

(here for simplicity referred to as Møre and Vøring areas) have an extensive tectonic 

development literature (e.g. Brekke 2000; Skogseid et al. 2000; Fernàndez et al. 2005; 

Grunnaleite et al. 2009; Osmundsen et al. 2016; Funck et al. 2017; Theissen-Krah et al. 2017; 

Peron-Pinvidic & Osmundsen 2018; Gernigon et al. 2019; Ferrand 2020; Zastrozhnov et al. 

2020a). Both the Møre and Vøring areas formed as a result of multiple rift episodes in the 

Triassic, Mid to Late Jurassic, and the Late Cretaceous to Paleogene (Brekke 2000; Færseth 

& Lien 2002) although precise tectonostratigraphic timing and models vary between 

different studies (Zastrozhnov et al. 2020). Key events forming the present structural 

configuration (summarised in Fig. 2) include Late Jurassic to Early Cretaceous and 

subsequent Late Cretaceous rifting (Lundin & Doré 1997; Brekke 2000; Theissen-Krah et al. 

2017), extensive Paleogene volcanism associated with subsequent break-up of the North 

Atlantic (UK and Norway from Greenland) (e.g. Swiecicki et al. 1998; Ferrand 2020) and 

Eocene to Miocene inversion (Mosar et al. 2002; Løseth & Henriksen 2005; Grunnaleite et 

al. 2009).  
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Millett et al. (2019) provide a comparative overview of tectonic history and volcanic styles 

between the UK (Faroe Shetland Basin (FSB)/Erlend) and Norway, suggesting that the FSB 

and mid-Norwegian basins share common elements such as generalised lithostratigraphic 

packages and break-up related volcanism timing (e.g. Planke et al. 2005; Schofield et al. 2017). 

However, Millett et al. (2019) also acknowledge that the Møre Basin exhibits thicker 

Cretaceous and Quaternary packages compared to the FSB, which suggests subtle 

differences in beta factor, rift diachroneity and post-rift subsidence from the UK to Norway 

(e.g. Gernigon et al. 2019; Fig. 2).  Millett et al. (2019) also question the change in the 

number of documented igneous centres at the national border between the UK and 

Norway, suggesting that there is a cross-border mismatch. Undoubtedly, there are tectonic 

changes between the UK and Norway areas and this will influence magmatic style (e.g. Clift 

et al. 1995; Gernigon et al. 2020). However, juxtaposed areas such as the UK Erlend and the 

cross-border Norwegian Møre Basin currently have issues with semantics and descriptions 

of magmatic processes (e.g. Millett et al. 2019). 

In Norway, various publications have attempted to link the structural development seen in 

typical hydrocarbon exploration seismic data with long-offset deep lines to generate a 

tectonic framework for rift development (Cretaceous and Eocene; Fig. 2) (e.g. Osmundsen 

et al. 2016; Ferrand 2020; Zastrozhnov et al. 2020). Precisely how these rifts formed is still 

the subject of debate. For example, although extrusive and intrusive magmatism is present, it 

is unclear whether these formed in a typical magma-rich rift style and how this style evolved 

through time (Peron-Pinvidic et al. 2019; Ferrand 2020).  

Highs on the Norwegian Volcanic Margin 

In the descriptions below, a series of highs and dome-like features are considered. In 

Norway, these elements of positive relief are typically attributed to Jurassic and/or 
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Cretaceous structuration at the edge of the volcanic sequence: (i) „marginal highs‟ possibly 

related to popping up/rotating antecedent structural highs during rift phases (Abdelmalak et 

al. 2017; Zastrozhnov et al. 2018; Millett et al. 2019) or; (ii) volcanic features generated in 

areas of thin crust/magmatic underplating („outer highs‟ as described in detail below (Planke 

et al. 2000) (Fig. 1)). These features have been identified in seismic data by mapping pseudo-

base Cretaceous (a low confidence, high amplitude marker often associated with an angular 

unconformity) and volcanic reflectors (high amplitude reflectors of various styles described 

below) which vary in confidence depending on the overburden geology. It should be noted 

that domal features are also present in the Møre and Vøring areas related to a well-

documented regional Miocene inversion, which has generated features such as the Ormen 

Lange dome (Lundin & Doré, 2002; Tuitt et al., 2010; Fig. 2A and B)). These are typically 

identified in seismic data by onlap of late Miocene and Pliocene reflectors (Mosar et al. 2002; 

Løseth & Henriksen 2005) and have a spatial separation from the structural highs described 

above and shown in Fig. 1 (see Gernigon et al. 2019). 

Definition of „igneous centre‟ and related features 

The term „igneous centre‟ was developed as an umbrella term to describe areas of intensive 

volcanic activity, which can include both intrusive and extrusive processes, with specific 

application to the Paleogene igneous province of northwest Scotland (e.g. Stoker et al. 1993; 

Emeleus & Bell 2003; Bell & Williamson 2008). Beneath this umbrella term is a range of 

process-based terminology, including magma chambers, intrusive central complexes (for 

example on the Isle of Skye; Bell & Harris 1986; Fowler et al. 2004)) and centres of extrusive 

volcanism (e.g. Bell & Williamson 2008). The processes acting in these igneous centres often 

change with time and depth, hence the use of an umbrella term to incorporate different 

phases of volcanism. For example, Emeleus & Troll (2014) describe the Rum Igneous Centre 
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by including an initial intrusive complex and subsequent caldera formation and extrusive 

volcanism. In the offshore domain, McLean et al. (2017) describe the Brendan‟s Dome 

igneous centre as both an intrusive centre (laccolith; sensu Archer et al. 2005) and 

associated extrusive fissure system. Note that many of these igneous centres are associated 

with sub-circular positive gravity and/or magnetic anomalies (e.g. Emeleus & Bell 2005). In 

recent North Atlantic maps, the term „igneous centre‟ has been applied in a similar manner 

to offshore examples across the UK, Faroe Islands, Iceland and Greenland, with the term 

including seamounts, central volcanoes, calderas and intrusive igneous complexes (Á Horni 

et al. 2017; Fig. 1). As a result, in this publication the term „igneous centre‟ is used as an 

encompassing term for a focus of long-lived intrusive magmatism and/or extrusive 

volcanism. These centres are typically, but not always, associated with positive gravity 

anomalies (dependent on filter length and adjacent features). This includes „outer highs‟, 

seamounts and non-circular features regardless of their crustal affinity (as defined by Á 

Horni et al. 2017).  In this study, features interpreted to be associated with short-lived or 

transient extrusive volcanism such as fissures are treated separately (as, for example, on the 

Isle of Skye where fissure systems are shown to be separate to igneous centres; Emeleus & 

Bell 2005). 

Definition of „outer highs‟, igneous centres and related features on the 

Norwegian Continental Shelf 

A large body of literature is available regarding the development of the volcanic stratigraphy 

of the Norwegian Atlantic Margin (e.g. Planke & Eldholm 1994; Planke & Alvestad 1999; 

Planke et al. 2000; Skogseid et al. 2000; Lundin & Doré 2005; Abdelmalak et al. 2015; Planke 

et al. 2017; Millett et al. 2019; Walker et al. 2019). This work established that extensive 

extrusive volcanism could be identified with the aid of seismic data, dredge sampling and 
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supporting gravity/magnetic data across the margin. The specific origin of the extrusive 

volcanism was considered by Planke et al. (2000) to be related to the breakup evolution: 

stepping from inner, likely subaerial explosive volcanism with associated hyaloclastites, to 

marine volcanism and (outer) seaward dipping reflector (SDR) development (see also 

Menzies et al. 2002). This latter submarine volcanism has been associated with „outer highs‟: 

positive relief features separating „inner‟ and „outer‟ SDRs with the centre of the high 

representing the eruptive centre of a volcanic buildup of sub-marine hyaloclastites and 

subsequently sub-aerial basaltic flows (see also Symonds et al. 1998; Abdelmalak et al. 2015; 

Gernigon et al. 2020; Zastrozhnov 2020; Fig. 3E). As such, these „outer highs‟ fall under the 

umbrella definition of an igneous centre as described above. This term is consistent with the 

more generic definition of a „seamount‟ (paleo- and modern) as a positive-relief feature, 

sometimes sitting on thinned continental crust (here adjacent to the continent ocean 

boundary (COB)) and acting as a centre for shallow marine extrusive volcanism (pillow lavas 

and hyaloclastites) (sensu Carey & Schneider 2011; IHO 2013; Planke et al. 2000).  

The term „outer high‟ as defined by Planke et al. (2000) has a specific genetic relationship 

with a first phase of submarine extrusive volcanism (due to crustal stretching and thermal 

subsidence), but it is suggested that not all igneous centres have a clear relationship to these 

tectonic processes. For example, Walker et al. 2019 suggest that igneous centres in the 

Erlend area are related to pre-rift (Danian to Early Thanetian) volcanism, as opposed to syn- 

or post-rift phases. In addition, there are a series of features on the Norwegian continental 

shelf which may relate to deep magmatism due to crustal thinning and possible underplating 

(sensu Osmundsen et al. 2016). Lundin & Doré (1997) suggested that structures within the 

Vøring Basin (such as the Gjallar Ridge) may be associated with Cretaceous to Early 

Palaeogene magmatic core complexes. This concept was developed with the identification of 

the regionally significant T-reflector, a deep bright seismic reflective package which, when 
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mapped over large areas of the Vøring Basin, appears to have a relationship to the Lower 

Crustal Body (LCB) and in places where it upwells, a possible magmatic origin (e.g. Gernigon 

et al. 2003, 2004; Reynisson et al. 2010; Abdelmalak et al. 2017). The true nature of the T-

Reflector is debated with Abdelmalak et al. (2017) assigning a tectonic origin related to deep 

intrusions. Much of the uncertainty is driven by the nature of the T-Reflector being highly 

variable across the basin; in places being a strong easily mappable reflector (linked to 

intrusion into ductile lower crust) and in others being less continuous and transparent 

(linked to intrusion into faulted crustal blocks).  

Note that in the Vøring Basin, there is a lack of discrete igneous centre identification, with 

the literature presenting generic models, hints of possible centres and suggestions of 

extrusive volcanism from rootless cones (e.g. Swiecicki et al. 1998; Abdelmalak et al. 2016; 

Planke et al. 2017). In this work, examples are presented of Vøring and Møre igneous 

centres (as an umbrella non-genetic term as described above) within 3D seismic data and 

the relationship between deep magmatic features and sill emplacement is considered. To 

truly re-concile the differences in terminology the genetic origin of each of these features 

would have to be known.  

It should be clearly noted that the work of Planke et al. (2000) was truly pioneering in its 

definition of igneous processes on the Atlantic margin. The „outer high‟ terminology allowed 

for descriptions of enigmatic features in relatively poor 2D seismic data prior to seminal 

papers on the evolution of the North Atlantic Igneous Province (e.g. Ritchie & Hitchen 

1996; Eldholm et al. 2002; Jolley & Bell 2002) and only a short time after frontier exploration 

drilling in the Rockall Trough (e.g. Archer et al. 2005). Equally, this contribution should not 

detract from the highly detailed work of Gernigon et al. (2019, 2020) and others on the 

tectonic framework of the Norwegian margin, which has led to considerable developments 
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in understanding regarding the development of the North Atlantic. However, given the 

increased margin wide understanding of volcanism in the last twenty years, and increased 

availability of good quality seismic data (both 2D and 3D), it is important to screen for 

unidentified igneous centres and re-visit the terminology (in a broad non-genetic sense), to 

allow cross-border comparison and integration. Specifically, this helps to consolidate 

knowledge on igneous processes across the North Atlantic and, for example, can help the 

hydrocarbon industry compare specific highs. This should be considered a first step to a 

cross-border genetic re-consideration of North Atlantic igneous systems. 

Identification of igneous centres in the Rockall and Faroe Shetland Basins 

Many igneous centres have been identified across the UK onshore and offshore west of 

Scotland, Northern Ireland and the Republic of Ireland (e.g. Fowler et al. 2004; Emeleus & 

Bell 2005; Rohrman et al. 2007; Walker et al. 2019; Broadley at al. 2020; Fig. 1). These 

igneous centres correspond to extrusive centres (typically seamounts in the Rockall Trough, 

for example) with associated intrusive igneous complexes, or are deeper features with 

magma chambers or large inflated sills (i.e. laccoliths) (e.g. Schofield et al. 2018). Typically, 

these features have been identified using gravity and magnetic data (Emeleus & Bell 2005). 

This manuscript does not aim to describe the formation of these features, however a brief 

observational framework for their identification will be presented to underpin the 

interpretation and classification of features within Norway.  

A series of well documented igneous-derived „seamounts‟ are described in the Rockall area 

(e.g. Schofield et al. 2018; Walker et al. 2019; Fig. 3A and B). For example, Anton Dohrn 

forms a positive relief feature of more than 1400 m compared to the surrounding sea floor, 

with a distinctive guyot nature (Rogalla 1962). Here, seismic velocities (3690 m/s) suggest a 

volcanic core, and dredge samples include extrusive volcaniclastics (Jones et al. 1994). 
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However, the observed erosional top suggests a strong period of uplift, levelling off and 

subsequent subsidence, which means that unlike buried examples less of the original  

geometries have been preserved (e.g. Jones et al. 1994; Schofield et al. 2018; Fig. 3A). Buried 

seamounts in the Rockall Trough include Darwin, Rosemary Bank and Sigmunder. For 

example, Darwin is a positive relief feature at approximately 400 ms below seabed (Archer 

et al. 2005). These features are typically circular or elongate ovals in plan view, vary in size 

with described radii of 10-30 km (Archer et al. 2005; Schofield et al. 2018; Fig. 1) and are 

associated with distinctive positive gravity anomalies of variable magnitude (Bott & 

Tantrigoda 1987; Passey & Hitchen 2011; Schofield et al. 2018). Magnetic susceptibility often 

changes across these features, although the precise anomaly is highly variable depending on 

the depth of burial and types/thicknesses of igneous rocks (Bott & Tantrigoda 1987). In the 

seismic domain, buried seamounts are typically associated with a capping layer of highly 

reflective packages (shown to be extrusive volcanics by well penetrations, such as 163/6-1 

(Archer et al. 2005)). Beneath these packages are seismically blank zones caused by 

geophysical issues (imaging degradation caused by signal attenuation generated by the 

extrusive volcanics) or possible geological scenarios (for example, Walker et al. 2020 

describe a solidified magma chamber). These blank zones are, where imaged, surrounded by 

moderately to highly reflective packages likely caused by mixed intrusive and sedimentary 

packages (e.g. Walker et al. 2019). The extrusive volcanics typically emanate from a single 

point or linear source so that, in a 2D section, packages of lavas can be mapped thinning 

away from the crest. Examples of such geometries have been described generically by 

Schmidt & Schminke (2000), at Darwin (e.g. Archer et al. 2005) and in an example from the 

Norwegian Møre marginal high (Walker et al. 2019; Fig. 3B).  

A second group of features has also been described in the UK offshore, related to deeper 

intrusive complexes (dense sill networks, sill inflation and/or frozen magma chambers). In 
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the Rockall Trough, well 164/7-1 tested a circular dome-like structure with a radius of 

approximately 10 km and a positive gravity anomaly (Archer et al. 2005; Rohrman et al. 

2007; Fig. 3D). The well encountered a series of igneous intrusions and subsequent gravity, 

magnetic and seismic modelling demonstrated the likely presence of a laccolith: a series of 

intrusives with one or more inflating igneous layers causing doming and uplift of the 

overlying strata (e.g. Jackson & Pollard 1988; Archer et al. 2005). In this example, the 

associated uplift is estimated to be 2.5 km, with related erosion of Paleocene and Upper 

Cretaceous strata (Archer et al. 2005). Seismically, this uplift phase has manifested as the 

development of an angular unconformity between the near-top Paleocene and the 

underlying truncated Cretaceous reflectors. McLean et al. (2017) described a similar feature, 

Ben Nevis, in the Erlend area of the FSB (UK extension of the southwest Møre) where an 

elongate circular to ridge-like structure approximately 10-15 km across is interpreted as a 

laccolith (Fig. 3C). This is evidenced by a well penetration (219/21-1 encountering a series of 

igneous intrusions and mudstones), seismically mappable intrusives forming a christmas-tree 

arrangement, and truncation of Cretaceous seismic markers against a base extrusive 

unconformity surface. The base basalt surface also exhibits mappable erosional channels 

generated during uplift and subaerial erosion (McLean et al. 2017). In this example, it is more 

difficult to relate gravity and magnetic anomalies to the Ben Nevis structure due to 

overprinting caused by the nearby Brendan‟s extrusive volcanic centre. However, it is 

demonstrated that a link exists between these deep intrusive features and the overlying 

extrusives through a series of monogenetic volcanic edifices (forming the Ben Nevis 

Monogenetic Volcanic Field), likely facilitated by a deep-seated lineament (McLean et al. 

2017). 

These examples form the typical style of igneous centres found in the UK Rockall and Faroe 

Shetland Basins. Traditionally gravity and magnetic data is used to define these centres (e.g. 
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Passey & Hitchen 2011; Á Horni et al. 2014) but, with increasingly improved seismic data 

and analogue databases, it is possible to use observations such as packages of reflectors and 

their terminations and amplitudes to propose new igneous centres (sensu McLean et al. 

2017; Broadley et al. 2020).  

DATASETS AND METHODS 

For seismic observation and interpretation, a dataset of 2D and 3D seismic data (here 

simplified to those with relevance to the outboard Møre and Vøring) was utilised, 

summarised in Fig. 4. In terms of 2D seismic data, a large set of released lines were used 

including various vintages of surveys (2005 to 2010). In terms of 3D seismic data, a total of 

16 separate released surveys were used of various vintages (2003 to 2008) with variable 

quality depending on acquisition parameters and basalt thickness. Key seismic datasets are 

listed in Table 1. Underpinning this seismic observation, a series of gravity and magnetic 

maps have been utilised (regional scale examples in Fig. 5). Gravity data utilised includes a 

series of different bandpass filters (50, 100 and 200 km) on Bouguer Residuals (TGS) 

supported by regional datasets from the International Gravimetric Bureau (BGI 2020) and 

Olesen et al. (2010). The magnetic data includes a series of residuals and horizontal gradient 

calculations (derived from regional grids originally provided by „Frogtech Geoscience, 2001‟). 

Where possible, released well data (NPD 2020) was also incorporated to guide horizon 

interpretation or make observations on, for example, geothermal gradients.  

Seismic and non-seismic data were used to screen for igneous centres and, in the case of 

possible identification, make observations about size and geometries before further horizon-

based interpretation and sculpting (applying seismic transparency filters) workflows. Key 

horizons were picked where needed including „seabed‟, top extrusives, base extrusives, top 

Paleocene, top Cretaceous, base Cretaceous and intrusive markers within the Cretaceous 
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and Paleogene packages. Where possible, 3D seismic sculpts were also generated in Petrel 

2018. Using these products, a series of observations have been made on structural 

size/shape, associated gravity/magnetic anomalies, seismic packages, truncations and 3D 

relationships. Note that estimates of depth have been made generically using First Geo‟s 

hiQbe (a regionally gridded velocity model). There is considerable uncertainty in basalt 

velocities (and base basalt picking) throughout such that thicknesses and depths are 

provided only as a guide. These were compared to known examples from elsewhere on the 

margin before an interpretation was made. It is acknowledged that although all data available 

to the authors was incorporated into the evaluation, further data (including large 3D seismic 

surveys) exist across the Norwegian continental shelf which could be included in follow up 

studies. This will likely lead to the identification of further igneous centres and possible 

further re-classification of the features described here. 

OBSERVATIONS AND INTERPRETATIONS  

A sequence of observations and subsequent interpretations of the possible origin of „positive 

relief features‟ along the Norwegian Atlantic Margin are presented here, with comparison to 

relevant examples from the UK continental shelf. For clarity, these features are grouped 

into different geographical areas, from the southern Møre Basin (adjacent to the UK 

continental shelf) to the northern Møre Basin and then the Vøring Basin (Fig. 1). The 

borders between these areas are defined by the break-up fracture zones/lineaments of 

Færseth & Lien (2002) and Lundin & Doré (2005).  

Area 1: “Southern Møre Margin” 

Defined as a zone from the UK-Norway continental shelf border to the Norwegian Sea 

lineament (Færseth & Lien 2002), a large number of „highs‟ have been identified in various 

publications within the volcanic portion of the southern Møre Basin (e.g. Á Horni et al. 
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2017, Walker et al. 2019; Gernigon et al. 2020, Zastrozhnov 2020). Zastrozhnov et al. 

(2020) assign this general area to the Bylgja Basin and transitional crust eastwards of the 

continent ocean boundary. It is observed that the group of three „outer highs‟ identified by 

Gernigon et al. (2020) (see also Zastrozhnov 2020) have a close (but not exact) spatial 

comparison to the seamounts of Walker et al. (2019). A selection of these features is re-

considered here. Note that the analysis has been constrained to Norwegian features as, for 

example, Walker et al. (2019) also interpret three seamount features straddling the UK and 

Faroes continental shelf.  

Svöll High 

The feature in Fig. 6 is a circular to kidney-shaped high (approx. 14 km west-east and 27 km 

north-south, see also Fig. 4), identified as the Svöll High by Gernigon et al. (2020). A broad 

domal structure is observed at a depth of approx. 0.75 seconds (approx. 600-800 m) below 

seabed using 2D seismic data. High amplitude reflective packages (up to 1 second thick) 

form wedges either side of the dome, thinning (to less than 100 ms) at the centre of the 

dome. These packages are interpreted as extrusive basalts on the basis of being a hard-

topped high amplitude interval which can be directly tied to known examples (sensu 

Rohrman 2007; Planke et al. 2017; Millett et al. 2019; Walker et al. 2019; Fig. 3B). A series of 

deeper, cross-cutting high amplitude hard (with strong soft pre-cursor) reflectors with a 

general dip towards the centre of the domal structure are also observed and interpreted as 

intrusive sills (sensu Smallwood & Maresh 2002; Thomson & Hutton 2004; Mark et al. 2018). 

The gravity response over the 2D line describes a circular to elliptical high, whilst the 

magnetic response decreases from weakly positive to weakly negative from northwest to 

southeast (Fig. 6).  
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The wedges of extrusive volcanics around a central high show a strong similarity to the 

nearby seamounts described by Walker et al. (2019) (Fig.1), with the central thinner area 

representing the former volcanic edifice. It is also possible that a thicker sequence of 

extrusives was present over the high which was subsequently uplifted and eroded with some 

possible truncations of the extrusive reflectors noted (sensu McLean et al. 2017). However, 

the orientation of intrusives (emanating from a central feature), the coincident gravity high 

and position adjacent to the thinned crust of the COB suggests an extrusive origin is likely 

and hence fall under the umbrella non-genetic term of „igneous centre‟. Note that Walker et 

al. (2019) include a series of other features nearby based on mapped geometries (plus 

gravity/magnetic responses) using seismic data which was not available to this study (Fig. 1). 

In the available seismic data, these igneous centres have only been identified in the outboard 

area close to, or west of, the continent-ocean boundary. 

Area 2: “Northern Møre Margin” 

Defined as a zone from the Norwegian Sea lineament (Færseth & Lien 2002) to the Jan 

Mayen corridor or lineament (e.g. Torske & Prestvik 1991; Færseth & Lien 2002; 

Zastrozhnov et al. 2020), this area includes six different previously defined „outer highs‟ with 

further inboard „marginal highs‟ such as the Kolga High (e.g. Á Horni et al. 2017; Millett et al. 

2019; Gernigon et al. 2020). Zastrozhnov et al. (2020) assign this general area to the 

northern extension of the Bylgja Basin, and transitional crust eastwards of the continent 

ocean boundary. These features are re-considered here, moving from southwest to 

northeast, where data were available to the authors. 

Gjar High 

Fig. 7 shows a 2D seismic line across a feature, labelled the Gjar (outer) High by Gernigon et 

al. (2020) (see also Zastrozhnov 2020). This is a roughly circular-shaped structure with two 
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peaks (approx. 16 km diameter) at 100-300 ms (approx. 100-350 m) below seabed. A series 

of high amplitude reflective packages, approx. 100-500 ms thick, are observed draping the 

structure with thinning onto the highs. As elsewhere on the margin, these packages are 

interpreted as extrusive basalts due to their high amplitude (top = hard) response and 

layered nature. Where the data suffices (Fig 7), a series of sub-extrusive high amplitude 

dipping reflectors are also observed which, as in Fig 6, are considered intrusives. Both 

gravity and magnetic responses over the 2D line shown in Fig 7 describe a high coinciding 

with the structural feature. 

As in the example above, the geometry, gravity/magnetic response and wedges of extrusive 

volcanics show a strong similarity to seamounts described by Walker et al. (2019). These 

elements also tally with an interpretation as an „outer high‟ (Planke et al. 2000), but in order 

to apply consistent terminology across the margin, it is here labelled non-genetically as an 

igneous centre. Further work would be needed to confirm a genetic interpretation which  

should be applied across the whole margin. It should again be noted that subsequent uplift 

and erosion may mean the geometries and package thicknesses observed in the seismic data 

are not representative of the original extrusive feature (sensu Francis 1983). 

‘Nora’ 

West of the Gjar High (Figs. 1 and 4) another feature is described as an „outer high‟ in 

recent maps (e.g. Gernigon et al. 2020), here termed „Nora‟. This is a distinct ridge-like 

positive relief feature, approx. 7 km across and 750 ms below seabed (Fig. 8). As elsewhere, 

a series of high amplitude reflective packages (50 – 200 ms in thickness) are associated with 

the feature and appear to form a westerly-dipping wedge. There is a weak gravity high 

slightly offset (approximately 5 km east) from the structure, whilst the magnetic response 

shows a clear high as part of a 95 km long southwest-northeast trending ridge. According to 
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the map of Gernigon et al. (2020) this feature sits on oceanic crust, beyond the COB, as 

opposed to the Gjar High which sits inboard of this transition. 

The wedge-like geometries of the reflective packages in this area, the sharp faulted high and 

gravity/magnetic response share similarities with described examples of faulted SDRs and 

associated wedges in the oceanic crust domain (sensu Soto et al. 2011; Clerc et al. 2018; 

Franke et al. 2019). Although Nora may have a magmatic origin (for example, a possible 

centre of fissure volcanism) it does not match the descriptions of „outer highs‟ as proposed 

by Planke et al. (2000) as there is not a clear association with regards to the „separation of 

inner and outer flows‟. Using the data available it is not possible to classify this feature as an 

igneous centre, although it may be part of a wider magmatic plumbing system. 

Three features adjacent to the Jan Mayen lineament 

Fig. 9 shows a 2D seismic line crossing three features all identified as outer highs by 

Gernigon et al. (2020) (Figs. 1 and 4). The western feature is a slightly elongate broad high 

measuring approximately 6 km north to south, and 12 km west to east, at 1250 ms below 

seabed (approx. 1500 m). Here, the highly reflective packages can be interpreted to exhibit 

a dominant wedge-like geometry with possible capping extrusives thickening above these 

wedges. The gravity response is inconclusive, being at the edge of a broader gravity high, 

whilst the magnetic response appears, like Nora, to be part of a larger high forming a 

southwest-northeast ridge. According to Gernigon et al. (2020), this feature sits on oceanic 

crust beyond the COB.  

Although the shape of this high differs from that in Fig. 8, the general packages of high 

amplitude reflectors describe SDR wedges in a similar manner. Localised differences may 

suggest an extrusive fissure system. However, as per Nora, this feature does not match the 
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descriptions of „outer highs‟ as proposed by Planke et al. (2000). Using the data available it is 

again not possible to classify this feature as an igneous centre. 

The central feature in Fig 9 is an elongate broad structure which, in the mapping of 

Gernigon et al. (2020) (Figs. 1 and 4), is an elongate „peanut‟ -shaped broad dome 

approximately 26 km north to south and 8 km west to east, with a peak approximately 300 

ms below seabed (around 300-400 m). In Fig 9 a series of highly reflective packages, again 

considered to be extrusive volcanics, have significant rugosity but with likely thickening to 

the west(?) and east away from the central feature. Using a 50 km bandpass, a discrete 

gravity high can be seen whilst the magnetic response is highly variable with a strong 

relationship to the underlying Jan Mayen lineament and the transition from continental to 

oceanic domains (e.g. Gernigon et al. 2020). 

It is proposed that this central feature, although complex, is similar in style to the Gjar High 

in the southern Møre area. The broad dome-like shape, in combination with extrusives 

likely emanating from a central point and an associated gravity high, would allow for 

classification as a seamount or „outer high‟ and non-genetically as an igneous centre. It is 

recognised that there are likely two linked igneous centres within the „peanut‟-shaped larger 

polygon. This complexity could be attributed to the underlying Jan Mayen lineament which 

was developing as part of the broader volcanic system, hence potentially creating a complex 

magmatic plumbing system; this could also explain the presence of the possible fissure 

system in the western feature of Fig. 9 (similar to the Icelandic systems described by 

Einarsson 2008 and Khodayar et al. 2020). 

The eastern feature in Fig. 9 is a small (4 km diameter) circular positive relief feature at 

around 600 ms below seabed (around 600-800 m). The available 2D seismic data shows a 

mounded feature, with approximately 250 ms between a set of moderately reflective basal 
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markers, topped by a transparent seismic interval with a capping layer of hard, highly 

reflective horizons. The feature is surrounded by highly reflective packages which occur as a 

thin (50-100 ms) consistent layer to the east with increased thickness (up to 300 ms) to the 

west, with possible wedging towards the flank of the central feature (Fig. 9). It appears that 

these highly reflective packages continue at the same level across the central mound but 

weaken in amplitude because of the highly reflective packages above. These overburden 

horizons appear to onlap onto the packages below. The feature does not have a strong 

gravity response (being overprinted by the nearby central feature) and exhibits a magnetic 

low. As above, this feature sits directly above the Jan Mayen lineament (e.g. Gernigon et al. 

2020).  

This feature is more enigmatic than others on the margin. The basal layers appear to 

demonstrate links to the highly reflective packages, interpreted as extrusive volcanics. By 

onlapping onto the layers below, and if also interpreted as extrusive volcanics, the upper 

highly-reflective packages suggest a later second stage of flows - possibly mid-late Eocene, 

although no well is available to tie a specific age marker. The internal transparent packages 

could, in an igneous interpretation framework, represent volcaniclastics such as 

hyaloclastites (e.g. Abdelmalak et al. 2016; Planke et al. 2017). The size, steep sides and 

transparent internal packages show similarities to examples of Surtseyan monogenetic 

volcanism (e.g. Kokelaar 1983; Corcoran & Moore 2008; Schipper et al. 2015). However, 

Sudilovsky (2018) demonstrated that Surtsey is associated with a strong (over 500 mG) 

gravity high (and a broader magnetic high; 30-60 nT) which is not consistent with the 

anomaly in this feature (although this may be because the signal is swamped by larger 

elements such as the central feature). Other interpretations are possible for the capping 

hard markers, including carbonate buildups, although no such features are documented 

along the margin. Considering this evidence, the eastern feature in Fig. 9 is considered an 
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igneous centre, with tentative classification as a monogenetic extrusive volcano. As stated 

above, this feature is considered to be an „outer high‟ by Gernigon et al. (2020). However, 

based on the original classification by Planke et al. (2000), this feature should not be 

considered an „outer high‟ as it does not clearly separate „inner‟ and „outer‟ SDRs and does 

not have a clear relationship to early submarine volcanism. In summary, this area (Fig. 9) 

exhibits a series of volcanic features with a central igneous centre (possibly migrating 

through time), with evolving fissure systems and possible extrusive Surtseyan-style 

volcanism around this, driven by the development and complexity of the Jan Mayen 

lineament.  

In the Northern Møre area it is noted that, using the available seismic data, igneous centres 

(in this area specifically interpreted as seamounts, with possible related fissure systems and a 

monogenetic volcano) have only been identified in the outboard area (close to the COB of 

Gernigon et al. (2020) or along the Jan Mayen Lineament). No igneous centres have yet been 

identified inboard of this. 

Area 3: “Vøring” 

Defined as a zone from the Jan Mayen lineament in the south (e.g. Torske & Prestvik 1991; 

Færseth & Lien 2002; Zastrozhnov et al. 2020) to the Bivrost lineament in the north (Fig. 1; 

Zastrozhnov et al. 2020) the Vøring is a generic name for an area including various basinal 

synclines and highs both inboard and outboard of the basaltic feather edge including the 

Vøring Plateau, Margin and Marginal High (e.g. Mogensen et al. 2000). The outboard sub-

basalt area includes various identified grabens and highs including, for example, the Fenris 

Graben, Skoll and Grimm Highs (e.g. Planke et al. 2017; Zastrozhnov et al. 2020). In the far 

outboard, close to the COB, various long linear highs have been identified as „outer highs‟ 

by Berndt et al. (2001) using sparse 2D seismic data and extrapolation between these lines 
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using gravity maps. These features are described as a large, broad elongate dome (48 km 

southwest to northeast, 16 km northwest to southeast, with a top structure less than 100 

ms below seabed) and an arcuate ridge (174 km in length by 17 km in width) (Fig 1). These 

„outer highs‟ are broadly consistent with the framework of Planke et al. (2000) although 

much larger than typical examples within the Møre Basin. The current study did not have 

access to seismic data over these structures and hence is unable to consider these features 

with respect to the current re-classification. It is likely, based on the size and shape of these 

features and comparison to Møre, Faroe-Shetland and Rockall Basin examples, that there is 

more complexity to be understood here (cf. Berndt et al. 2019). Within the inboard Vøring 

area, Bergslien & Syvertsen (2015) described, for example the Ygg High, as an „outer high‟ 

but this is not identified as such in margin-wide maps (e.g. Gernigon et al. 2020) and sits 

within the „basin proper‟ (i.e. continental crust domain); it would therefore not fit into the 

genetic definition proposed by Planke et al. (2000). As described above, both Abdelmalak et 

al. (2015) and Planke et al. (2017) hint at the existence of further igneous centres within the 

Vøring area, but none have been formally identified. Using the available data, it has been 

possible to identify three features which may represent igneous centres and a possible 

continuum of magmatic and extrusive processes within the inboard part of the Vøring 

escarpment. 

Ygg High 

Fig. 10 shows a feature at a location identified as the Ygg High on the northern flank of the 

Fenris Graben (Bergslien & Syvertsen 2015; Planke et al. 2017). For clarity, this high has not 

previously been classified as an „outer high‟ or igneous related feature as it sits inboard of 

the COB. The Ygg High is covered by 3D seismic data allowing for detailed seismic 

observation, interpretation and sculpting. This feature is a 28 km in diameter circular to 
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elliptical positive relief feature approximately 500 ms below seabed (500-700 m). In seismic 

section (Fig. 10A, B), this positive relief is draped by highly reflective packages considered, as 

elsewhere on the margin, to be extrusive volcanics (see below for confirmation in ODP well 

6702/12-U-1); these packages appear to thicken away from the crest of the structure (whilst 

acknowledging the uncertainty on a base basalt interpretation). Mapping of top extrusives 

(confident pick) demonstrates one central high, whilst mapping of base extrusives 

(moderately confident to difficult pick) (Fig. 10C) shows two separate highs with a saddle 

between (possibly faulted). Fig 10C also shows a thickness map between these two 

horizons, which demonstrates thinning onto an area in the vicinity of the northwest high, 

with some complexity in the distribution of the extrusives. The overburden above the 

extrusives shows thinning (likely in the Eocene to Oligocene section although no local well 

tie is available) over the Ygg High, suggesting it was a positive relief feature at this time. It is 

therefore likely that the crest underwent some erosion, possibly creating the complexity 

seen in the thickness maps. Sculpting of the 3D seismic data (Fig. 10B) demonstrates further 

intricacy in the high amplitude packages, with an apparent initial set of flows emanating from 

the south-eastern area of the high before later flows move across the rest of the structure. 

Additionally, this sculpted view enables analysis of a series of high amplitude hard cross-

cutting reflectors in the sections below the extrusives (interpreted as a series of sills). There 

is not a clear relationship seen between the sill geometries and the Ygg High itself. Using a 

50 km bandpass gravity map, a small positive anomaly is seen to coincide with the Ygg High, 

although higher amplitude anomalies are seen in the surrounding area. The feature exhibits a 

strongly negative magnetic response over the high itself, quickly increasing to positive off the 

crestal part of the high. 

Observations, such as thickening of the extrusive packages away from a central high with 

clear downflank flow directions, combined with a strong gravity response and a magnetic 
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response that possibly reflects thickening away from the high, suggest that the Ygg High 

represents an extrusive volcanic centre with strong similarities to described examples, such 

as the Erlend centre (Walker et al. 2020). Complexities exist here in understanding the 

erosional history, and whether the emanation point evolved and moved through time. 

However, this feature is classified generically as an igneous centre at the edge of the Vøring 

escarpment. 

Skoll High 

Fig. 11 shows a feature at a location identified as part of the Skoll High (Planke et al. 2017) 

on the northern flank of the Fenris Graben. The extrusive volcanics and general geometries 

here were described by Planke et al. (2017), sub basalt sills and vents were recognised by 

Angkasa et al. (2017) and a series of ODP/DSDP boreholes provide some control on the 

overburden and, in the case of hole 642 (6702/12-U-1), the extrusive sequence (ODP 1987). 

As this feature sits inboard (east) of the COB this is not considered as an „outer high‟. In 

seismic section, this feature is a broad elongate dome (12km from northwest to southeast 

and 35 km southwest to northeast) at around 750 ms below seabed (750 – 900 metres) 

(Fig. 11A). Note that the southwestern part of this structure illustrates the clearest 

examples of the features described here (20 km southwest to northeast) (Fig. 11 C). A 

series of high amplitude reflectors are seen draping the structure which are the basaltic 

extrusives described in detail by Planke et al. (2017) and penetrated nearby by ODP 642. At 

the base of this sequence (base basalt) a strong soft seismic marker is seen as the base of 

the extrusive sequence. Planke et al. (2017) described numerous channels seen on the top 

basalt surface but, in addition, channelisation can be recognised at this base basalt level (Fig. 

11 B, 0.75 km in width). Below the base basalt, several seismic reflectors can be recognised 

which truncate against the base basalt, with an apparently strong erosional event at this level 
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(according to ODP (1987), the base of the extrusives is considered to be the earliest 

Eocene sequence). Note that although some of the higher amplitude sub-vertical features 

may be dykes (sensu Phillips et al. 2018) it appears that sedimentary strata are also folded 

and truncated. The remainder of the (uneroded) packages below the base basalt form the 

core of the dome-like feature, with variable dip directions. It is likely there is considerable 

complexity in this section which cannot be determined due to imaging issues caused by the 

extrusive cover. However, as above, sculpting of the 3D seismic data reveals several high 

amplitude cross-cutting markers (in the hypothesised Cretaceous to Paleocene section) 

considered to be intrusive sills. These sills exhibit a spatial distribution adjacent to the high 

(Fig. 11 C). Observations of gravity data over the Skoll High show a lack of positive or 

negative response, being at the flank of a larger positive anomaly to the northwest. A series 

of magnetic anomaly variations show a positive response in the southwestern area of the 

structure, coincident with the clearest seismic truncations against base basalt. 

The size of the southwestern area of the Skoll High, in combination with channelisation at 

base basalt level, truncation against that surface and a large number of intrusives, shows 

close similarities to descriptions of Brendan‟s Dome (McLean et al. 2017; Fig. 3C) and „the 

dome‟ (Archer et al. 2005; Rohrmann 2007; Fig. 3D) in the UK. These examples also do not 

have a strong inherent gravity response and have a complex but generally positive magnetic 

anomaly. These analogues have been associated with doming due to the intrusion and 

inflation of a large „christmas-tree‟ network of sills, termed a laccolith. Field examples of 

laccoliths with observations of doming and truncation of the overburden are found in the 

Henry Mountains (Utah, USA; Jackson & Pollard 1988), in addition to similar examples of 

igneous complexes in northwest Scotland (e.g. Skye; Fowler et al. 2004 and Mull; Mathieu & 

v. Wyk de Vries 2009). In the case of this part of the Skoll High (as per offshore analogues), 

it is not possible to image a sill network, or laccolith, directly beneath the dome. 
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Furthermore, high quality seismic data would be required to confirm this interpretation. 

However, the presented evidence and comparison to examples along the margin suggest 

this interpretation is likely and allows for another igneous centre to be defined within the 

Vøring area. In this case, the centre exhibits deeper intrusive processes as opposed to the 

extrusive centre proposed for the Ygg High. 

Dalsnuten 

A more enigmatic and debated regionally significant feature within the Vøring is the deep, 

high amplitude hard event described as the T-reflector (e.g. Gernigon et al. 2003; 

Abdelmalak et al. 2017). Here the T-reflector is considered in one area of the Vøring Basin 

where it forms a distinct „positive relief‟ feature within 3D seismic data (Fig. 12) around well 

6603/5-1S (named „Dalsnuten‟; NPD 2020). Comparable features elsewhere in the Vøring 

are described by Gernigon et al. (2003), although it is noted that observations and 

interpretations made for Dalsnuten may not apply to superficially similar examples 

elsewhere in the area. The large 4-way dip closure drilled by 6603/5-1S is located on the 

South Gjallar Ridge between two areas of Paleogene extrusive volcanics (e.g. Zastrozhnov et 

al. 2020), with the T-reflector feature in the deep section below. In seismic sections over 

Dalsnuten (Fig. 12A) the T-reflector appears as a variably low to high amplitude hard event 

forming a high, deepening to 7.5-8 seconds below seabed to the east, 5 seconds below 

seabed over the structure and flattening to 5.5 to 6 seconds below seabed to the west. 

Abdelmalak et al. (2017) estimates the crest to be around 10.5 km below seabed. At the 

peak, two distinct highs are noted with a distinct intervening low (around a 100 ms 

difference), although it is not clear if this is a seismic processing artefact. In the overburden, 

a thick Mesozoic section exhibits a complex faulting pattern and is eroded at Upper 

Cretaceous level. 6603/5-1S shows that a large section of Maastrichtian (Springar Fm. of 
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Fjellanger et al. 2005; NPD 2020) has been eroded at the well location. The Paleocene to 

Miocene section shows thinning and onlap onto the central structure which results in, for 

example, a thin (50 m) Paleocene section at the well location. When sculpting the 3D 

seismic volume, the T-reflector appears as a strong high amplitude marker in a roughly 

circular shape of 30-40 km diameter around the central crest (Fig. 12 B). In the overburden, 

a series of hard, highly reflective markers can be seen in section view, with typical 

amplitudes and geometries associated with intrusive sills (e.g. Smallwood & Maresh 2002; 

Thomson & Hutton 2004; Abdelmalak et al. 2015; Schofield et al. 2018). In a 3D sculpted 

view, these sills are shown to sit around the central high which may suggest the high was in 

place before intrusion with the sills intruding sediments surrounding it (sensu Walker et al. 

2020) (Fig 12B). The Dalsnuten structure is associated with a gravity high using a 50 km 

bandpass, but there is no apparent fit to a magnetic anomaly. Well 6603/5-1S is also 

associated with a high geothermal gradient (53°C/km) although the mechanism and 

relationship with other wells in the Vøring area (with geothermal gradients between 38 and 

59°C/km) is unclear. 

Confident interpretation of the Dalsnuten T-Reflector feature is more difficult. The very 

hard and clear nature of the T-reflector in parts of the Vøring have previously been 

associated with magmatic rocks, with specific analogues presented from Greenland, Jan 

Mayen and the Barents Sea (Osmundsen et al. 2016; Abdelmalak et al. 2017). Based on the 

observations of size, shape, gravity response and updoming described above, a magmatic 

origin is a possibility. The erosion and stratal thicknesses suggest strong updoming in 

Paleocene times, possibly starting in the Upper Cretaceous. Although not strictly falling 

within the definition of an igneous centre, Dalsnuten may represent the first stages of 

magmatic upwelling and chamber development potentially allowing magma to be transferred 
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from deeper intervals into the Vøring sedimentary basin supplying the extensive sill 

networks seen across the basin (sensu Walker et al. 2020).  

In contrast to the Møre area, where only 2D seismic data were available to the authors, the 

Vøring shows a series of inboard igneous centres and related features within the continental 

crust domain. This is in addition to the „outer highs‟ recognised by Berndt et al. (2001) in the 

outboard. Note that 3D seismic data is considered the enabler for identification of inboard 

igneous centres which allows for the observation of, for example, subtle truncation 

relationships, erosion surfaces and amplitude variations. 

SUMMARY OF INTERPRETATIONS 

Structural features (which likely have a relationship to igneous processes) within the Møre 

and Vøring Basins have been interpreted using a classification framework developed in the 

FSB, Rockall Basin and other areas of the North Atlantic Margin (e.g. Emeleus & Bell 2005; Á 

Horni et al. 2017; Schofield et al. 2018; Walker et al. 2019; Broadley et al. 2020). The aim has 

been to bring interpretations and terminology within the Norwegian offshore into line with 

the rest of the margin, to attempt to solve inconsistencies between publications (e.g. 

Walker et al. 2019; Gernigon et al. 2020; Zastrozhnov 2020), and to identify new igneous 

centres where possible. It is hoped that the identification and understanding of these 

igneous centres sheds light on (deep to shallow) magmatic processes within the Norwegian  

volcanic margin although further work is needed to generate a true genetic comparison 

across the North Atlantic. In this section, an overview of the Møre and Vøring areas is 

presented before the implications are discussed. 

“Southern and Northern Møre” 
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For simplicity, here the southern and northern Møre areas are grouped together. Using the 

currently available data, a number of igneous centres are identified within the Møre Basin 

(Fig. 13). These are all interpreted to be associated with extrusive volcanism on thinned 

continental crust close to the COB (e.g. Zastrozhnov et al. 2020). In general, these confirm 

their association with „outer highs‟ (as defined by Planke et al. 2000It is noted that not all the 

identified centres coincide with previously recognised features, with several additions being 

suggested (see also Walker et al. 2019). Additionally, a number of the features previously 

identified as „outer highs‟ are proposed to be related to extrusive fissures (sensu Eason & 

Sinton 2009) rather than discrete igneous centres. In the Northern Møre area, additional 

complexity in interpretation appears to relate to the underlying Jan Mayen lineament, with 

possible fissuring and volcanism evolving through time both in the thin continental and 

oceanic domain. 

The authors only had access to 2D seismic data across much of the Møre area and, with 

additional 3D seismic datasets, it is likely that more seamount features could be defined. It 

may also be possible to identify other intra-basinal igneous centres such as those described 

in the adjacent Vøring Basin and Erlend area (e.g. McLean et al. 2017; Walker et al. 2020). 

 “Vøring” 

Two igneous centres are identified within the Vøring Basin, in addition to the outer highs of 

Berndt et al. (2001) and a possible deep plumbing system at Dalsnuten (Fig. 13). These have 

a wider variety of styles when compared to the Møre examples, including a possible 

magmatic upwelling (Dalsnuten), sill networks forming a proposed laccolith (Skoll High), and 

extrusive centres (Fig. 14). The features described in this work are found in the intra-basinal 

continental domain as opposed to the COB related seamounts described in the Møre 

(Gernigon et al. 2020: Zastrozhnov 2020). Again, the number of identified igneous centres is 
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restricted by data availability and further features are likely to exist; for example, Gernigon 

et al. (2003) described a series of T-Reflector upwellings with similarities to Dalsnuten.  

DISCUSSION 

Spatial distribution of igneous centres 

Millett et al. (2019) noted a potential inconsistency in the lack of identified igneous centres 

in Norway when compared to the adjacent UK offshore. For example, the Rockall and FSB 

exhibit a large number of intra-continental igneous centres in the form of seamounts, 

volcanoes and igneous complexes (e.g. Emeleus & Bell 2005; McLean et al. 2017; Schofield et 

al. 2018; Broadley et al. 2020; Walker et al. 2020) whilst this classification is not utilised in 

Norway (e.g. Á Horni et al. 2017; Gernigon et al. 2020). In this work it is demonstrated that 

there are, by definition, a series of igneous centres in the Norwegian Møre Basin but intra-

continental magmatism is restricted to the Vøring. It is suggested that this inconsistency is 

related to the available seismic data rather than any geological change. Only with good 

quality seismic data has it been possible to identify the geometries and amplitudes associated 

with, for example, intrusive centres such as the Skoll High. As such, with higher resolution 

3D seismic data it may be possible to discover further features within the Møre Basin. It is 

likely that the spatial distribution of these igneous centres is, at least in part, related to 

underlying transform zones and lineaments with further complexity generated by the 

evolution of these features (e.g. North Møre centres and their relationship to the underlying 

Jan Mayen lineament). This is the case in the Rockall Basin and in other margins with igneous 

emplacement and is thought to relate to localised crustal thinning at these transform zones 

which allows magma to transfer more easily into the overburden (e.g. Archer et al. 2005; 

Lawrence et al. 2017).  

Cross-border framework 
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By applying non-genetic terminology to the described volcanic features it is possible to 

define a series of Palaeogene igneous centres of similar character across the UK and 

Norwegian offshore. Fig. 13 illustrates an update of the map of Á Horni et al. (2017). This 

simplified framework allows easier application of tectonic and magmatic analogues across 

the whole margin. Undoubtedly there is more complexity in defining genetic relationships 

(in style and timing of magmatism) between the UK and Norway (sensu Hansen et al. 2009; 

Millett et al. 2019). There are also differences in rift beta factors and distance from the 

dynamic Icelandic „plume‟ so that there are undoubtedly tectonic differences between the 

UK Rockall, Faroe-Shetlands, Møre and Vøring areas (Clift et al. 1995; Gernigon et al. 2020). 

The authors argue that a consistent genetic (and semantic) framework is required for 

further meaningful analysis of how magmatic style varies across the margin. 

Deep to shallow magmatic plumbing and lateral fissure mechanisms 

Walker et al. (2020) present an example of a shield volcano from the Erlend area of the UK 

Atlantic Margin where a number of deep to shallow processes are demonstrated to be 

linked, including a magmatic upwelling, laccolith complex and extrusive volcanic edifice. This 

is analogous to examples from the onshore Palaeogene igneous province, for example on 

the Isle of Skye, where large intrusive complexes are mapped alongside extrusive units (e.g. 

Walker 1971; Bell & Williamson 2008). It is proposed that the magmatic upwelling and 

igneous centres described in the Vøring area are discrete stages of these deep to shallow 

processes (conceptually shown in Fig. 14). Dalsnuten represents a deep magmatic upwelling 

or „proto-chamber‟, an area of the Skoll High represents extensive sill emplacement and 

laccolith development, whilst the Ygg High represents extrusive volcanism. This 

demonstrates that within the Vøring, there is a regional deep to shallow magmatic plumbing 

system which has been postulated but not proven (e.g. Planke et al. 2017).  
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Planke et al. (2017) suggested that rootless cones are involved in the development of 

extrusive flows across the Skoll High and Vøring marginal high, with evidence from seismic 

interpretation of the top basalt surface. Below the extrusive cover, and in the remainder of 

the Vøring Basin, large sill networks are documented (e.g. Sydnes et al. 2018; Siregar et al. 

2019; Kumar et al. 2019) with a relationship to vent complexes (e.g. Planke et al. 2005). 

These features, alongside the new styles described here, all form part of a wider magmatic 

plumbing system. 

In the Møre Basin only outboard extrusive centres are documented, but a similar deep to 

shallow magmatic plumbing system is postulated. For example, extensive sill networks and 

extrusive volcanism have also been described (e.g. Planke et al. 2005; Schmiedel et al. 2017; 

Kumar et al. 2019). Several features which may relate to lateral fissure systems and 

development of possible Surtseyan-style volcanism are also seen in the Møre area. These 

may relate to plumbing complexities generated by active rifting and transform zones, 

showing similarities to examples from the Rockall Trough (e.g. fissures between Darwin and 

Rosemary Bank described by Archer et al. 2005). It has not been possible to document the 

mechanical processes involved or describe in detail how, for example, magma may transfer 

from thinned crust in transform zones to fissures or extrusive centres. It is hoped the 

descriptions provided in this manuscript will start a wider discussion on these processes.  

The nature of the T-Reflector and tectonic models 

Recent reviews of the tectonic evolution of the Norwegian margin demonstrate that 

multiple rifting models are still considered viable (e.g. Osmundsen et al. 2016; Peron-Pinvidic 

et al. 2019). Although it is not possible to solve this debate, observations of igneous centres 

and related magmatic plumbing may give support to specific ideas. For example, Abdelmalak 

et al. (2017) discuss the T-Reflector in the Vøring Basin suggesting that it has a tectonic 
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origin. The variable seismic nature of the reflector is considered to be related to magmatic 

intrusions and melts with faulted crustal blocks (Caledonian eclogites) giving a discontinuous 

seismic response and ductile lower crust allowing for a more continuous reflector 

(Abdelmalak et al. 2017). Although these processes are still debated it is clear that the T-

Reflector is potentially associated with different processes in different areas of the Vøring 

Basin. Here it is argued that locally the T-Reflector could be associated with magmatic 

upwelling and shallower melts. For example, in the case of Dalsnuten, a magmatic origin is a 

possible interpretation, with the T-Reflector upwelling to form a chamber-like shape in size 

and geometry. Such an interpretation may help, with further work on other T-reflector 

upwelling examples (e.g. Gernigon et al. 2003), to constrain the tectonic models of 

Osmundsen et al. (2016). Note that the interpretation of Dalsnuten as a magmatic upwelling 

would give weight to the Gjallar Ridge being kinematically linked to a deep igneous core 

complex, potentially explaining the complex patterns of faulting in the overburden as molten 

material is transferred into the stretched continental crust (cf. Lundin & Doré 1997; Dong et 

al. 2020). This model could apply elsewhere but further 3D seismic data is needed to test 

such a hypothesis. It is recognised that this interpretation is more speculative than that 

proposed for other features in this manuscript. However, there are currently no published 

detailed 3D seismic descriptions of local T-Reflector features and consideration of these 

elements is thought to be important in describing the link between deep and shallow 

processes. It is hoped that including these observations and interpretations will stimulate 

further publications describing the T-Reflector and its potential link to overburden 

magmatism. 

Hydrocarbon exploration 
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The Norwegian volcanic margin and its UK equivalent continues to be an area of focus for 

hydrocarbon exploration (e.g. Schofield et al. 2018; Millett et al. 2019; Broadley et al. 2020). 

In the Møre Basin, the re-classification and adjustment of the existing „outer highs‟ as 

seamounts and related fissure systems allows a more consistent analogue set to be applied 

from areas with more well penetrations. Comparison to the Vøring area also allows for a 

deeper magmatic plumbing system which may generate structuration, such as laccolith 

domes not identified in this study; these have generally been tricky targets for hydrocarbon 

exploration (e.g. Archer et el. 2005). In the Vøring Basin, the identification of various 

inboard igneous centres of different styles is likely to have an impact on aspects such as heat 

flow timing and, due to doming and uplift, reservoir presence. 

Further work 

This study should be considered a first attempt to apply a margin-wide interpretation and 

framework to igneous centres within Norway. The authors consider that further igneous 

centres are very likely to be found both in the Vøring and Møre areas, especially when 

incorporating new 3D seismic surveys. As data quality improves, it may also be possible to 

describe magmatic plumbing systems more thoroughly, especially when considering the 

nature of the T-reflector. Such work may evolve the interpretation of each of the features 

described.  

CONCLUSIONS 

A series of igneous centres have previously been documented across the North Atlantic 

including in the UK, Ireland and Greenland. However, in Norway, there is an issue regarding 

terminology and identification of these features. This work attempts to generate a more 

consistent cross-border framework by integration of seismic interpretation and potential 

field data. In the Møre Basin, several features are described which can be termed igneous 
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centres. This is in line with the original definition of an „outer high‟ but assigns a non -genetic 

nomenclature that is consistent across the North Atlantic. A number of other features have 

previously been described as „outer highs‟, but do not match the original definition and are 

likely fissures. These igneous centres are all found close to the COB, which is likely an 

artefact of the available seismic datasets. In the Vøring, two new igneous centres and a 

potential deep magmatic upwelling are described, all of which all sit within the continental 

domain. These centres suggest a full suite of magmatic processes, from deep upwelling to 

shallow sills and laccoliths and extrusive volcanism. This work allows for a more consistent 

cross-border map and terminology, although there are likely more igneous centres not yet 

identified and further work is needed to develop a genetic terminology for the North 

Atlantic. 
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FIGURE CAPTIONS 

Fig. 1. Current map of North Atlantic igneous centres, outer highs and seamounts based on 

Archer et al. (2005), Á Horni et al. (2017), Walker et al. (2019), Gernigon et al. (2020) and 

Zastrozhnov (2020). Lines of section relate to tectonic framework examples in Fig. 2. 

Fig. 2. Tectonic and structural framework of the UK and Norwegian Atlantic Margin (after 

Gernigon et al. (2019)) showing the deep structure of the basin and uncertainty in the 

outboard sub-basalt domain. Location of section lines shown in Fig. 1. 

Fig. 3. Examples of identified igneous centres in the UK and Norwegian sectors: A. Anton 

Dohrn seamount in the Rockall Trough as a distinct guyot (after Schofield et al. 2018); B. 
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Seamount within the Norwegian Møre Basin (left/west end of line) identified on the basis of 

emanation of extrusive volcanics from a central high (after Walker et al. 2019); C. Ben Nevis 

laccolith showing high amplitude seismic reflectors truncating against the base basalt surface 

(after McLean et al. 2017); D. The „dome‟ laccolith in the Rockall Trough exhibiting a broad, 

truncated antiform (after Rohrmann 2007). Locations shown in Fig. 1.; E. Definition of outer 

high as (1) an extrusive centre of positive relief, (2) a high separating inner and outer SDRs 

and (3) having a clear relationship to late breakup volcanism (after Planke et al. 2000). Note 

the similarities in geometries and volcanic features between this „outer high‟ and the 

„seamount‟ in Fig. 3B. 

Fig. 4. Seismic datasets (2D and 3D) used for the screening and evaluation of igneous 

centres in the Norwegian sector of the Atlantic Margin. Examples used in figures are 

highlighted. 

Fig. 5. Example regional scale gravity (left) and magnetic (right) data used in combination 

with other datasets to generate the profiles seen in Figs. 6 to 12. 

Fig. 6. 2D seismic line across the Svöll High (uninterpreted – top, and interpreted - centre), 

showing a broad domal structure with high amplitude reflective packages around a central 

high. Location of line shown in Fig. 4. Bottom panel shows potential field data across the 

high with a coincident bouguer gravity anomaly (50 km bandpass - black line) and a non-

coincident magnetic anomaly (orange line). 

Fig. 7. 2D seismic line across the Gjar High (uninterpreted – top, and interpreted - centre), 

showing the edge of a high associated with a series of high amplitude reflective packages 

interpreted to be extrusive volcanics. Location of line shown in Fig. 4. Bottom panel shows 

potential field data across the high and adjacent basin. The high is coincident with both a 

bouguer gravity (50 km bandpass - black line) and magnetic (orange line) increase. 
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Fig. 8. 2D seismic line across a feature termed „Nora‟ (uninterpreted – top, and interpreted 

- centre), showing a distinct ridge-like positive relief feature and surrounding high amplitude 

reflective packages situated west of the COB. This is interpreted as a likely fissure and 

series of SDR wedges. Location of line shown in Fig. 4. Bottom panel shows potential field 

data across the features. A bouguer gravity high is coincident with the potential fissure 

centre (50 km bandpass - black line). Magnetic highs are associated with the high amplitude 

reflective packages (extrusive volcanics) in the possible SDR wedges (orange line).  

Fig. 9. 2D seismic line across three features identified as outer highs by Gernigon et al. 

(2020) (Fig. 1) (uninterpreted – top, and interpreted - centre). Location of line shown in Fig. 

4. The western feature, west of the COB, illustrates wedge-like geometries similar to those 

seen in Fig. 8, and is interpreted as SDRs with a possible fissure centre. The central feature, 

east of the COB, is a broad rugose dome with similarities to the Svöll High (Fig. 6) and is 

interpreted as an igneous centre (seamount). The eastern feature exhibits a mounded 

feature with surrounding high amplitude reflective packages and onlaps; this may be a fissure 

centre or possible monogenetic volcano. Bottom panel shows potential field data across the 

three features. A strong correlation between the central feature and increasing bouguer 

gravity occurs (50 km bandpass - black line). Increases in magnetic response are coincident 

with the extrusive volcanics adjacent to the central feature, with small increases associated 

with the western and eastern features (orange line). 

Fig. 10. 3D seismic examples from the Ygg High, location shown in Fig. 4. Part A shows an 

uninterpreted (top) and interpreted (centre) line (location shown in C.) across a large 

positive relief feature with high amplitude reflective packages (extrusive volcanics) occurring 

around the high. Bottom panel shows a strong bouguer gravity anomaly (50 km bandpass - 

black line) over the high and a negative magnetic anomaly (decreasing with thinning 

ACCEPTED M
ANUSCRIPT

 at University of Aberdeen on April 13, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


extrusive volcanics - orange line). Part B shows a series of sculpts through the 3D seismic 

data. Top panel shows an oblique view illustrating high amplitude cross-cutting markers 

(interpreted as sills) and the central high with two phases of continuous high amplitude 

reflectors (interpreted as two phases of extrusive volcanism; a lower and upper flow unit). 

Centre and bottom panel show slices through the data illustrating the spatial extent of the 

lower and upper flow units. Part C. shows three interpreted horizons over the 3D seismic 

data. The left panel is the top of the upper flow unit (two-way time; TWT), middle panel is 

the base of the upper flow unit (TWT) and the right panel is the thickness between the top 

and base of the upper flow unit. This appears to illustrate a slight shift in volcanic activity 

between the top and base of the unit. 

Fig. 11. 3D seismic examples from the Skoll High, location shown in Fig. 4. Part A shows an 

uninterpreted (top) and interpreted (centre) line (location shown in C.) across a broad high 

with a distinctive truncation of seismic reflectors against a series of parallel high amplitude 

reflective packages (interpreted as extrusive volcanics with termination against the „base 

extrusives‟). Bottom panel illustrates potential field data across the line. The gravity 

response (bouguer 50 km bandpass - black line) slowly decreases from left to right, with no 

correlation to the central feature. The magnetic response shows a high (orange line) 

coincident with the central feature. Part B illustrates a zoom in (location shown in C.) with 

the left panel showing a channel-like feature on the base extrusive surface (two-way time; 

TWT) and the right panel illustrating this channelisation on a seismic line. Part C. shows a 

base extrusive surface map with a transparency applied to emphasise the number of high 

amplitude cross-cutting markers (interpreted as sills) which underly the extrusive volcanics. 

Fig. 12. 3D seismic examples from the „Dalsnuten‟ structure (tested by well 6603/5-1S); 

location shown in Fig. 4. Part A shows an uninterpreted (top) and interpreted (centre) line 
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(location shown in B) across a high showing the bright, deep T-reflector marker and 

overlying Cretaceous stratigraphy. Bottom panel illustrates potential field data across this 

line. A broad gravity high (bouguer 50 km bandpass - black line) coincides with shallowing of 

the T-reflector. The magnetic anomaly (orange line) shows an increase to the east, possibly 

related to the large number of sills seen in the central panel and part B. Part B shows a 

series of sculpts and slices through the 3D seismic data. Top left is an amplitude sculpt over 

the T-reflector showing a distinct dome-like feature with a central high; top right shows an 

interpreted horizon of the T-reflector illustrating a similar feature. Bottom right is an 

amplitude extraction on the T-reflector showing a brighter central area. Bottom left is a 

sculpt through the overburden showing numerous high amplitude cross-cutting features in 

the Cretaceous section (interpreted as a sill network). 

Fig. 13. Updated non-genetic volcanic map of North Atlantic igneous centres, outer highs 

and seamounts based on Archer et al. (2005), Á Horni et al. (2017), Walker et al. (2019) 

Gernigon et al. (2020), Zastrozhnov (2020) and this study. Examples used in figures are 

highlighted. 

Fig. 14. Conceptual block model (not to scale) illustrating the potential magmatic plumbing 

of the Møre and Vøring Basins. Orange elements associated with extrusive volcanism (such 

as seamounts and other extrusive centres), green with intrusive elements (such as sills, 

laccoliths and upwellings). COB = Continent Ocean Boundary. LCB = Lower Crustal 

Boundary. 

Table 1. Key datasets utilised in the study. These relate to the green 2D lines and 3D 

seismic surveys highlighted in Fig. 4. All data released and available from the NPD Diskos 

service. 
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