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1 |  INTRODUCTION

Magmatic activity in sedimentary basins has a critical impact 

on all five elements of a petroleum system: maturation of 

source rocks, fluid migration, reservoir rocks, seals and traps 

(Holford, Schofield, MacDonald, Duddy, & Green,  2012; 

Rohrman, 2007; Senger et al., 2017). For example, magmatic 

intrusions in the Faroe-Shetland Basin acted as both barri-

ers and carriers for hydrocarbons and other fluid, as crystal-

line intrusions may inhibit fluid flow and compartmentalise 

reservoir and source rocks (Senger et al., 2017). Conversely, 

fractured intrusions facilitate migration to shallow reservoirs 

(Rateau, Schofield, & Smith, 2013). Focusing on a different 

scope, Iyer, Schmid, Planke, and Millett (2017) modelled the 

temperature profile around magma intrusions in the Harstad 

Basin, offshore Norway, and demonstrated that source rocks 

can be overcooked in their vicinity. Conversely, source rocks 

considered to be too shallow for maturation may be heated into 

the oil window to produce hydrocarbons, but typically only in 

close proximity to the intrusions and for a limited time period 

during their cooling stages (Stagpoole & Funnell, 2001).
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Abstract

Conventional three-dimensional (3D) seismic data reveal abundant igneous activ-

ity on the Modgunn Arch, mid-Norwegian margin. Magmatic sills and associated 

hydrothermal vent complexes located at various depths prove the repeated utilisation 

of Paleocene-Eocene magmatic conduits. In total, 125 sills and 85 hydrothermal vent 

complexes were identified and mapped, with vent complexes ranging in diameter 

from 300 to 3,100 m and sills from 0.5 to 50 km. Three examples of stacked vent 

complexes are presented, revealing large eruptions of hydrothermal fluids vertically 

through the same conduit, from sills to the palaeo-sea floor. The vent complexes 

are found throughout Paleocene strata (66–56  Ma), whilst at least ten (10) vents 

were active during the Eocene. This study emphasises the importance of characteris-

ing ancient magmatic structures, as hydrothermal conduits and vent structures were, 

and may still be, reutilised as preferential fluid flow pathways to shallower strata. 

A minimum of four phases of hydrothermal vent complex formation are inferred. 

Cretaceous faults are both bypassed and used for magma and fluid flow. The reu-

tilisation of magmatic structures here described may bring to light previously over-

looked plays and renew interest in exploring magma-rich continental margins.

K E Y W O R D S

fluid migration, focused fluid flow, hydrothermal vent complexes, magma-rich margins, North 

Atlantic Ocean
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It is clear from the words above that magmatic activity 

adds much uncertainty and complexity to potential petroleum 

plays. Yet, large hydrocarbon fields may be discovered when 

magmatic elements work in favour of petroleum systems, 

such as the Rosebank Field, and Laggan and Tormore Fields 

in the Faroe-Shetland Basin (Duncan, Helland, & Dennehy, 

2009; Schofield et  al.,  2017). Even when hydrocarbon po-

tential has been hampered, hot intrusive rocks elevate the 

local geothermal gradient, turning an otherwise unprospec-

tive area into one posed for the development of geothermal 

energy (Bischoff, Nicol, Cole, & Gravley, 2019). Areas cur-

rently exploited for geothermal energy are related to young 

igneous systems, Quaternary volcanism and shallow (<6 km) 

magmatic intrusions, as in the case of Iceland (Stimac, Goff, 

& Goff, 2015). Other regions with elevated geothermal gra-

dients, possibly due to a thinned crust inherited from con-

tinental rifting (e.g. North Sea), are becoming increasingly 

important. Elgin and Franklin are examples of high pressure, 

high temperature hydrocarbon fields in the North Sea from 

which heat could be used to generate electricity on oil and gas 

platforms (Lockett, 2018).

Hydrothermal vent complexes (HTVCs) formed due to 

the expulsion of gases and fluidised material are associated 

with the emplacement of igneous intrusions in sedimentary 

basins (Kjoberg et al., 2017; Omosanya et al., 2018; Reynolds 

et al., 2017; Svensen, Jamtveit, Planke, & Chevallier, 2006; 

Svensen, Planke, Jamtveit, & Pedersen,  2003). Supra-sill 

strata are often fractured at the tips of magmatic sill com-

plexes due to the build-up of overpressure associated with 

the release of fluids and gases within metamorphic aure-

oles (Jamtveit, Svensen, Podladchikov, & Planke,  2004; 

Omosanya et al., 2018). Fluids migrate towards the sea floor 

through fractured conduits to form HTVCs. These typically 

occur in basins that experience crustal extension with con-

siderable magmatic input, for example, the Karoo Basin 

in South Africa (Svensen et  al.,  2006), magma-rich con-

tinental margins such as the Bass Basin offshore Australia 

(Holfor, Schofield, & Reynolds,  2017), or the Vøring and 

Møre Basins offshore mid-Norway (Planke, Rasmussen, 

Rey, & Myklebust,  2005; Skogseid Pedersen, Eldholm, & 

Larsen,  1992). Hence, rift basins and resulting continental 

margins are commonly categorised as magma-rich or mag-

ma-poor, with magma-rich margins being associated with: a) 

higher spreading rates than their magma-poor counterparts, 

and b) large volumes of syn-rift igneous rocks (Franke, 2013; 

White & McKenzie, 1989). Large Igneous Provinces (LIPs) 

such as the North Atlantic Igneous Province, form in such 

magma-rich continental margins (Bryan & Ernst, 2008).

This study focuses on the southern part of the Modgunn 

Arch, a N-S trending Paleogene dome in the southern Vøring 

Basin with ample evidence of magmatic activity during the 

early Cenozoic (Manton,  2015; Miles & Cartwright,  2010). 

Sills are imaged in seismic reflection data as saucer-shaped 

or sheet-like, high-amplitude reflections that cross-cut the 

host-rock strata, caused by an increase in acoustic impedance 

with depth (Hansen & Cartwright, 2006b). In comparison, hy-

drothermal vent complexes are imaged as pipe-like, vertical 

zones of low amplitude and chaotic reflections in the conduits, 

terminating as dome, eye-shaped or crater morphologies at 

their summits (Hansen, 2006; Omosanya et al., 2018). Based 

on the stratigraphic position of upper terminations in the 

HTVCs, Hansen (2006) and Planke et al. (2005) used the close 

relationship between the latter vent complexes and underlying 

sills to estimate the timing of sill intrusion. They considered 

the North Atlantic Volcanic Province in the Vøring and Møre 

Basins to have been emplaced from the Paleocene to Eocene; 

the volcanic gases subsequently released from the HTVCs 

during this time are considered to be the cause of the major cli-

mate change event known as the Paleocene-Eocene Thermal 

Maximum (Aarnes, Planke, Trulsvik, & Svensen, 2015).

Radiometric dating of sills to estimate the duration of 

intrusions can be somewhat erroneous due to subsequent 

alteration processes of intruded magma and to the poor 

sampling usually provided by exploration boreholes (Gibb 

& Kanaris-Sotiriou,  1988). Knowing this, Hansen and 

Cartwright (2006a) used post-intrusion sediment distri-

bution and onlap relationships in seismic data to calculate 

the timing of sill intrusions. Hansen (2006) stated that the 

formation of HTVCs occurs within the time it takes for an 

intrusion to cool, with very thick (>300 m) sills solidifying 

within 10 ka (Jaeger, 1958). This timeframe is much faster 

than the resolution obtained from seismic interpretation, 

which Hansen (2006) demonstrated to have a minimum 

uncertainty of >100  ka. In a subsequent study, Svensen, 

Planke, and Corfu (2010) dated the Pb-U ages in zircons 

from two mafic sills in well 6607/5-2, to 55.6 ± 0.3 Ma and 

56.3 ± 0.4 Ma, which proved to be more precise than pre-

vious methods of dating sills using K-Ar (Gibb & Kanaris-

Sotiriou,  1988). In addition, Hafeez et  al.  (2017) used 

Ar-Ar dating on igneous samples offshore mid-Norway, 

which yielded dates of 57–58 Ma.

Highlights

• 3D Seismic interpretation reveals stacked hydro-

thermal vent complexes on the Modgunn Arch.

• Hydrothermal vent complexes have been reuti-

lised as fluid-focusing pathways.

• Faults and hydrothermal vent complexes alternate 

as main pathways for magma and fluid.

• At least four phases of magmatic intrusion are in-

terpreted across the Paleocene and Eocene on the 

Modgunn Arch.
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The properties of the acquired seismic signal make it im-

possible to obtain absolute ages for discrete distinct intrusive 

events based solely on seismic data, as slightly diachronous 

HTVCs may share the same basal and upper vent boundar-

ies. Nevertheless, the relative timing of HTVCs and their 

intrusions can be inferred when using relatively high-qual-

ity seismic data to image different stratigraphic levels, as 

demonstrated in this paper. As core and physical rock sam-

ples from sills are not commonly collected by wells, seismic 

relationships are still a useful tool for assessing the relative 

timing of intrusions. For instance, Holford et al. (2017) and 

Svensen et al. (2003) presented examples of HTVCs focus-

ing fluid migration to shallower units in the Bass and Vøring 

Basins, respectively, long after the intrusions happened. 

Against such a background, the research questions of this 

study are as follows:

1. How many distinct magmatic events are recorded on 

the Modgunn Arch, and how extensive are these events 

on a magma-rich margin such as offshore mid-Norway?

2. Are hydrothermal vent complexes fed by specific types 

and depths of sills?

3. What are the implications of reutilising magma migration 

pathways on the local petroleum systems, at the scale of a 

hydrocarbon- or geothermal prospect?

2 |  GEOLOGICAL FRAMEWORK

2.1 | Tectonic evolution of the Modgunn Arch

The Norwegian margin has undergone several phases of ex-

tension and compression since the Late Paleozoic. Prior to 

this, orogenic events such as the Caledonian Orogeny estab-

lished the NE-SW structural trend of the Vøring and Møre 

Basins in the Norwegian Sea (Doré, Lundin, Fichler, & 

Olesen, 1997). The Vøring and Møre Basins are Cretaceous 

in age and were predominantly filled by marine sediment. 

They are 400–500 km long and separated by the Jan Mayen 

Corridor, an extension of the Jan Mayen Fracture Zone 

(Brekke, Dahlgren, Nyland, & Magnus, 1999). The Modgunn 

Arch is located above the Jane Mayen Corridor, at the bound-

ary between the Vøring and Møre Basins, ~370 km west of 

Trondheim (Figure 1).

Three main phases of rifting formed the mid-Norwegian 

margin: (a) Permian to Early Triassic, (b) Late Jurassic to Early 

Cretaceous, and (c) Late Cretaceous to Paleocene (Gómez & 

Vergés, 2005). In the study area, Late Cretaceous – Paleogene 

continental rifting was accompanied by widespread magmatic 

intrusion of sills and associated hydrothermal vent complexes 

into thick Cretaceous strata (Omosanya et  al.,  2018; Planke 

et al., 2005; Svensen et al., 2003). The intrusions are directly 

linked to continental breakup and oceanic crust formation 

between Norway and Greenland at ~55  Ma, close to the 

Paleocene-Eocene boundary (Lundin & Doré, 2002). On the 

Modgunn Arch per se, the presence of igneous rocks is con-

firmed by a 1-m thick sill unit encountered in well 6403/6-1 

(Manton, 2015). Magmatic intrusions are evident throughout 

the Cretaceous and Paleocene strata (Figures 2, 3) as positive 

high-amplitude, saucer-shaped and planar-transgressive seis-

mic reflections cross-cutting host strata.

After continental breakup, a combination of mid-Ceno-

zoic compressional doming, basin inversion along the Jan 

Mayen Corridor, and local differential compaction, resulted 

in the formation of the Modgunn Arch as observed at present, 

which is roughly oriented north-northwest to south-southeast 

(Brekke, 2000; Gómez & Vergés, 2005). Using stratigraphic 

relationships, Brekke (2000) suggested that the Modgunn 

Arch formed in the Middle Miocene at the same time as the 

neighbouring Helland-Hansen Arch.

The Plio-Pleistocene records widespread glacia-

tion and subsequent progradation of clastic sediments 

along the mid-Norwegian margin (Hjelstuen, Eldholm, & 

Skogseid,  1999). Several submarine landslides occurred 

across the Norwegian margin in response to glacial advance 

and retreat. In the southern part of the Modgunn Arch, Song, 

Alves, Omosanya, and Ze (2020) correlated the location of 

recent submarine slides to the distribution of underlying 

faults, and suggested that fluid migration along these faults 

weakened the overlying strata, leading to slope instability 

over the arch.

2.2 | Stratigraphy of the Modgunn Arch

In this work, stratigraphic data for the Vøring and Møre 

Basins are based on the Norwegian Petroleum Directorate 

(NPD) lithostratigraphic chart from 2015 (Figure 2). 

Lithostratigraphic information specific to the study area is 

provided by the Edvarda well 6403/6-1 (Figure 3). This ex-

ploration well reached a depth of 4,120 m, penetrating the 

Quarternary Naust Formation near the sea floor to termi-

nate in the Lysing Formation, part of the Upper Cretaceous 

Cromer Knoll Group (Dalland, Worsley, & Ofstas, 1988) 

(Figure 2).

The Lysing Formation consists of white-grey sand-

stones deposited by deep-marine fans. Overlying the Lysing 

Formation are the Kvitnos, Nise and Springar Formations, 

which make up the Shetland Group (Upper Cretaceous). The 

three latter units consist of calcareous claystones interbed-

ded with minor carbonates and sandstone stringers, reflect-

ing deposition in open marine environments (Dalland et al., 

1988). The Nise Formation contains a greater proportion of 

sand when compared to the rest of upper Cretaceous strata, 

consisting of interbedded sandstones, siltstones and shales 

(Dalland et al., 1988).
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An unconformity separates Cretaceous strata from the 

Paleocene Rogaland Group, which was also deposited in a 

deep-marine environment. The Tang and Tare Formations 

consist of claystones with minor sandstone and limestone; the 

Tare Formation contains variable amounts of volcanic tuffs. 

Tuff content increases towards the base of the unit, reflecting 

high volcanic output during this time (Kjoberg et al., 2017; 

Schmiedel et al., 2017). The Tare Formation is equivalent to 

the Balder Formation in the North Sea (Dalland et al., 1988; 

Deegan & Scull, 1977).

The deep-marine, claystone-dominated Brygge 

Formation of the Hordaland Group overlies the Rogaland 

Group and was deposited during the Eocene to early 

Miocene (Figure  2). The Kai Formation of the Nordland 

Group (early Miocene to late Pliocene) contains alternating 

claystone, siltstone and sandstone with limestone stringers, 

all deposited in a marine environment (Dalland et al., 1988). 

In contrast, a thick, prograding clastic wedge was deposited 

across the mid-Norwegian margin from the late Pliocene-

early Pleistocene as a result of the Northern Hemisphere 

glaciation and tectonic uplift of Fennoscandia (Gómez & 

Vergés, 2005; Hjelstuen et al., 1999). This unit is present on 

the Modgunn Arch as the 40-m thick Naust Formation.

2.3 | Petroleum systems of the Vøring and 
Møre basins

Brekke et  al.  (1999) summarised the hydrocarbon po-

tential of the Vøring and Møre Basins. They noted that 

the main uncertainty for prospectivity in the two ba-

sins is the presence and maturity of organic-rich source 

rocks, although a regional transgression during the Late 

Jurassic resulted in the deposition of a source rock akin 

F I G U R E  1  (a) Map of the Norwegian Sea. (b) Location of study area in the southern part of the Modgunn Arch, highlighting main structural 

elements in the Vøring and Møre Basins. (c) Top Tang Formation (Paleocene) showing an anticlinal structure where well 6403/6-1 was drilled, and 

the locations of seismic sections shown in this study
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to the Kimmeridge Clay Formation (Underhill,  1998). 

Cretaceous sandstones with reservoir potential are 

considered to be present, but may not be laterally ex-

tensive (Brekke et  al.,  1999). However, if charged by 

a Cretaceous source rock, these reservoirs could form 

a promising play, particularly if located within anticli-

nal or fault traps such as on the Modgunn Arch (Brekke 

et al., 1999).

A successful Paleocene play consisting of an early 

Paleocene sandstone reservoir, a Tertiary domal trap and an 

unknown thermogenic source, is present towards the Trøndelag 

Platform area of the Møre Basin (Brekke et  al.,  1999). The 

Paleocene play could also be successful elsewhere on the 

Norwegian margin, but requires either hydrocarbon migration 

from potential Cretaceous sources or re-migration from older 

source rocks (Brekke et al., 1999). No hydrocarbon fields on 

the Modgunn Arch have been discovered to date and the pres-

ence of volcanics makes the study area difficult to explore; the 

high chance of drilling into volcanic rocks turns the prospect 

economically costly and technically challenging.

F I G U R E  2  Stratigraphic framework of the Modgunn Arch. Representative seismic interpretation is shown on the right, with seismic horizons 

labelled H1–H7. Modified after ‘The, 2014 NPD lithostratigraphic charts' (2014). HTVC, hydrothermal vent complex
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3 |  DATA AND METHODS

3.1 | Interpreted database

The 3D seismic reflection survey interpreted in this study 

is located offshore mid-Norway, on the southern part of the 

Modgunn Arch (Figure 1). The survey MC3DMGS2002 cov-

ers an area of 2,635 km2 and was acquired in 2002 by PGS. 

The survey was processed as a zero-phase, 3D volume dis-

played following the European polarity such that an increase 

in acoustic impedance with depth is shown as a red positive 

peak, whilst troughs are coloured blue (Figure 2). Inlines 

and crosslines are oriented NNW and WSW respectively, 

processed to a bin spacing of 12.5 m. The seismic cube is 

presented in two-way time (TWT) with a vertical sampling 

rate of 4 milliseconds two-way time (ms TWT). Water depth 

ranges from 1,100 m to 2,100 m, deepening to the west.

Well 6403/6-1 was drilled in 2006 in the centre of the 

southern Modgunn Arch to test for hydrocarbons in the 

Upper Cretaceous (Campanian) Nise and Lysing Formations, 

as well as putative reservoirs in Paleocene and Maastrichtian 

strata (Factpage6403/6-1, 2008). Although traces of migrated 

hydrocarbons were interpreted from post-well geochem-

ical analyses in side-wall cores from the uppermost Nise 

Formation, there were no hydrocarbon shows in the Nise or 

Lysing Formations. Sandstones were tight and the well was 

abandoned (Factpage6403/6-1, 2008). Borehole-seismic 

correlations indicate that the vertical seismic resolution is 

~8 m in the Brygge to Naust Formations (i.e. in post-breakup 

units dated as Late Eocene to Quaternary). Vertical seismic 

F I G U R E  3  (a) Uninterpreted and (b) interpreted representative seismic profile E-W across the Modgunn Arch showing well 6403/6-1 with 

its gamma ray curve and labelled well tops. Seismic units 1–7 and seismic horizons H0–H7 are labelled in the figure. Location of seismic profile 

shown in Figure 1
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resolution approaches 17 m in the Tare and Tang Formations, 

29 m in the Springar Formation, and 36–40 m in strata span-

ning the Nise to Top Lysing Formations.

3.2 | Seismic interpretation of 
horizons and sills

Schlumberger's Petrel® was used to complete the high-resolu-

tion seismic mapping of 125 magmatic sills and three key seis-

mic horizons tied to well 6403/6-1: the Top Tare Formation, 

Top Tang Formation and Top Nise Formation (Figure 3). The 

three seismic horizons were interpreted in detail on vertical 

(2D) seismic sections using a 2D-autotracking picking tool. A 

grid of 50 × 50 inlines and crosslines was interpreted and con-

sidered as the basic interpretation nodes, with more closely 

spaced mapping attained in complex areas, after which a 3D 

interpolation tool in Petrel was applied and high-quality sur-

faces were generated in map view. The quality of the Top Nise 

Formation seismic reflection varied considerably throughout 

the study area due to seismic dimming by overlying sills. In 

these areas, the Nise Formation is assumed to be present but 

it was not seismically interpreted (Figure 3). Thickness varia-

tions occur in the Tare Formation due to differential compac-

tion over intrusion-related structures (Kjoberg et  al.,  2017; 

Song et al., 2020). Thus, the regional unconformity at the top 

of the Top Tang Formation (late Paleocene) was used as a 

reference horizon for interpreting the relative ages of the hy-

drothermal vent complexes (Figure 1c).

Sills are imaged in seismic data as high-amplitude, pos-

itive seismic reflections due to their greater density and 

P-wave velocity when compared to host strata (Hansen 

& Cartwright,  2006b; Senger et  al.,  2017; Smallwood & 

Maresh,  2002). Diagnostic features in sills include their 

abrupt reflection terminations, saucer shapes and cross-cut-

ting geometries in host strata (e.g. Planke et al., 2005, 2015). 

These characteristics were used in conjunction with their 

high-amplitude nature to identify and map sills in the three 

dimensions. The sills were interpreted in 2D seismic sections 

using both manual and 2D-autotracking picking tools in a 5x5 

inline and crossline grid, after which polygons were drawn in 

map view around each sill, and corresponding surfaces were 

generated. Each sill was classified into one of three categories 

according to their relative depth of emplacement: (a) shallow 

sills within the lowermost Tang and Springar Formations, (b) 

medium-depth sills within the Nise and Kvitnos Formations 

and (c) deep sills in the Lysing Formation and deeper strata. 

Based on well 6403/6-1, shallow sills occur at a depth be-

tween 2,400 and 3,048  m, medium-depth sills occur at a 

depth between 3,048 and 4,018 m, and the deepest sills are 

below 4,018 m. Well 6403/6-1 was drilled right in the centre 

of the southern part of the Modgunn Arch, so these depths 

increase to the east, west and south along the flanks of the 

arch as the strata have been folded after sills were intruded.

Schofield et al. (2017) showed that as many as 88% of the 

sills penetrated by wells in the Faroe-Shetland Basin were 

less than 40 m in thickness; therefore, although 125 sills were 

mapped in this study area, it is expected that more sills exist 

well below the seismic resolution of the interpreted 3D volume, 

that is, the sills are tuned reflections. Also, the convoluted na-

ture of sill intrusions hinders the identification of discrete sills 

in parts of the study area. However, the presence of a dense 

population of sill complexes is clear in seismic data (Figure 3).

3.3 | Seismic interpretation of 
hydrothermal vents

Hydrothermal vent complexes were identified in seismic 

data as vertical zones of low amplitude and chaotic reflec-

tions in the conduits terminating close to the Top Tang 

Formation, forming ‘crater’, ‘dome’ and ‘eye-shaped’ 

vents. The interior of the vents vary between chaotic seis-

mic reflections and clear reflections that terminate within 

the vents. These morphologies were used to classify the 

HTVCs following the methodology in Planke et al. (2005) 

and Hansen (2006). Due to the variation in depth of the 

vents, a regional ‘top vent’ or ‘base vent’ horizon was not 

interpreted, but the tops and bases of the vents were still 

identified for each HTVC according to the recognition of: 

a) where outer-vent reflections were truncated against (re-

vealing the base vent reflection), b) onlapping reflections 

onto the vents (defining the top of the vent), and c) re-

flections continuing beyond the diameter of the vent, such 

as above a crater or below a dome (Figure 4). Polygons 

were drawn in map view around the HTVCs and their areas 

were computed in Petrel®, from which HTVCs diameters 

were calculated and compared across different structures. 

Furthermore, the height of the HTVCs was measured in ms 

(TWT), and depth converted using a seismic velocity of 

1,800 m/s for vent interior, as used by Planke et al. (2005), 

derived from well 6607/12-1. The relative timing of forma-

tion of HTVCs was determined using a similar methodol-

ogy to Alves (2012) by measuring the number of seismic 

reflections from the base vent horizon above or below the 

Top Tang Formation, and their distribution was plotted on 

a bar plot across four sectors of the Modgunn Arch. In our 

method, the presence of high-amplitude anomalies or seis-

mic dimming in the strata overlying the HTVCs was plot-

ted relative to the Top Tare Formation, as they possibly 

indicate later stages of fluid flow. Sills were plotted rela-

tive to the Nise and Lysing Formations. However, as the 

seismic reflectivity of host strata diminishes with depth, 

the approximate thickness of the sill complex or thickness 

of the strata crossed by a sill is represented in ms TWT 

instead of the number of seismic reflections as in Alves 

(2012). This thickness is measured to the nearest 50  ms 

TWT. As the interpretation of sill complexes is limited by 
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seismic resolution, the thicknesses are not assumed to be 

accurate, but relative across the study area.

The root mean square (RMS) amplitude attribute was ex-

tracted in a 100 ms TWT window across the Nise Formation 

horizon to reveal amplitude anomalies that may correspond 

to fluid flow.

4 |  SEISMIC STRATIGRAPHY

The study area comprises seven seismic-stratigraphic units 

(Figure 3; Appendix A). The horizons delimiting main 

stratigraphic units (and their relative ages) are determined 

from the stratigraphic tops in well 6403/6-1. Unit 1 consists 

of chaotic internal strata bound by an irregular sea floor and 

a relatively planar base (H1), suggesting the presence of 

a mass-transport deposit. Unit 2 (bounded by horizons H1 

and H2) consists of the Kai Formation and forms a wedge of 

planar strata with internal onlapping geometries displaced 

by a shallow tier of faults that extend down to Unit 3. Unit 

3 (bounded by horizons H2 and H3) correlates with the 

Brygge Formation and is faulted, showing multiple local 

onlap and truncation geometries, with laterally discontinu-

ous amplitudes ranging from seismic dimming to high-

amplitude, positive anomalies, in places associated with 

underlying faults or HTVCs. A positive amplitude seismic 

reflection cross-cuts this unit in the northeast of the study 

area, corresponding to a ‘fossil’ Opal A-CT phase boundary 

(Brekke et al., 1999). Unit 4 (bounded by horizons H3 and 

H4) correlates with the Tare Formation and consists mostly 

of planar seismic reflections with local high-amplitude 

anomalies, onlap and thickness changes above HTVCs. 

Horizon H3 (Top Tare Formation) comprises a positive, 

medium-amplitude seismic reflection, whilst horizon H4 

(Top Tang Formation) is a positive, high-amplitude seismic 

reflection that shows slight lateral variations in amplitude 

as this reflection is an unconformity. Both of these horizons 

were seismically mapped across the study area.

Unit 5, spanning from H4 to H5, consists of planar seismic 

reflections with occasional onlapping relationships. It con-

tains HTVCs with chaotic internal seismic characters, whilst 

external seismic reflections either onlap onto the HTVCs or 

are truncated against them (Figure 4). Below HTVCs, and at 

the base of this unit, are locally very high amplitude, posi-

tive seismic reflections corresponding to igneous intrusions. 

These are typically saucer-shaped but also planar transgres-

sive and layer-parallel (Planke et al., 2005).

Unit 6 (bounded by horizons H5 and H7) and Unit 7 

(below horizon H7) are mostly seismically transparent, but 

large faults at least 1 s TWT in height offset them. Horizon 

F I G U R E  4  Example of an un-interpreted (a) and interpreted (b) hydrothermal vent complex, highlighting seismic reflection characteristics. 

Further examples of the different vent types are given in Fig. 7.
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H6 (Top Nise Formation) is a densely faulted, negative seis-

mic reflection. Its amplitude is low, but still relatively high 

compared to the surrounding stratigraphy; it was, therefore, 

possible to map this horizon across the study area, except in 

areas where seismic dimming prevented a reliable interpre-

tation. Igneous intrusions are present, are characteristically 

saucer-shaped in Unit 6, whilst those in Unit 7 have planar 

transgressive or layer-parallel geometries (Figure 3).

5 |  SEISMIC INTERPRETATION OF 
MAGMATIC FLUID FLOW FEATURES

5.1 | Morphology of hydrothermal vent complexes

The HTVCs are circular to oval-shaped in plan view and their 

average diameter ranges from 300 to 3,100  m (Figure 5), 

F I G U R E  5  (a) Graphic representation of the range of the diameter of HTVCs, ordered by increasing diameter (scatter plot) and by structure (box 

plots). The colours represented in the scatter graph reflect the positive (or negative) inference of subsequent fluid flow from amplitude anomalies above 

HTVCs. The box plots show the range in the diameter of HTVCs, with median values in brackets. The plots show that craters are on average larger 

features compared to the domes and eye-shaped HTVCs. Generally, the larger HTVCs are reutilised by fluid. (b) Diameter of HTVCs divided into three 

groups according to the depth of the feeder sill feeding the HTVC: shallow, medium and deep depth, with the same symbol key as (a)
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F I G U R E  6    Map showing the distribution of 85 hydrothermal vent complexes, coloured by structure, and the 27 source sills mapped in this 

work. In the study area, 20 HTVCs are aligned with the 50 km N-trending sill on the eastern flank of the Modgunn Arch. The four sectors shown in 

Figure 9 are labelled on the map.
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whilst the approximate height of the HTVCs range between 

27 and 374 m. These scales are similar to those interpreted 

offshore Greenland and elsewhere offshore Norway, along 

the North Atlantic margin (Table 1).

The craters are generally wider than the domes and eye-

shaped HTVCs, recording a median diameter of 1,104  m, 

compared to 682  m and 700  m for domes and eye-shaped 

vents, respectively. Of the 85 hydrothermal vent complexes 

F I G U R E  7  Examples of the different structural types of HTVCs relative to Horizon 4 (Top Tang Formation): a) eye-shaped below H4; b) eye-

shaped across H4; c) dome above H4; d) dome below H4; e) crater below H4; f) Time-structure map of the Top Tang Formation with locations of 

the HTVCs shown in Figures 7a to 7e.
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mapped in the study area 17 are craters, 21 are domes and 

47 are eye-shaped vents. These HTVCs are distributed across 

the Modgunn Arch directly above the tips of stratigraphically 

deeper source sills (Figure 6). Out of 125 mapped sills, 27 sills 

(22%) feed shallower HTVCs. The source sills range in diam-

eter from 1 to 50 km, that is,the presence of HTVCs does not 

appear to be dependent on the size of the sills. Of the 27 source 

sills four are shallow sills, 13 are medium-depth sills, and 10 

are deep-seated sills. All of the sills are associated with five or 

fewer HTVCs, apart from two sills on the eastern flank of the 

Modgunn Arch where a large deep sill extending for at least 

50 km in a N-S direction appears to feed 20 HTVCs along its 

rim (Sill A). Another discrete sill (Sill B) on the eastern flank 

feeds seven HTVCs (Figure 6). These sills are interpreted to 

be spatially coincident with a deep crustal fault, which was 

likely the source for the sill complex and magmatic fluids.

5.2 | Distribution of hydrothermal vent 
complexes and associated seismic anomalies

Figures 7 and 8 show examples of different structures and 

levels of HTVCs in seismic section. The spatial and temporal 

distribution of HTVCs across four sectors of the Modgunn 

Arch is shown by the bar plots in Figure  9. The locations 

of amplitude anomalies, seismic dimming and the relative 

depths of underlying source sills are also indicated.

Sector 1, northwest of the study area, comprises 20 HTVCs 

located below the Top Tang Formation. There are three columns 

of seismic dimming above eye structures; one column from 

Top Tare upwards through the Brygge Formation and above a 

high-amplitude anomaly within the Tare Formation, one col-

umn from Top Tang to Top Tare Formation, and the third col-

umn from the Top Tare Formation upwards through the Brygge 

Formation. High-amplitude anomalies are present above six 

HTVCs, which are fed by sills occurring at unequal depths in 

Cretaceous strata. There is one example of a deeply buried cra-

ter with an overlying eye structure (Figure 8b), interpreted to 

indicate reutilisation of an existing hydrothermal conduit by 

overpressured hydrothermal fluids to form another HTVC.

Of the 24 HTVCs interpreted in Sector 2, in the northeast 

of the study area, all but four are associated with the Top 

Tang Formation, with eye-shaped HTVCs and dome struc-

tures distributed above and below the Top Tang Formation. 

There are high-amplitude anomalies in the Brygge formation 

above eleven (11) HTVCs, and all of these HTVCs are fed 

from deep-seated sills. The seismic amplitude of the Brygge 

formation shows great lateral variation, and is in places typ-

ically not associated with HTVCs. This means such ampli-

tude anomalies could be lithological or due to shallow fluid 

F I G U R E  8  Seismic examples of stacked HTVCs and those with overlying high amplitude anomalies. (a) Crater HTVC located six seismic 

reflections below the Top Tang Formation, with an eye-shaped HTVC above at the Top Tang Formation horizon. Seismic dimming is observed 

through the HTVCs and faulted strata above, possibly indicating renewed fluid flow. (b) Crater HTVC located 12 seismic reflections below the Top 

Tang Formation, with an eye-shaped HTVC located at the Top Tang Formation. Bright spots in the overlying strata suggest later fluid migration. 

(c) Crater HTVC located four seismic reflections below the Top Tang Formation, with an eye-shaped HTVC at the top of the crater fill, indicating a 

second phase of HTVC formation immediately after the crater was filled. It is interpreted that the lack of clear source sills and presence of vertical 

seismic disruptions indicate that a vertical dyke fed the HTVCs. (d) Top Tang Formation with locations of seismic examples
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F I G U R E  9  Plots showing the relative timing of formation of HTVCs and associated high-amplitude anomalies (A), seismic dimming (X) and underlying source sills, in the four sectors of the 

study area. HTVCs are plotted from their base, in number of seismic reflections relative to horizon H4, whilst high-amplitude anomalies and seismic dimming are plotted relative to horizon H3. For 

sills, every horizontal interval represents 50 ms TWT thickness. Sector 2 contains three interpreted dykes that feed the HTVCs (blue). Reference horizons are labelled: H3 (Top Tare Formation); H4 

(Top Tang Formation); H6 (Top Nise Formation) and H7 (Top Lysing Formation), with ages labelled on the left-hand side and stratigraphic units on the right-hand side of the figure. Dotted lines 

connect HTVCs to their corresponding feeder sills
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processes. However, Figure 7c clearly shows an example of 

a soft, bright spot within the Brygge Formation, laterally re-

stricted and located directly above an HTVC, interpreted to 

represent a gas pocket. This gas could have been fed from 

the pre-Cenozoic strata. This high-amplitude anomaly was 

interpreted and RMS amplitude extracted to show its limited 

lateral extent in plan view (Figure 10a,b). In addition, RMS 

amplitude was extracted between the Top Tare Formation 

(H3) and 10 ms TWT above H3, to show in plan view exam-

ples of where high-amplitude anomalies are located immedi-

ately above HTVCs (Figure 10c).

There is one example of stacked HTVCs whereby an eye-

shaped HTVC is positioned within and just above a deeper 

crater structure (Figure 8c). We suggest that this hydrothermal 

conduit has been reutilised just after the crater was filled such 

that the uppermost crater fill was eroded during the forma-

tion of the overlying eye-shaped HTVC. No clearly resolved 

sill was interpreted as the source of this stacked HTVC and 

two nearby HTVCs, whilst seismic dimming and distortion 

is clear in a narrow, vertical pipe-like manner to the deeper 

parts of the basin (Figure 8c). It is possible that these are 

vertical dykes feeding the HTVCs, as opposed to sills. Dykes 

appear in seismic section as narrow, sub-vertical columns of 

chaotic or low amplitude seismic character, which may be 

traced in plan view as linear features (Thomson, 2007).

Sector 3, in the southwest of the study area, comprises 

craters located between two and six seismic reflections 

below the Top Tang Formation. Conversely, the eye-shaped 

HTVCs are closely associated with the Top Tang Formation, 

occurring either immediately below, or crossing into the 

Tare Formation. Despite being associated with the Top Tang 

Formation, the two domes show different timings of forma-

tion; the larger dome was formed during the deposition of 

the Tang Formation (e.g. Figure 7d), whereas the smaller 

dome formed on top of the Top Tang Formation during the 

deposition of the Tare Formation (e.g. Figure 7c). The plot in 

Figure 9 shows HTVCs at various seismic reflections below 

the Top Tang Formation, indicating several phases of mag-

matic activity and formation of HTVCs from the Paleocene 

to early Eocene. There is also evidence of one hydrothermal 

conduit terminating in a crater and overlying eye-shaped 

HTVC, a character suggesting that the hydrothermal conduit 

generating the crater was reutilised to form the eye structure 

above (Figure 8a). Two HTVCs show seismic dimming in 

the Tare and Brygge Formations, which may be indicative of 

gas escape in the past. There are also three high-amplitude 

anomalies within the Tare and Brygge Formations, which 

may indicate gas pockets at present day.

Sector 4, in the southeastern part of the study area, re-

veals HTVCs that are more closely related to the Top Tang 

Formation. Eight eye structures and six domes were formed 

at the very top of the Tang Formation, whilst four craters 

are found within the Tang Formation per se. Eleven (11) 

HTVCs are associated with high-amplitude anomalies in 

the Tare and lowermost Brygge Formations, whilst three eye 

structures are associated with high-amplitude anomalies at 

the Top Tare and base Brygge Formations. Seismic dimming 

is observed in the overlying Brygge Formation. All HTVCs 

with high-amplitude anomalies were fed from deep-seated 

sills (Figure 9).

From the 85 HTVCs identified in this work, 82 comprise 

hydrothermal conduits––three conduits terminate in stacked 

pairs of HTVCs and two of these pairs also show ampli-

tude brightening in the Brygge Formation (Figure 8b,c), 

interpreted to indicate subsequent fluid flow. Combining 

the number of high-amplitude anomalies and seismic dim-

ming above HTVCs gives a total of 35 hydrothermal con-

duits (43%) that are interpreted to have focused fluid flow 

after their initial formation. The eastern flank of the arch 

(the northeast and southeast sectors) contains 22 examples 

of HTVCs with overlying amplitude anomalies, where all 22 

HTVCs were originally fed from deep-seated sills. The west-

ern flank of the arch (the northwest and southwest sectors) 

contains 13 examples of which six HTVCs were originally 

fed from medium-depth sills. It is interpreted that the major-

ity of renewed fluid flow originates from the depths of the 

deepest sills in the basin (or even from deeper, lower crust 

sources) on the eastern flank of the Modgunn Arch, an area 

coinciding with a large arch-bounding fault associated with 

several deep-seated sills. The deepest sills feed 51 HTVC 

conduits, medium sills feed 25 and shallow sills feed five of 

the HTVC conduits, whilst dykes feed three HTVC conduits. 

Paper Diameter, m

Height, 

m Location

Planke et al. (2005) 400–11,000 30–450 Vøring and Møre Basins, offshore 

Norway, regional study

Reynolds et al. (2017) 700–11,000 36–504 Danmarkshavn and Thetis Basins, 

offshore NE Greenland

Omosanya, Maia, and 

Eruteya (2020)

516–3,945 77–600 Vøring Basin, offshore Norway

This paper 300–3,100 27–374 Modgunn Arch, south Vøring Basin, 

offshore Norway

T A B L E  1  Published ranges of 

diameter and height of hydrothermal vent 

complexes along the North Atlantic margin, 

with data added from this paper
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F I G U R E  1 0  (a) Map view of the laterally restricted high-amplitude anomaly overlying a dome HTVC; (b) seismic section showing the 

HTVC and amplitude anomaly; c) Map view showing the location of a) and (b), and the distribution of high-amplitude anomalies within 100 ms 

TWT above the Top Tare Formation (H3), this is shown in (b). Some of the high-amplitude anomalies are local and located above HTVCs, whilst 

others are more extensive, likely due to lithological changes
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All of the HTVCs associated with Sill A (20 HTVCs) and 

Sill B (7 HTVCs) are located at the Top Tang horizon, whilst 

a few of the other sills which feed between 2 and 5 HTVCs 

each show slight differences in the number of reflections (−2 

to −4) of the HTVC relative to the Top Tang horizon. This 

may reflect the lateral differences in deposition or erosion 

of sediments, or the feeder sill is actually a sill complex at 

depth where multiple sills intruded into the same area and it 

is not possible to differentiate between them––in addition, as 

noted by Manton (2015), there may be cases where two sills 

are feeding an HTVC.

Figure 5 also shows the diameter of the HTVCs coloured 

so as to highlight the HTVCs that were reutilised (in blue) 

against those that were not (in red). HTVCs ranging in diam-

eter from 354 to 3,076 m are interpreted to have been reuti-

lised; however, the majority of those reutilised have diameters 

greater than 700 m. This suggests that the larger HTVCs are 

more likely to be reutilised.

F I G U R E  1 1  (a) 3D seismic representation of Sill A and B. Sill A cross-cuts faults and feeds a hydrothermal vent complex. Sill B cross-cuts 

faults to the southwestern limb and propagates along a fault on the northeastern limb of the Modgunn Arch. (b) Close-up map view of the RMS 

amplitude across the Top Nise Formation with location of seismic profile (c) indicated, where no hydrothermal vent complexes are interpreted. (c) 

Seismic dimming associated with the faulted Nise Formation, and a possible flat spot, both features suggesting fluid migration along faults
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5.3 | High-amplitude anomalies within 
faulted Upper Cretaceous strata

The Nise Formation is clearly faulted throughout the study 

area (Figures 3 and 11). The uppermost Nise Formation 

contains localised high-amplitude anomalies (‘flags’) indi-

cating that magmatic material or fluids migrated along the 

faults and are trapped in this unit. High-amplitude anoma-

lies are particularly prevalent in the south-eastern parts of 

the study area, where the concentration of HTVCs is low 

(Figure  11b). These higher amplitudes may reflect local 

stratigraphic changes, such as the presence of sandstone 

stringers. However, there are instances of flags cross-cutting 

the faulted strata (Figure 11c).

In most cases, saucer-shaped sills (and where present, 

HTVC conduits) cross-cut Upper Cretaceous faults, whilst in 

other cases sills appear to propagate along these faults indi-

cating that these faults can either be bypassed or utilised as 

magmatic and fluid migration pathways (Figure 11). Manton 

(2015) deduced that sills along fault planes have not been 

faulted, rather, some sills intruded along polygonal faults on 

the Modgunn Arch, although the majority of sills cross-cut 

the polygonal faults.

6 |  DISCUSSION

6.1 | Timing and distribution of intrusions 
and fluid-flow features in the Modgunn Arch

Interpretation of a 3D seismic data set from the Modgunn 

Arch has revealed a complex arrangement of intrusive 

sills, hydrothermal vent complexes and fluid flow anoma-

lies. Extrusive basalts were also emplaced on the continen-

tal crust at this time, but are not discussed here. The timing 

of formation of HTVCs is considered to coincide with the 

timing of sill intrusions. The sills intruded into Cretaceous 

strata, during continental breakup, whereas oceanic crust 

formed west of the study area. The intrusions rapidly 

heated the surrounding rocks, resulting in boiling of pore 

water and, in places, rapid maturation of organic material 

in the sill aureole (Jamtveit et al., 2004). As pressure can-

not be dissipated quickly enough, the zones around the sill 

tips became overpressured and fracture networks formed 

along which gas, water and magmatic material escaped to 

the palaeo-surface. Fluid overpressure may also be gen-

erated during metamorphic dehydration reactions when 

various gases such as CO2 and SO2 are produced (Aarnes 

et al., 2010). Generation of large quantities of gaseous hy-

drocarbons such as CH4 can result in overpressures large 

enough to trigger catastrophic blowouts and the formation 

F I G U R E  1 2  Schematic summary showing the key phases of 

Paleocene sill intrusion in the study area, and subsequent reutilisation 

of hydrothermal vent conduits for fluid flow. At least four phases of 

magmatic activity are interpreted, with additional fluid flow in the 

mid-Miocene. Diagram is not to scale
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of HTVCs (Aarne, Podladchikov, & Svensen, 2012; Iyer 

et al., 2017). In some cases, HTVCs formed a crater where 

material was excavated, or a dome where material was 

intruded into shallow strata or extruded onto the palaeo-

seafloor in a similar manner to a mud volcano. Eye-shaped 

HTVCs were also formed where some excavation and 

erosion of material occurred together with gas seepage 

into the sediments, inhibiting high levels of compaction 

and resulting in doming (Planke et  al.,  2005). Although 

it is still not well understood why these different HTVC 

structures form, it is clear that they are spatially correlat-

able with source sills below (Kjoberg et al., 2017; Planke 

et al., 2005; Schmiedel et al., 2017).

The intrusions of the North Atlantic Igneous Province, 

spanning eastern Greenland, parts of the United Kingdom, 

and Norway, are considered to have fed the methane and car-

bon dioxide gases that contributed to the temperature anom-

aly of the Paleocene-Eocene Thermal Maximum (PETM) 

(Reynolds et al., 2017; Svensen et al., 2004). The PETM is 

recorded between 55 and 55.8  Ma (Svensen et  al.,  2004), 

whilst this study reveals a more protracted intrusion of sills 

(and therefore expulsion of greenhouse gases) throughout 

the Paleocene to early Eocene. Planke et  al.  (2005) and 

Hansen (2006) showed in regional studies that there were 

two to three main episodes of igneous intrusion to form 

the North Atlantic Igneous Province. Whilst it is difficult 

to accurately distinguish between the timings of intrusion 

due to the reduced number of exploration wells crossing the 

Modgunn Arch, the inherent resolution limits of seismic 

data, and possible lateral differences in sedimentation rates, 

it is still apparent that several episodes of igneous intru-

sion occurred in the study area (Figure 9). Where wells and 

detailed stratigraphic data are available on the Norwegian 

Margin, the timing of sill intrusion can be well constrained. 

For example, biostratigraphic data combined with well-

tie correlations revealed that the sill related to the Tulipan 

Field in the Møre Basin was emplaced during the earli-

est Eocene and was active for some time after, evidenced 

by the 100  m-thick transition zone seen in well 6302/6-1 

(Kjoberg et al., 2017; Schmiedel et al., 2017). Furthermore, 

field studies in the North Atlantic Igneous Province have 

revealed the detailed characteristics of vent breccias and the 

relative timings of magmatic activity, which can be related 

to offshore subsurface examples in seismic data (Angkasa 

et  al.,  2017). Due to the presence of: (a) stacked HTVCs 

below the Top Tang Formation, (b) HTVCs immediately 

below the Top Tang Formation, and (c) dome HTVCs above 

the Top Tang Formation, we interpret at least four intrusion 

episodes, as illustrated schematically in Figure 12. Hamilton 

and Minshell (2019) also presented at least four phases of 

intrusions throughout the Paleocene and Early Eocene in the 

Faroe-Shetland Basin, which is part of the North Atlantic 

Igneous Province, to the south of the study area.

Three examples of ‘stacked’ HTVCs have been inter-

preted in this study, where a crater formed during the early 

Paleocene, followed by an eye-shaped HTVC. These are ex-

amples of hydrothermal conduits that have been reutilised 

for the rapid escape of hydrothermal fluids, as opposed to 

low-flux fluid seepage after the main eruptive event. Fluid 

seepage is interpreted from the presence of high-amplitude 

anomalies and also described by Svensen et al. (2003). For 

stacked HTVCs to occur, another sill must have intruded 

into the existing sill complex to heat the host rock and 

produce fluids in the same manner as the first intrusion. 

The fluids subsequently migrated along the established 

hydrothermal conduit with an explosive force to form an-

other HTVC. One of the ‘stacked’ HTVC pairs may have 

been fed by a vertical dyke (Figure 8c), as no clear sills 

are imaged below, and although vertical dykes are also not 

imaged as bright reflections, they can subtly manifest as 

chaotic, low-amplitude seismic columns (Thomson, 2007). 

As seismic data resolution decreases with depth, particu-

larly when imaging below basalt, an alternative explana-

tion is that the HTVCs could have been fed directly from 

basement faults, or sills that are not seismically resolved. 

However, given how clearly other surrounding deep sills 

are imaged, it is interpreted that dykes are the source points 

for these HTVCs, which may be expected in such a setting. 

Skogseid et  al.  (1992) and Davies, Bell, Cartwright, and 

Shoulders (2002) also presented examples of dyke-fed vol-

canic vents or craters at the sea floor within the Vøring and 

Faeroe-Shetland Basins respectively; therefore, this is also 

expected to be the case on the Modgunn Arch.

High-amplitude anomalies and seismic dimming must 

always be interpreted with caution. Variations in cementa-

tion, pore fluid pressure, lithology, differential compaction, 

to name a few, can also cause a change in acoustic imped-

ance contrast and result in amplitude anomalies (Harilal & 

Biswal, 2010). Seismic dimming may indicate that fluids 

have migrated along this pathway, possibly with patchy gas 

distributed in this zone, whilst high-amplitude anomalies may 

indicate the presence of a gas pocket at present time (Løseth, 

Gading, & Wensaas,  2009). High-amplitude anomalies are 

found across the study area, located above 39% of the HTVC 

conduits, that are mostly fed from deep sills, particularly on 

the eastern flank of the Modgunn Arch. Therefore, fluids fed 

primarily from deeper parts of the basin have migrated along 

sills and the HTVCs to overlying strata, at some point from the 

early Miocene, as amplitude anomalies are found across the 

Eocene to early Miocene-age strata. Other conduits that do not 

appear to be seeping may be sealed, or the seismic does not 

clearly show evidence of subsequent fluid flow (Figure 7e).
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6.2 | Morphology and depth of sills 
sourcing HTVCs

The diameters of source sills found in this study area range 

from 1 to 18 km on average, with one sill extending north-

south for at least 50 km, likely continuing beyond the study 

area (Figure 6). These are on-par with those found in field 

studies in the Karoo Basin, South Africa, where saucer-

shaped sills in outcrop have diameters of up to 60 km (Polteau, 

Mazzini, Galland, Planke, & Malthe-Sørenssen, 2008). There 

is no clear correlation between the size of the sills and the 

presence of HTVCs, yet a greater proportion of the larger 

HTVCs are reutilised when compared to the smaller HTVCs 

(Figure 5). The larger the HTVC, the greater the amount of 

overpressure was required to form it; if the conduit is larger 

or more fractured, there may be a greater chance for later 

pulses of fluids to migrate along this pathway.

Only five of the mapped HTVCs appear to be fed from 

shallower depth sills. Aarnes et al., (2012) modelled the re-

action-induced fluid overpressure build-up––such as that 

occurring in the metamorphic aureole of a sill intrusion––to 

constrain the conditions necessary to hydraulically fracture 

the overburden for pipe formation and focused fluid escape. 

They determined that decreasing host rock permeability is re-

quired for fracturing to occur with increasing intrusion depth, 

as opposed to fluid escape through the pore network. When 

heated, high total organic content values in the sediment (e.g. 

TOC, 1%–5%) will produce large volumes of methane gas that 

increase overpressure in such settings, although much higher 

TOC will decrease the tensile strength of the host rock and 

venting becomes less likely. Furthermore, heating due to sill 

intrusions will boil water already present in the rocks, which 

will also increase pore fluid pressure. For instance, Manton 

(2015) recorded 98 small (100–300 m across) vents directly 

above a shallow-depth sill on the Modgunn Arch, confirming 

that vents can be fed from shallow sills but these have not 

been analysed in this study. Planke et al. (2005) and Reynolds 

et al. (2017) found that the larger HTVCs are fed from deeper 

sills. The deepest sills in the study area are found to feed the 

greatest number of HTVCs, in part owing to their size; the 

largest (50 km diameter) sill alone feeds 20 HTVCs (Figure 

6). The size of vents depends on the surrounding region or 

rock volume of overpressure accessed by the sill tip (Iyer 

et al., 2017). The medium-depth sills also feed HTVCs––al-

though these sills are aerially smaller than the deeper sills 

or sill complexes, they are typically more saucer-shaped and 

cross-cut large volumes of rock strata. Saucer-shaped sills 

and transgressive sills with steep sides may channel fluids 

sub-vertically along the base sill-sediment interface to sill 

tips and fracture the overburden (Planke et al., 2005).

We propose that deep, vertical dykes feed three HTVC 

conduits in the north of the study area. Dykes are difficult 

to image in seismic data due to the vertical and narrow 

structure, in the same way as pipes, whilst sub-vertical or 

tilted dykes become more reflective (Løseth et  al.,  2011; 

Thomson, 2007).

6.3 | Implications of reutilising magmatic 
migration pathways in continental margins

The main implications of reutilising magmatic migration 

pathways are: (1) the preferential focusing of fluids and po-

tentially hydrocarbons in post-HTVC strata; (2) the genera-

tion of migration pathways along faults and sills during long 

‘post-intrusion’ periods; and (3) the local addition of heat to 

promote diagenesis in parts of the basin, impacting on the 

porosity and permeability of the strata.

The first postulate above considers that magmatic fea-

tures are increasingly shown to provide additional fluid-fo-

cusing pathways in sedimentary basins. For example, the 

fracture zone around sills and dykes can often be of height-

ened permeability compared to the surrounding host strata, 

focusing fluid flow to shallower units (Rateau et al., 2013; 

Senger et al., 2017). If forced folds are created above sau-

cer-shaped sills, this creates a possible trapping mecha-

nism as evidenced by the Tulipan well in the outer Møre 

Basin, where a small gas discovery was recorded in a dome 

above a saucer-shaped sill (Holford et  al.,  2012; Kjoberg 

et al., 2017; Polteau et al., 2008; Schmiedel et al., 2017). 

Schmiedel et al. (2017) also showed that the dome above the 

Tulipan sill was formed by a combination of syn-sill-em-

placement forced folding and post-emplacement differential 

compaction, the latter of which is an important mechanism 

for forming subtle traps for hydrocarbons (Ward, Alves, & 

Blenkinsop,  2018). This work also shows that hydrother-

mal vent complexes play an important role in controlling 

the plumbing system of a volcanic sedimentary basin. 

Hydrothermal fluids and hydrocarbons can migrate along 

pre-existing HTVCs that cross-cut kilometres of host strata 

into much shallower and younger units. An example of this 

is illustrated by Svensen et al. (2003), who interpreted con-

tinued seep carbonate growth for ~50 million years within 

Eocene-Pliocene sediments above a HTVC linked to a 

Paleocene-age sill in the Vøring Basin. They showed that 

HTVCs can act as long-lasting fluid flow paths to shal-

lower units or the sea floor, as the carbon isotopes from the 

carbonates are isotopically light and thought to have been 

fed from hydrocarbons migrating from the deep parts of the 

basin across the HTVC into overlying strata. In addition, 

Hamilton and Minshell (2019) documented high-ampli-

tude anomalies above HTVCs in the Faroe-Shetland Basin. 

They were able to use AVO analysis to show an increase 

of negative amplitudes with increasing offset, characteris-

tic of low-impedance gas sandstones. A range of near- to 

long-offset seismic data was not available for this study 
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and could have been useful in further analyses of amplitude 

anomalies. However, Hamilton and Minshell (2019) also 

noted that the amplitude anomalies could be diagenetic or 

lithological, and direct sampling is often required to con-

clude their true nature.

The second aspect being discussed considers the pres-

ence of high amplitude ‘flags’ cross-cutting the Upper 

Cretaceous Nise Formation (Figure  11) as well as rel-

atively higher amplitudes along the fault planes. Their 

presence supports the postulate that Cretaceous faults 

acted as fluid migration pathways, with fluids or mag-

matic material being trapped in sand units within the up-

permost Nise Formation, or migrating to form shallower 

sills or flows. Sills intruding into pre-existing faults such 

as those in the Nise Formation cause the faults to dilate 

and fracture further, contributing to form an additional 

fluid focusing pathway that may have not been viable prior 

to magma intrusion. In most cases, imaged HTVC con-

duits cross-cut these faults. However, the fact that some 

saucer-shaped sills propagate along these faults increases 

the importance of taking into account these faults as fluid 

and magmatic pathways, particularly if the faults form 

structural traps suitable for hydrocarbons to accumulate. 

An example of this is the nearest hydrocarbon discovery 

to the study area, the ‘Ellida’ discovery in the southern-

most part of the Helland Hansen Arch (Factpage6405/7-1, 

2005). Well 6405/7-1 was drilled in 2003 by Statoil (now 

Equinor), ~80  km southeast of well 6403/6-1. The first 

level found with hydrocarbons was the Upper Cretaceous 

Nise Formation––the primary target of the well. The pres-

ence of oil stains in well 6403/6-1 suggests that hydrocar-

bons also migrated into the Nise Formation in the southern 

part of the Modgunn Arch, but have since been lost along 

the existing fault pathways or during tectonic reactivation 

that formed the Modgunn Arch. Sills have not been inter-

preted in the southern Helland Hansen Arch, therefore, it 

is possible that magmatic activity has hindered a potential 

petroleum system on the Modgunn Arch.

Amongst the two previous postulates, it should also be 

considered that if magma migrates along an existing fault 

and crystallises, the magma and additional diagenesis in the 

metamorphic aureole may ‘plug’ the fault zone, reducing 

its permeability and compartmentalising the basin further 

(Holford et al., 2012). The impact of magmatic features on 

hydrocarbons depends on the timing of magma intrusion; 

if hydrocarbons are already in place, magma intrusions can 

compartmentalise fields, form preferential fluid escape path-

ways, or, if the intrusions are stratigraphically below hydro-

carbon accumulations, they may have no impact (Senger 

et al., 2017). In contrast, if hydrocarbons are yet to be pro-

duced or migrated, the intrusions will either form prefer-

ential migration pathways to shallower reservoirs or to the 

surface, hinder migration, or decrease the quality of potential 

reservoirs. Reservoir quality is reduced either by sills intrud-

ing into the reservoirs themselves, or by chemical diagenesis 

due to additional fluids migrating into the reservoirs or ex-

cessive heating, increasing the saturation of chemicals which 

precipitate as cement in the pore spaces (Aarnes, Svensen, 

Polteau, & Planke,  2011). As an example, Manton (2015) 

demonstrated that the Nise Formation placed controls on the 

intrusion of sills around the Modgunn Arch due to its greater 

sand content. Therefore, several sills propagated immediately 

below, or into the sandier layers, which would have been det-

rimental to reservoir properties.

Finally, Brekke (2000) discusses the tectonic evolution of 

the Vøring Basin, noting the presence of a fossilised Opal 

A-CT boundary. The Opal A-CT transition occurs during 

early diagenesis, as silica converts from Opal-A to Opal-CT. 

Resulting strata containing recrystalised Opal-CT has a 

greater impedance contrast and results in a hard bottom sim-

ulating reflector in seismic data (Neagu, Cartwright, Davies, 

& Jensen,  2010). The Opal A-CT transition is temperature 

dependent (Roaldset & He, 1995) and although the reflection 

cross-cuts a significant thickness of strata on the Modgunn 

Arch, it does not follow the sea floor reflection. Therefore, 

it is considered to be a ‘fossilized’ Opal A-CT reflection, 

that is, recording a higher-than-present geothermal gradient 

(Brekke, 2000). This timing coincides with the reactivation 

of the Jan Mayen Corridor, associated faulting, and the conse-

quent formation of the Modgunn Arch (Brekke, 2000; Gómez 

& Vergés, 2005). It is possible to consider that this event in-

stigated further fluid migration along basement faults, sills 

and HTVCs, which may explain the presence of high-am-

plitude anomalies in Eocene-Miocene strata (Figure  12). 

These fluids will have added local heat to the upper crust to 

fossilise the Opal A-CT boundary along the Modgunn Arch. 

Nevertheless, Song et al. (2020) also observed that the foss-

ilised Opal A-CT traces the distribution of the deep, 50 km 

sill on the eastern flank of the Modgunn Arch and suggested 

a spatial correlation between the location of the intrusion and 

the Opal A-CT reflection. If renewed magmatic input was 

associated with the reactivation of the Jan Mayen Corridor, 

enhanced heat flow via conduction could have fossilised the 

Opal A-CT transition.

7 |  CONCLUSIONS

Three-dimensional (3D) seismic data were used in this study 

to interpret the relative timing and spatial distribution of in-

trusions and associated hydrothermal vent complexes on the 

Modgunn Arch. As seismic resolution and imaging of mag-

matic features improves, the reliability of interpreting the 

presence and timing of formation of these fluid migration 

pathways improves. This is vital for assessing hydrocarbon 

plays or geothermal prospectivity in volcanic sedimentary 
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basins. Therefore, the main conclusions of this work are sum-

marised as follows:

1. At least four phases of magmatic intrusions are inter-

preted by the diachroneity revealed by the hydrothermal 

vent complexes;

2. Three instances of stacked hydrothermal vent com-

plexes are presented for the first time on the southern 

part of the Modgunn Arch, indicating preferential high 

energy fluid expulsion along an established hydrother-

mal vent conduit;

3. Hydrothermal vent complexes are acting as preferential 

fluid focusing pathways since the main magmatic fluid 

expulsion event during the Paleocene-Eocene;

4. Specifically, three dykes are interpreted to feed hydrother-

mal vent complexes, including one stacked hydrothermal 

vent complex pair, therefore, dykes are also reutilised 

migration pathways. Upper Cretaceous faults are both 

utilised and bypassed by magmatic intrusions and hydro-

thermal fluid flow;

5. Potential deep crustal faults may have been reactivated 

during the Middle Miocene to form the Modgunn Arch, 

which could have re-introduced fluids and heat into the 

upper crust. Therefore, this study shows how understand-

ing the timing and distribution of hydrothermal vent 

complexes and magmatic features is crucial for explora-

tion and is applicable to magma-rich continental margins 

around the world.
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APPENDIX A

T A B L E  A 1  Table summarising the seismic stratigraphy of the Modgunn Arch

Seismic Units Age of base

TWT 

Thickness (ms)

Internal character, geometry 

and terminations

Probable lithology (Dalland et 

al., 1988)

Seismic 

horizons

1 Pliocene 0–200 Chaotic internal strata, bound 

by an irregular sea floor and 

relatively planar base

Mass-transport deposit H0-H1

2 Miocene 0–250 Wedge of planar strata with 

internal onlapping geometries; 

displaced by a shallow tier of 

faults which also extend to 

Unit 3

Deep-marine shale, with minor 

siltstones, sandstones and 

limestone stringers

H1-H2

3 Mid-Eocene 150–400 Faulted by polygonal faults; unit 

contains abundant local onlap 

and truncation geometries, 

with discontinuous amplitudes 

ranging from seismic dimming 

to high amplitude, positive 

anomalies, often in association 

with underlying faults or 

HTVCs. Contains a positive 

amplitude seismic reflection 

which cross-cuts this unit in the 

northeast of the study area

Deep-marine shales; Positive 

amplitude seismic reflection 

which cross-cuts stratigraphy 

corresponds to a 'fossil' Opal-

A-CT phase boundary (Brekke 

et al., 1999)

H2-H3

4 Late-

Paleocene

50–100 Mostly planar seismic 

reflections, with local high-

amplitude anomalies and onlap 

and thickness changes above 

HTVCs

Deep-marine shales, possibly 

with variable amounts of 

volcanic material such as tuff

H3-H4

5 Early-

Paleocene

100–200 Mostly planar seismic 

reflections, with occasional 

onlap. Unit 5 contains HTVCs 

typically with chaotic internal 

seismic character, whilst 

external seismic reflections 

either onlap onto the HTVCs 

or are truncated against them, 

where they are erosional. High 

amplitude, planar transgressive, 

layer-parallel and saucer-

shaped reflections are present 

at the base of this unit

Deep-marine shales; with minor 

sandstones and limestones. 

HTVCs consisting of 

remobilised mudstones and 

possibly magmatic material. 

High-amplitude reflections at 

the base are sills and flows

H4-H5

6 Upper 

Cretaceous

1,000–1,500 Mostly seismically transparent, 

with heavily faulted planar 

strata. Faults at least 1 s 

TWT displace this unit. High 

amplitude, mostly saucer-

shaped reflections cross-cutting 

host strata are also present

Deep-marine calcareous shales, 

interbedded with minor 

carbonates and sandstone 

stringers. Saucer-shaped 

igneous intrusions cross-cut 

host stratigraphy

H5-H7

7 Lower 

Cretaceous 

– Late 

Jurassic?

>2,000 Mostly seismically transparent, 

with large faults displacing the 

poorly resolved strata. High-

amplitude planar transgressive 

or layer-parallel reflections are 

evident

Marine shales, with interbedded 

submarine fan deposits. Deep 

sill complexes are present

H7 and deeper


