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 I 

Abstract 

 
The opening of the Norwegian-Greenland Sea at the Paleocene-Eocene transition was 

accompanied by extensive magmatic activity, giving rise to the North Atlantic Igneous 

Province. The magmatic activity is today manifested along the conjugate Norwegian and 

Greenland continental margins. In 2014, the Norwegian Petroleum Directorate targeted a unit 

seen as prograding reflectors in the seismic record along the outer mid-Norwegian Margin by 

drilling. Approximately 40 m of igneous rocks were recovered from the shallow borehole 

6403/1-U-1 at the northernmost part of the Møre Marginal High. This study presents the first 

documentation of ignoeus rocks from this poorly studied part of the Norwegian Margin. 

Based on detailed logging, petrographic and geochemical analyses, and interpretation of 

seismic lines over the study area, the study ads new elements to the understanding of the 

magmatic evolution of the Norwegian Margin. It is documented that the volcanic succession 

consists of brecciated material, comprising hyaloclastite and incorporated microcrystalline 

basalt clasts, and interlayered coherent lava flows. These are interpreted to represent the 

deposits formed during the build-out of a lava delta system. The findings confirm that the 

prograding reflectors have a volcanic origin. The cored volcanic succession has relatively 

uniform petrography and geochemistry, and it is exclusively composed of tholeiitic basalts 

with a MORB-like character. The basalts show affinities to other igneous rocks from the 

Vøring Marginal High, SE Greenland Margin and Jan Mayen Ridge, emplaced during the rift -

to-drift transition. Geochemical modelling of rare earth elements, and of Nd and Hf isotopic 

compositions, along with enrichment in selective incompatible elements, provide evidence 

that the succession has experienced crustal contamination. Based on geochemical modelling, 

the melts are interpreted to originate from a mantle source more depleted than typical N-

MORB sources. Seismic evidence reveals that the succession formed prior to ~56 Ma, 

probably in the Late Paleocene.  
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1 Introduction 

1.1 Background  

The opening of the Norwegian-Greenland Sea at the Paleocene-Eocene transition was 

accompanied by extensive and widespread magmatism, giving rise to the North Atlantic 

Igneous Province (NAIP) (e.g. Eldholm et al., 1989a; Meyer et al., 2007). The magmatic 

activity has been manifested on the bounding continental margins in the form of extrusives 

and intrusives along the continent-ocean-transition, forming volcanic passive margins, such as 

the Norwegian Vøring and Møre margins, and the conjugate Greenland Margin. Thus, the 

province is an excellent area to study the many igneous features created in the early stages of 

volcanic passive margin formation (Eldholm et al., 1987a). 

 

The magmatic deposits along the volcanic margins have distinct characteristics in the seismic 

record, where its morphology and seismic signature depend largely on the environment of 

emplacement (Planke et al., 2000). During a scientific cruise in 2014, the Norwegian 

Petroleum Directorate (NPD) drilled the shallow borehole 6403/1-U-1 on the Møre Marginal 

High, in the easternmost Norwegian Sea. The NPD aimed to core this particular area to 

unravel the nature of a package observed as prograding clinoforms in seismic records of the 

area, and adjacent areas along the Norwegian Continental Margin, believed to represent the 

build-out of a lava delta system (e.g. Planke and Alvestad, 1999; Planke et al., 2000; 

Abdelmalak et al., 2016). Drilling of this unit has never been performed earlier on the margin, 

and has been considered to be essential to either confirm, or reject, the interpreted volcanic 

model for the prograding clinoforms.  

 

Petrological and geochemical data on igneous rocks on the Norwegian Margin is restricted to 

a few localities on the Vøring Margin on the central mid-Norwegian Margin. Even here, the 

understanding of the opening-related rocks is largely based upon a single drill hole, namely 

the volcanic succession recovered on the Vøring Marginal High in drill hole 642 during the 

Ocean Drilling Program (ODP) leg 104 (Eldholm et al., 1989a; Meyer et al., 2009). The Møre 

Margin, located south of the Vøring Margin, has received significantly less attention, and the 

petrological and geochemical nature of the igneous rocks here is yet unknown. This study 

presents the first documentation of volcanic rocks emplaced on this poorly studied part of the 

Norwegian Margin. Thus, a study of the nature and petrogenesis of the volcanic succession, 
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and its relationship to the magmatism recorded at the Norwegian and the conjugate Greenland 

margins, may be of significant interest considering the magmatic evolution of the Norwegian 

Margin.  

1.2 Aim and objectives of the study 

The overall aim of this study is to investigate the nature, composition and emplacement 

mechanisms of the volcanic succession in drill hole 6403/1-U-1 on the Møre Marginal High. 

This is in order to provide new knowledge of the rift-to-drift-related volcanic activity along 

the Norwegian Margin.  

 

The specific objectives of this study are to: 

- Provide a description of the cored volcanic succession and an interpretation of the 

environment of emplacement 

- Provide a detailed petrographic and geochemical characterisation of samples collected 

from the volcanic succession in order to clarify its formation and sources  

- Compare the samples to other igneous rocks that previously have been reported from 

the region, and to evaluate their relationship 

 

To substantiate the listed objectives, a brief interpretation of two seismic lines located over 

the study area has been carried out as part of this study in order to further constrain the 

emplacement history of the volcanic succession.  

1.3 Study area 

In 2014, the NPD contracted Fugro Seacore to conduct shallow drilling operations at extreme 

water depths of 2130 m, in the easternmost part of the Norwegian Sea. The drill hole, 6403/1-

U-1, is located on the northernmost part of the Møre Marginal High on the Møre Margin, just 

southwest of the Faeroe-Shetland Escarpment, close to the Jan Mayen Fracture Zone (figs. 1.1 

and 1.2). At this scientific cruise the vessel Greatship Manisha was mobilised with the Fugro 

owned mobile rig ñR100ò to perform the drilling operations. After several attempts, the drill 

hole 6403/1-U-1 proved to be a success. The drilling operations started at the 19th of May and 

reached TD at 170 m below seafloor the 5th of June. 
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A thin cover of Cenozoic sediments overlies the cored succession on the marginal high. The 

cored section of the borehole extends from 110-170 m below the sea floor (mbsf) (fig. 1.2). 

The scientific well had a core recovery of 50 m (83%), and the cored succession consists of 

approximately 12 m of sediments and 38 m of igneous rocks, in which the drill hole 

terminates. The overlaying, brownish-black, silty sediments are interpreted to represent 

marine deposits eroded from central volcanoes located in the rift zones during continental 

breakup (N.R. Sandstå, personal communication, 2016). Palynological analysis of one 

sediment sample from the base of this overburden suggests an Early Eocene (Early Ypresian) 

age (55 Ma) (R.W. Williams, personal communication, 2017).   

 

 

Figure 1.1: Bathymetric map over the study area. A red star marks the shallow borehole 6403/1-U-1. The black 

line underlying the star shows the position of the seismic line in fig. 1.2. MM: Møre Margin; VM: Vøring 

Margin; JMFZ: Jan Mayen Fracture Zone; JMMC: Jan Mayen Microcontinent; AR: Aegir Ridge; MR: Mohns 

Ridge; MMH: Møre Marginal High; VMM: Vøring Marginal High. 
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Figure 1.2: Seismic line (NPD_MB-11-05) displaying the targeted dipping and prograding reflectors along with 

the position of the 6403/1-U-1 borehole. The area of the borehole filled with yellow represent the cored 

succession. 
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2 Regional geology and previous studies  

 

This chapter focuses on the geological framework of the mid-Norwegian Margin, situated 

between 62-69°N (fig. 2.1), with emphasis on the volcanic succession emplaced during the 

Paleocene-Eocene transition. This area comprises two main segments, namely the Møre 

Margin to the south and the Vøring Margin to the north, each between 400-500 km long 

(Faleide et al., 2008). The margin borders to the elevated Norwegian mainland to the east, the 

Lofoten-Vesterålen Margin to the north, the Norwegian-Greenland Sea to the west, and has its 

southern boundary at around 62°N, near the Faeroe Islands (Planke et al., 1991). The 

Norwegian-Greenland Sea is the result of continental separation, and subsequent seafloor 

spreading, which occurred between Eurasia and Greenland close to the Paleocene-Eocene 

transition (~56 Ma), and is bounded by passive volcanic margins (Eldholm et al., 1987a; 

Eldholm et al., 1987b; Eldholm et al., 1989b) such as the Møre, Vøring and Greenland 

margins.  

2.1 Geological evolution of the mid-Norwegian Margin  

The generation of seafloor in the area represents the final result of several extensional events 

and the formation of sedimentary basins since the end of the Caledonian Orogeny, lasting 

over a period of about 350 Ma (Doré et al., 1999). The rifting episodes in the area can be 

divided into three main phases: the Late Paleozoic, the late Mid-Jurassic to Early Cretaceous 

and the Late Cretaceous to Early Eocene rifting phases (Brekke, 2000). At the onset of the 

final rifting phase in the Late Cretaceous, the mid-Norwegian Margin was part of an 

epicontinental sea situated between Eurasia and Greenland (Hjelstuen et al., 1999). In the 

Paleocene to Earliest Eocene the area experienced uplift caused by the increased heat flow 

associated with the severe rifting event (Brekke, 2000). The final rifting phase occurred 

within a region of extensively stretched and thinned lithosphere, causing continental 

separation of Greenland and Eurasia, and subsequent propagation of seafloor spreading from 

the central North Atlantic.  
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Figure 2.1: (A) Main structural elements of the mid-Norwegian Margin, modified and simplified from Blystad 

et al. (1995), displaying the profiles (red lines) and drill and sampling sites addressed in the thesis. The study 

area (drill hole 6403/1-U-1) is shown as a red circle; other drill holes and sampling sites are displayed as black 

circles. (B) Map of the Norwegian-Greenland Sea and its passive volcanic margins, displaying drill and 

sampling sites, modified from Larsen et al. (1994a). The black box represents the area of fig. A. JMR: Jan 

Mayen Ridge; JMFZ: Jan Mayen Fracture Zone.  
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The magmatic activity in the Northeast Atlantic area was initiated at about 62 Ma, by small 

volume, continent-based magmatism (Saunders et al., 1997). The continental breakup and the 

earliest seafloor spreading were accompanied by a period of 2-3 million yeas of voluminous 

and regional magmatism, forming the North Atlantic Igneous Province (NAIP) (Eldholm et 

al., 2002). The conventional model for the NAIP, and the resulting magmatic activity, is that 

it is caused by elevated mantle temperatures induced by the Icelandic mantle plume (e.g. 

Eldholm et al., 2002). However, other models have also been proposed to explain its 

formation, including mantle heterogeneities (Korenaga, 2004; Foulger and Anderson, 2005; 

Foulger et al., 2005) and small-scale convection cells in the mantle (King and Anderson, 

1995; King and Anderson, 1998; King, 2005). 

 

The NAIP have left imprints on the mid-Norwegian Margin in the form of buried marginal 

highs, capped by magmatic extrusive complexes, including wedges of basalt flows, seen as 

Seaward Dipping Reflectors (SDRs) in seismic records (e.g. Eldholm et al., 1989b). Seismic 

surveys have also identified so-called high-velocity lower crustal bodies (LCBs) beneath the 

margin, generally interpreted to represent mafic intrusions in the lower crust (underplating) 

(Mjelde et al., 2002; Mjelde et al., 2009a; Mjelde et al., 2009b), and sills intruding into 

sedimentary basins (e.g. Planke et al., 2005).  

 

After the continental breakup, the mid-Norwegian Margin evolved in response to subsidence 

and sediment loading, as the Norwegian-Greenland Sea progressively became wider and 

deeper (Eldholm et al., 2002). At Miocene times, the area underwent compression, probably 

related to changes in relative plate movements, leading to the formation of domes and aches 

on the margin (Doré et al., 1999; Brekke, 2000). 

2.2 Main structural setting 

The main structural setting of the margins is displayed in figs. 2.1 and 2.2, and consist of a 

central area of NE-SW trending, deep Cretaceous basins, namely the Møre and Vøring 

basins, which are flanked by paleo-highs and the elevated mainland (Brekke, 2000). Other 

structural features, such as marginal highs and escarpments, are common for the Møre and 

Vøring margins.  
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The marginal highs to the west of the basins are termed the Møre Marginal High to the south, 

and the Vøring Marginal High to the north. The Faeroe-Shetland Escarpment and the Vøring 

Escarpment separate the marginal highs from the basins, respectively. The area east of the 

escarpments is characterised by structural elements typically formed before mid-Cretaceous 

time (Eldholm and Mutter, 1986), whereas the area west of the escarpment is related to the 

Cenozoic passive margin formation (Eldholm et al., 1987a). 

 

 

Figure 2.2: Interpreted geoseismic profiles of the Møre (upper profile) and Vøring (lower profile) margins, 

slightly modified from Blystad et al. (1995). The locations of the profiles are seen respectively as line A and B in 

fig. 2.1A.  

 

The area east of the escarpments is dominated by the Late Jurassic-Early Cretaceous rift 

episode, forming the deep Cretaceous Møre and Vøring basins. The Møre Basin is relatively 

unstructured, and has acted as a major depocenter since the Late Jurassic (Eldholm et al., 

1987a). An exception is the Møre-Trøndelag Fault Complex, located at the eastern flank of 
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the basin, consisting of a system of fault-controlled ridges, highs and minor basins (Brekke, 

2000). The fault complex probably originated in Triassic times, but was greatly reactivated 

during the Late Jurassic-Early Cretaceous extensional episode (Brekke, 2000). The Vøring 

Basin, on the other hand, is more structured, containing grabens, sub-basins and structural 

highs (Blystad et al., 1995).  

 

Two NW-SE trending lineaments segment the provinces, as the Jan Mayen Lineament 

separates and offsets the Møre and Vøring margins, and the Bivrost Lineament marks the 

northern extent of the Vøring Margin. The lineaments continue oceanward into the oceanic 

crust as the Jan Mayen and Bivrost Fracture Zones respectively, and they probably represent 

an old, structural grain in the crystalline basement (Brekke, 2000).   

2.3 Marginal highs and associated breakup related igneous rocks 

The Møre and Vøring marginal highs were first identified as buried acoustic basement highs 

in single-channel seismic profiles by Talwani and Eldholm (1972), found at the outer parts of 

the Møre and Vøring margins, respectively. The marginal highs are bounded to the east by the 

escarpments, and to the west by the transition into ñnormalò oceanic crust (Blystad et al., 

1995). The continent-ocean boundary has typically been placed landward of the oldest 

seafloor spreading anomaly in the Norwegian-Greenland Sea, 24B, just seaward of the 

termination of reflector K (fig. 2.4) (e.g. Smythe, 1983; Eldholm et al., 1989a).  

 

The Vøring Marginal High is accessible for drilling investigations as it is buried below a thin 

cover of Cenozoic sediments at relatively shallow water depths. It has therefore been a target 

area for studying the early stages of the formation of passive volcanic margins. The volcanic 

succession on the Møre Marginal High has not, until now, been drilled. Thus, chemical data 

of the opening-related magmatism on the mid-Norwegian Margin is limited to drill cores 

collected on the Vøring Margin. This area has been investigated by scientific drill holes 

during the Deep Sea Drilling Project (DSDP) leg 38 (sites 338, 342 and 343) (figs. 2.1 and 

2.3), during the Ocean Drilling Program (ODP) leg 104 (sites 642, 643 and 644) (figs. 2.1 and 

2.4) and by a commercial drill hole (the Utgard borehole 6607/5-2) (fig. 2.1). The ODP leg 

104 site 642 has in particular provided key data on the early volcanic passive margin history.   
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The top of the basement highs is marked by a smooth, strongly reflecting horizon, termed EE 

(Eldholm et al., 1989b). This horizon was confirmed to consist of basalt, as the DSDP Leg 38 

penetrated the horizon, by drilling on top of the Vøring Marginal High (sites 338 and 342) 

and at the base of the slope towards the Lofoten Basin (site 343) (Talwani and Udintsev, 

1976).  Kharin (1976) reported the basalt from site 343 and 342 to be of alkaline and sub-

alkaline composition, and the basalt from site 338 as low-alkaline tholeiites. The basalts from 

site 338 and 342 have been dated to be of late/middle Eocene age, and are interpreted to 

represent thick basalt flows, sills or dikes (Kharin, 1976; Kharin et al., 1976). The basalts at 

site 343 are considerably younger (28.5±2 Ma), indicating that the basalts are either later 

formed intrusives, or that their high amount of alteration have changed the K/Ar data (Kharin 

et al., 1976).  

 

 

Figure 2.3: Interpreted seismic-reflection profile across the Vøring Marginal High (line C in fig. 2.1A), 

displaying the locations of DSDP sites 338, 342 and 343, modified from Eldholm et al. (1987a). VE: Vøring 

Escarpment; EE: basement reflector.  

 

EE is partly underlain by seaward-dipping reflector sequences, where the inner part of the 

SDRs rest on a base reflector, named K (e.g. Talwani et al., 1983). During the ODP Leg 104 

the borehole 642 was drilled on the Vøring Marginal High, where a 910 m-thick volcanic 

succession was collected, and further divided into an upper (US) and lower series (LS) 

(Eldholm et al., 1987b). The upper and lower series are separated by a 13.2 m-thick sediment 

bed, which corresponds to reflector K (Eldholm et al., 1989b).  



Chapter 2   Regional geology and previous studies 

 

 11 

 

Eldholm et al. (1987b) revealed that the Vøring upper series corresponds to the SDRs. Their 

study reported that the unit is composed of mainly subaerially emplaced lava flows and 

interlayered volcaniclastic sediments of late Middle to Early Eocene age. The lava flows´ 

composition has been described as normal mid-ocean ridge basalt (N-MORB) by Eldholm et 

al. (1987b), and as transitional-type, i.e. slightly enriched in LRE-elements, mid-ocean ridge 

tholeiitic basalt (T-MORB) (Viereck et al., 1988; Viereck et al., 1989; Meyer et al., 2009), 

and are generally considered to be uncontaminated by the continental basement. The 

succession has strong affinities to other plateau basalts within the NAIP and MORB basalts 

from the Reykjanes Ridge (Eldholm et al., 1987b; Viereck et al., 1989). 

 

The Vøring lower series is more heterogeneous, consisting of rhyolitic ignimbrites, dacites 

and basaltic andesites (Eldholm et al., 1987b; Parson et al., 1989). Eldholm et al. (1987b) 

subdivided the lower series flows into two chemically distinct groups. The upper part of the 

series, group B, consists of dacitic peraluminous flows, believed to originate from partial 

melting of upper crustal sedimentary or metasedimentary rocks. The lower part of the series, 

group A, is composed of basaltic andesites, and is thought to be the result of mixing of 

MORB-type tholeiitic melts with group B melts. In addition, Parson et al. (1989) further 

subdivided group A, where A2 share the characteristics of the former group A, and where A1 

has a chemically composition intermediate between A2 and B.  This may point to a repetition 

of, or a transition phase in, the melt mixing process (Parson et al., 1989).  

 

 

Figure 2.4: Interpreted multichannel seismic reflection profile of the outer Vøring Margin (line D in fig. 2.1A) 

displaying the drill sites of the ODP leg 104, modified from Eldholm et al. (1989b). EE: top of the lower Eocene 

flow series; K: reflector K; COB: Continent-Ocean Boundary; VE: Vøring Escarpment. The SDRs are expressed 

as dipping reflectors between reflector EE and K.  

 


